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We consider a random planar map M, which is uniformly distributed
over the class of all rooted g-angulations with n faces. We let m;, be the vertex
set of M, which is equipped with the graph distance dgr. Both when g > 4 is
an even integer and when g = 3, there exists a positive constant ¢4 such that
the rescaled metric spaces (my,, cqnfl/ 4dgr) converge in distribution in the
Gromov-Hausdorff sense, toward a universal limit called the Brownian map.
The particular case of triangulations solves a question of Schramm.
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1. Introduction. In the present work, we derive the convergence in distribu-
tion in the Gromov—Hausdorff sense of several important classes of rescaled ran-
dom planar maps, toward a universal limit called the Brownian map. This solves
an open problem that has been stated first by Oded Schramm [26] in the particular
case of triangulations.

Recall that a planar map is a proper embedding of a finite connected graph in the
two-dimensional sphere, viewed up to orientation-preserving homeomorphisms of
the sphere. Loops and multiple edges are allowed in the graph. The faces of the
map are the connected components of the complement of edges, and the degree of
a face counts the number of edges that are incident to it, with the convention that if
both sides of an edge are incident to the same face, this edge is counted twice in the
degree of the face. Special cases of planar maps are triangulations, where each face
has degree 3, quadrangulations, where each face has degree 4, and, more gener-
ally, g-angulations, where each face has degree g. For technical reasons, one often
considers rooted planar maps, meaning that there is a distinguished oriented edge
whose origin is called the root vertex. Since the pioneering work of Tutte [28],
planar maps have been studied thoroughly in combinatorics, and they also arise in
other areas of mathematics: See, in particular, the book of Lando and Zvonkin [12]
for algebraic and geometric motivations. Large random planar graphs are of inter-
est in theoretical physics, where they serve as models of random geometry [3], in
particular, in the theory of two-dimensional quantum gravity.

Let us introduce some notation in order to give a precise formulation of our
main result. Let ¢ > 3 be an integer. We assume that either ¢ = 3 or ¢ is even.
The set of all rooted planar g-angulations with n faces is denoted by .Aj:. For every
integer n > 1 (if ¢ = 3 we must restrict our attention to even values of n, since
./4,31 is empty if n is odd), we consider a random planar map M,, that is uniformly
distributed over .AZ. We denote the vertex set of M, by m,,. We equip m,, with the
graph distance dgy, and we view (my, dg;) as a random variable taking values in
the space K of isometry classes of compact metric spaces. We equip K with the
Gromov—Hausdorff distance dgy (see, e.g., [6]) and note that (K, dgy) is a Polish
space.

THEOREM 1.1. Set
9 1/4
“=(1-2)
q(qg —2)

c3 —6!/4,

There exists a random compact metric space (My, D*) called the Brownian map,
which does not depend on q, such that

if q is even, and

_ (d)
(mn, an 1/4dgr) njo)o (m007 D*)v

where the convergence holds in distribution in the space K.
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Let us give a precise definition of the Brownian map. We first need to intro-
duce the random real tree called the CRT, which can be viewed as the tree coded
by a normalized Brownian excursion, in the following sense. Let (e5)o<s<1 be a
normalized Brownian excursion, that is, a positive excursion of linear Brownian
motion conditioned to have duration 1, and set, for every s, t € [0, 1],

de(s,t)=e;+e —2 min e,.
SAt<r=<svVvt
Then d, is a (random) pseudometric on [0, 1], and we consider the associated
equivalence relation ~: for s, ¢ € [0, 1],

s~e¢t ifandonlyif de(s,t)=0.

Since 0 ~, 1, we may as well view ~, as an equivalence relation on the unit cir-
cle S!. The CRT is the quotient space 7 := S!/ ~., which is equipped with the
distance induced by de. We write pe for the canonical projection from S! onto
Te, and p = pe(1). If u, v € S!, we let [u, v] be the subarc of S! going from u
to v in clockwise order, and if a, b € 7, we define [a, b] as the image under the
canonical projection pe of the smallest subarc [u, v] of S! such that pe(u) =a
and pe(v) = b. Roughly speaking, [a, b] corresponds to the set of vertices that one
visits when going from a to b around the tree in clockwise order.

We then introduce Brownian labels on the CRT. We consider a real-valued pro-
cess Z = (Zg)act, indexed by the CRT, such that, conditionally on Z¢, Z is a
centered Gaussian process with Z, =0 and E[(Z, — Zb)z] = de(a, b) (this pre-
sentation is slightly informal as we are considering a random process indexed by
a random set, see Section 2.4 for a more rigorous approach). We define, for every
a,beT,,

D°(a,b)y=Z,+ Z), — 2rnax(cg[1£1b] Ze, Cg[lgg] ZC>,
and we put a >~ b if and only if D°(a, b) = 0. Although this is not obvious, it turns
out that >~ is an equivalence relation on 7, and we let

My =T/ =~

be the associated quotient space. We write IT for the canonical projection from 7
onto m,. We then define the distance on my, by setting, for every x, y € mq,

k
(1) D*(x,y)=inf{ZD°(ai—1,ai)},

i=1
where the infimum is over all choices of the integer k > 1 and of the elements
ap,at, ..., ag of Te such that TT(ap) = x and T1(ar) = y. It follows from [15],
Theorem 3.4, that D* is indeed a distance, and the resulting random metric space
(Mo, D*) is the Brownian map.
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The present work can be viewed as a continuation and in a sense a conclu-
sion to our preceding papers [15] and [16]. In [15], we proved the existence of
sequential Gromov—Hausdorff limits for rescaled uniformly distributed rooted 2 p-
angulations with n faces, and we called a Brownian map any random compact
metric space that can arise in such limits (the name Brownian map first appeared
in the work of Marckert and Mokkadem [21] which was dealing with a weak form
of the convergence of rescaled quadrangulations). The main result of [15] used a
compactness argument that required the extraction of suitable subsequences in or-
der to get the desired convergence. The reason why this extraction was needed is
the fact that the limit could not be characterized completely. It was proved in [15]
that any Brownian map can be written in the form (my,, D), where the set my is
as described above, and D is a distance on mg,, for which only upper and lower
bounds were available in [15, 16]. In particular, the paper [15] provided no charac-
terization of the distance D and it was conceivable that different sequential limits,
or different values of ¢, could lead to different metric spaces. In the present work,
we solve this uniqueness problem by establishing the explicit formula (1), which
had been conjectured in [15] and in a slightly different form in [21]. As a con-
sequence, we obtain the uniqueness of the Brownian map, and we get that this
random metric space is the scaling limit of uniformly distributed g-angulations
with n faces, for the values of ¢ discussed above. Our proofs strongly depend on
the study of geodesics in the Brownian map that was developed in [16].

At this point, one should mention that the very recent paper of Miermont [22]
has given another proof of Theorem 1.1 in the special case of quadrangulations
(g =4). Our approach was developed independently of [22] and uses very different
ingredients, leading to more general results. On the other hand, the proof in [22]
gives additional information about the properties of geodesics in my,, which is of
independent interest.

Let us briefly sketch the main ingredients of our proof in the bipartite case
where g is even. From the main theorem of [15], we can find sequences (n4)x>1 of

integers converging to oo such that the random metric spaces (m,,, can_l/ 4dgr)
converge in distribution to (m, D), where D is a distance on my, such that
D < D*. Additionally, the space (my,, D) comes with a distinguished point x,,
which is such that, for every y € myo, and every a € 7 such that T1(a) =y,

D(y,xs) =D*(y,x4) =Z, —min Z.

The heart of the proof is now to verify that D = D* (Theorem 7.2 below). To
this end, it is enough to prove that D(y, y’) = D*(y, y’) a.s. when y and y’ are
distributed uniformly and independently on my, (the word uniformly refers to the
volume measure on me,, which is the image of the normalized Lebesgue measure
on S! under the projection IT o pe). By the results in [16], it is known that there is
an almost surely unique geodesic path (I'(z),0 <t < D(y, y’)) from y to y’ in the
metric space (myo, D).
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Proving that D(y,y’) = D*(y,y’) is then essentially equivalent to verifying
that the geodesic I' is well approximated (in the sense that the lengths of the
two paths are not much different) by another continuous path going from y to y’,
which is constructed by concatenating pieces of geodesics toward the distinguished
point x,. To this end, we prove that, for every choice of r > ¢ > 0, and condition-
ally on the event {D(y, y’) > r + ¢}, the probability that we have either

D(x4, T (r)) = D(x,T(r +¢))+¢ or
(2
D(x, T (r)) = D(xs, T(r —e)) + ¢

is bounded below by 1 — &P when ¢ is small, where B > 01is a constant. If (2) holds,
this means that there is a geodesic from x, to ['(r) that visits either I'(r — ¢) or
['(r 4+ €) and then coalesces with I". This is of course reminiscent of the results
of [16] saying that any two geodesic paths (starting from arbitrary points of my)
ending at a “typical” point x of my, must coalesce before hitting x. The difficulty
here comes from the fact that interior points of geodesics are not typical points
of m, and so one cannot immediately rely on the results of [16] to establish the
preceding estimate (though these results play a crucial role in the proof).

As in many other papers investigating scaling limits for large random planar
maps, our proofs make use of bijections between planar maps and various classes
of labeled trees. In the bipartite case, we rely on a bijection discovered by Bouttier,
Di Francesco and Guitter [4] between rooted and pointed 2 p-angulations with n
faces and labeled p-trees with n black vertices (see Section 2.1, in the case of
triangulations we use another bijection from [4], which is presented in Section 8.1).
A variant of this bijection allows us to introduce the notion of a discrete map with
geodesic boundaries (DMGB in short), which, roughly speaking, corresponds to
cutting the map along a particular discrete geodesic from the root vertex to the
distinguished vertex. This cutting operation produces two distinguished geodesics,
which are called the boundary geodesics. The notion of a DMGB turns out to play
an important role in our proofs and is also of independent interest. The general
philosophy of our approach is that a large planar map can be obtained by gluing
together many DMGBs along their boundary geodesics.

To complete this introduction, let us mention that the idea of studying the con-
tinuous limit of large random quadrangulations first appeared in the pioneering
paper of Chassaing and Schaeffer [7], which obtained detailed information about
the asymptotics of distances from the root vertex. The results of Chassaing and
Schaeffer were extended to more general classes of random maps in several papers
of Miermont and his coauthors (see, in particular, [20, 23]), using the bijections
with trees found in [4]. All these results are concerned with the profile of distances
from a particular vertex of the graph and do not provide enough information to
understand Gromov—Hausdorff limits. The understanding of these limits would be
possible if one could compute the asymptotic k-point function, that is, the asymp-
totic distribution of the matrix of mutual distances between k randomly chosen
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vertices. In the particular case of quadrangulations, the asymptotic 2-point func-
tion can be derived from the results of [7], and the asymptotic 3-point function
has been computed by Bouttier and Guitter [S]. However, the extension of these
calculations to higher values of k£ seems a difficult problem.

As a final remark, Duplantier and Sheffield [10] recently developed a mathe-
matical approach to two-dimensional quantum gravity based on the Gaussian free
field. It is expected that this approach should be related to the asymptotics of large
planar maps. The very recent paper [27] contains several conjectures in this di-
rection. Another very appealing related question is concerned with canonical em-
beddings of the Brownian map: It is known [18] that the space (my,, D*) is a.s.
homeomorphic to the 2-sphere S?, and one may look for a canonical construc-
tion of a random distance d on S? such that (me, D*) is a.s. isometric to (S?, d).
The random distance d is expected to have nice conformal invariance properties.
Hopefully these questions will lead to a promising new line of research in the near
future.

The paper is organized as follows. Section 2 recalls basic facts about the coding
of 2 p-angulations by labeled trees, and known results from [15] and [16] about the
convergence of rescaled 2p-angulations. Section 3 discusses discrete maps with
geodesic boundaries and their scaling limits. In Section 4 we prove the traversal
lemmas, which are concerned with certain properties of geodesics in large discrete
maps with geodesic boundaries. Roughly speaking, these lemmas provide lower
bounds for the probability that a geodesic path starting from a point of one bound-
ary geodesic and ending at a point of the other boundary geodesic will share a
significant part of both boundary geodesics. Section 5 proves our main estimate
Lemma 5.3, which bounds the probability that (2) does not hold. Section 6 gives
another preliminary estimate relating the distances D and D*, which comes as an
easy consequence of estimates for the volume of balls proved in [16] (a slightly
different approach to the result of Section 6 appears in [22]). Section 7 contains
the proof of Theorem 1.1 in the bipartite case where ¢ is even. The case of triangu-
lations is treated in Section 8, and Section 9 discusses extensions, in particular, to
the Boltzmann distributions on bipartite planar maps considered in [20], and open
problems. Finally, the Appendix provides the proof of two technical lemmas.

TABLE OF NOTATION.
M,, uniform rooted and pointed 2 p-angulation with n faces
m,, vertex set of M,
dgy graph distance on m,,
(T, (Eﬁ)vefﬁ) labeled p-tree associated with M,, via the BDG bijection
Vg v{’, e v;’m contour sequence of t,)
dn (i, J) = dgr (v}, V)
C" contour function of 7,
A" label function of (7, (¢})vere)

v, simple geodesic from the first corner of & in M,, or M,
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A, =—minf" +1

M, discrete map with geodesic boundaries (DMGB) associated with M,
ngr graph distance in Mn N

¥, second distinguished boundary geodesic in M,

Ap, kp scaling constants (cf. Theorem 2.3)

Iy = LrK;1n1/4J

op =min{i > 0: A} = —ry}

Uy = vy,

Yy, r(8) (half) generation of last ancestor of v,, with label > —r, + (SKlj] nl/4
W, -(8) maximal index in the contour sequence of 7, of this last ancestor

e = (e;)o<s<1 normalized Brownian excursion

Te = [0, 1]/ ~¢ tree coded by e (CRT)

pe: [0, 1] —> 7¢ canonical projection

Z = (Z;)o<:<1 head of Brownian snake driven by e (Brownian labels on 7)
A=—minZ

S time minimizing Z

my, = [0, 1]/ &~ = 7¢/ >~ Brownian map

IT:7¢ —> m, canonical projection

p=1IIope

D distance on the Brownian map derived as scaling limit of graph distances
De(s,t)=Zs+ Z; — 2Ina—x(Inin[s/\t,s\/t] Zy, min[O,sAt]U[s\/t,l] Zy)

D°(a,b) =min{D°(s, ) : pe(s) = a, pe(t) = b} fora,b € T,

D*(a,b) = inf{Zle D°(a;_1,a;):a=agp,ay,...,ax =b} fora,b e T

S, =inf{t €[0,1]:Z;, = —r}

S, =sup{tre[0,1]:Z, = —r}

['(r) =p(S,) = p(S)) simple geodesic from p(0) to p(ss)

ns(r) =1inf{s > S, : €, = mins¢(s, 51 € and Z; = —r + 5}

n5(r) =sup{s < S} :e; = min ¢y 57 €; and Zg = —r + 8}

2. Convergence of rescaled planar maps.

2.1. Labeled p-trees. A plane tree 7 is a finite subset of the set
o0
U= JN
n=0
of all finite sequences of positive integers (including the empty sequence &), which

satisfies the three following conditions:

(1) 9er;
(ii) for every v = (uy,...,ux) € T with k > 1, the sequence (uy, ..., ur_1)
also belongs to t [(u1, ..., ur—_1) is called the “parent” of v];
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FIG. 1. A 3-tree T and the associated contour function C* " of T°.

(iii) for every v = (uy,..., ux) € 7 there exists an integer k,(t) > 0 such that,
for every j € N, the vertex vj := (u1, ..., ux, j) belongs to t if and only if 1 <
J < ky(7) [the vertices of the form vj with 1 < j < k,(7) are called the children
of v].

For every v = (uy,...,ux) € U, the generation of v is |v| = k. The notions of
an ancestor and a descendant in the tree T are defined in an obvious way. By
convention a vertex is a descendant of itself.

Throughout this work, the integer p > 2 is fixed. A p-tree is a plane tree 7 that
satisfies the following additional property: For every v € T such that |v]| is odd,
ky(t)=p—1.

If T is a p-tree, vertices v of T such that |v]| is even are called white vertices, and
vertices v of t such that |v]| is odd are called black vertices. We denote the set of
all white vertices of T by t° and the set of all black vertices by 7°. By definition,
the size |t| of a p-tree t is the number of its black vertices. See the left side of
Figure 1 for an example of a 3-tree.

A labeled p-tree is a pair 0 = (7, (£,)yero) that consists of a p-tree T and a col-
lection of integer labels assigned to the white vertices of 7, such that the following
properties hold:

(a) £z =0and ¢, € Z for each v € 7°.

(b) Let v € 7°, let v(g) be the parent of v and let v(;) =vj, 1 <j < p—1,be
the children of v. Then for every j € {0, 1,..., p — 1}, £ £y . — 1, where
by convention v(,) = v(q).

v+ = Py
Condition (b) means that if one lists the white vertices adjacent to a given black
vertex in clockwise order, the labels of these vertices can decrease by at most one
at each step. By definition, the size of 6 is the size of t.
Let T be a p-tree with n black vertices and let k = #t — 1 = pn. The depth-first
search sequence of t is the sequence wo, wi, ..., wy; of vertices of T which is
obtained by induction as follows. First wy = &, and then for every i € {0, ..., 2k —
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1}, wi41 is either the first child of w; that has not yet appeared in the sequence
wo, - . ., w; or the parent of wj; if all children of w; already appear in the sequence
wo, ..., w;. [tis easy to verify that wo; = @ and that all vertices of T appear in the
sequence wg, Wi, ..., W (some of them appear more than once).

Vertices w; are white when i is even and black when i is odd. The contour
sequence of 7° is by definition the sequence vy, ..., vy defined by v; = wy; for
every i € {0,1,...,k}. If v is a given white vertex, each index i such that v; = v
corresponds to a “corner’” (angular sector) around v, and we abusively speak about
the corner v;.

Our limit theorems for random planar maps will be derived from similar limit
theorems for trees, which are conveniently stated in terms of the coding functions
called the contour function and the label function. The contour function of t° is
the discrete sequence Cgo, ! o C;; defined by

C/ = %|vl~| for every 0 <i < pn.

See Figure 1 for an example with p = n = 3. The label function of 6 =
(1, (€y)pereo) is the discrete sequence (A2, A(f, e Afm) defined by

Al =¢, forevery 0 <i < pn.

From property (b) of the labels and the definition of the contour sequence, it is clear
that A?H > A? — 1 for every 0 <i < pn — 1. The pair (CTO, Ae) determines 6
uniquely.

We will need to consider subtrees of a p-tree T branching from the ancestral line
of a given white vertex. Let v € 7°, and write v = v; for some j € {0, 1, ..., pn}
(the choice of j does not matter in what follows). The vertices v;, j <i < pn
which are not descendants of v are partitioned into “subtrees” that can be described
as follows. First, for every white vertex u that is an ancestor of v distinct of v, we
can consider the subtree consisting of u and of its descendants that belong to the
right side of the ancestral line of v (or, equivalently, that are greater than v in
lexicographical order). Second, for every black vertex w that is an ancestor of v,
and every child u of w that is greater than v in lexicographical order, we can
consider the subtree consisting of all descendants of u (including u itself). In both
cases, this subtree is called a subtree branching from the right side of the ancestral
line of v, and the quantity %|u| is called the branching level of the subtree. These
subtrees can be viewed as p-trees, modulo an obvious renaming of the vertices that
preserves the lexicographical order. In the same way, we can partition the vertices
v;, 0 <i < j which are not descendants of v into subtrees branching from the left
side of the ancestral line of v.

If we start from a labeled p-tree 8 = (7, (£y)yero), We can assign labels to the
white vertices of each subtree in such a way that it becomes a labeled p-tree: just
subtract the label ¢, of the root u of the subtree from the label of every vertex in
the subtree.
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2.2. The Bouttier-Di Francesco—Guitter bijection. Let T2 stand for the set of
all labeled p-trees with n black vertices. We denote the set of all rooted and pointed
2 p-angulations with n faces by MPE. An element of MY is thus a pair (M, v)

consisting of a rooted 2 p-angulation M € .A,%p and a distinguished vertex v. By
Euler’s formula, the number of choices for v is (p — 1)n + 2, independently of M.

We now describe the Bouttier-Di Francesco—Guitter bijection (in short, the
BDG bijection) between T x {0, 1} and M. This bijection can be found in Sec-
tion 2 of [4] in the more general setting of bipartite planar maps. Note that [4] deals
with pointed planar maps rather than with rooted and pointed planar maps. How-
ever, the results described below easily follow from [4] (the bijection we will use
is a variant of the one presented in [15, 16], which was concerned with nonpointed
rooted 2 p-angulations and particular labeled p-trees called mobiles in [15, 16]).

Let 0 = (7, ({y)pere) € T and let € € {0, 1}. As previously, we denote the con-
tour sequence of 7° by vg, v, ..., vp,. We extend this sequence periodically by
putting vp,4; = v; for every 0 <i < pn. Suppose that the tree 7 is drawn on the
sphere and add an extra vertex d. We associate with the pair (0, €) a 2 p-angulation
M with n faces, whose set of vertices is

m=1°U{d}
and whose edges are obtained as follows: Forevery i € {0, 1, ..., pn — 1},

o if {,, =min{{,:v € 7°}, draw an edge between the corner v; and 9;

e if £;; > min{{, :v € T°}, draw an edge between the corner v; and the corner v;,
where j is the first index in the sequence i + 1,i +2,...,i + pn — 1 such that
£y = £y; — 1 (we then say that j is the successor of i, or sometimes that v; is a
successor of v;).

Notice that condition (b) in the definition of a p-tree entails that £,, | > £,, — 1
foreveryi € {0, 1, ..., pn — 1}. This ensures that whenever £,, > min{¢, :v € 7°}
there is at least one vertex among vj 41, V42, ..., Vi4+pn—1 With label £,, — 1. The
construction can be made in a unique way (up to orientation-preserving homeo-
morphisms of the sphere) if we impose that edges of the map do not intersect, ex-
cept possibly at their endpoints, and do not intersect the edges of the tree. We refer
to Section 2 of [4] for a more detailed description (here we will only need the fact
that edges are generated in the way described above). The resulting planar map M
is a 2 p-angulation. By definition, this 2 p-angulation is rooted at the edge between
vertex & and its successor w = v;, where j =min{i € {1, ..., pn}:{; = —1}, and
by convention w = 9 if min{¢, : v € t°} = 0. The orientation of this edge is spec-
ified by the variable ¢: if ¢ = 1, the root vertex is & and if ¢ = 0, the root vertex
is w. Finally, the 2 p-angulation M is pointed at the vertex 9, so that we have indeed
obtained a rooted and pointed 2 p-angulation. Each face of M contains exactly one
black vertex of 7 (see Figure 2).

The preceding construction yields a bijection from the set T} x {0, 1} onto M},
which is called the BDG bijection. Figure 2 gives an example of a labeled 3-tree
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FI1G. 2. A labeled 3-tree 6 with 5 black vertices and the associated 6-angulation.

with 5 black vertices (the numbers appearing inside the circles representing white
vertices are the labels assigned to these vertices) and shows the 6-angulation with 5
faces associated with this 3-tree via the BDG bijection.

The following property, which relates labels on the tree ° to distances in the
planar map M, plays a key role. As previously, we write d, for the graph distance
in the vertex set m. Then, for every vertex v € 7°, we have

3) dgr (3, v) = £, —min{€,,:w € T°} + 1.

If v and v’ are two arbitrary vertices of M, there is no such simple expression
for dg; (v, v’) in terms of the labels on 7°. However, the following bound is useful.

Suppose that v =v; and v' = v; forsome i, j € {1, ..., pn} with i < j. Then,
@) dge(0, V') < €y, + £y, — 2max<ig;{i2j . _min pnevk) +2.

See [15], Lemma 3.1, for a proof in a slightly different context, which is easily
adapted. This proof makes use of simple geodesics, which are defined as follows.
Letvetr® andleti € {0, 1,..., pn— 1} such that v; = v. For every integer k such
that 0 < k < ¢, — min{{,,: w € T°}, put

by (k) =min{j € {i,i +1,....i 4+ pn—1}:Ly; =L, —k},

and () (k) = vy (k). Then, if we also set w(;)(dgr(v, d)) = 9, it easily follows
from (3) that (w(;)(k), 0 < k < dg (v, 9)) is a discrete geodesic from v to d in M.
Such a geodesic is called a (discrete) simple geodesic.
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The bound (4) then simply expresses the fact that the distance between v; and
v; can be bounded by the length of the path obtained by concatenating the simple
geodesics ¢(;) and ¢y up to their coalescence time.

2.3. The CRT. An important role in this work is played by the random real
tree called the CRT, which was first introduced and studied by Aldous [1, 2]. For
our purposes, the CRT is conveniently viewed as the tree coded by a normalized
Brownian excursion. Throughout this work, the notation e = (e5)o<s<1 stands for a
normalized Brownian excursion (see [25], Chapter XII, for basic facts about Brow-
nian excursion theory). Recall from Section 1 the definition of the pseudometric
de and of the associated equivalence relation ~,. By definition, the CRT is the
quotient space 7 := [0, 1]/ ~¢ and is equipped with the induced distance, which
is still denoted by de. It is easy to verify that the topology of 7, coincides with the
quotient topology.

Then (7, de) is a random compact real tree (see Section 2.1 of [16] for the
definition and basic properties of compact real trees). We write pe: [0, 1] — 7¢
for the canonical projection. By convention, 7Ze is rooted at the point p := pe(0) =
pe(1). The ancestral line of a point a of the CRT is the range of the unique (up to
re-parametrization) continuous and injective path from the root to a. This ancestral
line is denoted by [[p, all. If a, b € 7¢, we say that a is an ancestor of b (or b is
a descendant of a) if a € [[p, b]]. For every a € 7, we can thus define the subtree
of descendants of a. If a, b € T, we write a A b for the unique vertex such that
[p,allNllp, bl =1p,a DI

We refer to Section 2.2 in [16] for more information about the coding of com-
pact real trees by continuous functions. Many properties related to the genealogy
of 7¢ can be expressed conveniently in terms of the coding function e. For instance,
if s € [0, 1] is given, a point of the form pe(?), t € [0, 1], belongs to the ancestral
line of pe(s) if and only if

e = min e,.
SAt<r=<svt
We will use such simple facts without further comment in what follows.

A leaf of 7, is a vertex a such that 7¢ \ {a} is connected. If € (0, 1), the vertex
Pe(t) is a leaf if and only if the equivalence class of ¢ for ~¢ is a singleton. The
vertex p = pe(0) = pe(1) is also a leaf. The set of all vertices of 7¢ that are not
leaves is called the skeleton of 7 and denoted by Sk(7).

2.4. Brownian labels on the CRT. Brownian labels on the CRT are another
crucial ingredient of our study. We consider a real-valued process Z = (Zy)o<s<1
such that, conditionally given (es)o<s<1, Z is a centered Gaussian process with
covariance

E[Z;Z;/e]= min e,.

SAI<r=<svt
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Note, in particular, that Zg = 0 and E[(Zs; — Z,)2|e] = de(s,t). One way of
constructing the process Z is via the theory of the Brownian snake [13]. It is
easy to verify that Z has a continuous modification, which is even Holder con-
tinuous with exponent Al, — ¢ for every ¢ € (0, }‘). From now on, we always deal
with this modification. From the invariance of the law of the Brownian excursion
under time-reversal, one immediately gets that the processes (es, Z;)o<s<1 and
(e1—s, Z1—s)0<s<1 have the same distribution.

From the formula E[(Z; — Z;)?|e] = de(s, t), one obtains that

Zy=12; for every s, t € [0, 1] such that de(s, 1) =0, a.s.

Hence, we may view Z as indexed by the CRT 7e, in such a way that Z; = Z ()
for every s € [0, 1]. In what follows, we write indifferently Z; = Z, if s € [0, 1]
and a € 7, are such that a = pe(s). Using standard techniques as in the proof of
the classical Kolmogorov lemma, one checks that the mapping 7 > a — Z, is
a.s. Holder continuous with exponent % — ¢ with respect to de, for every ¢ € (0, %).

It is natural (and more intuitive than the presentation we just gave) to interpret Z
as a Brownian motion indexed by the CRT. Although the latter interpretation could
be justified precisely, the approach we took is mathematically more tractable, as
it avoids constructing a random process indexed by a random set. As we will see
below, the pair (Ze, (Z4)ae7,) is a continuous analog of a uniformly distributed
labeled p-tree with n black vertices.

Throughout this work, we will use the notation

A =— min Z;.
0<s<l1
Detailed information about the distribution of A can be found in [9]. Here we
will only use the simple fact that the topological support of the law of A is the
whole of R . This can be verified by elementary arguments. It is known (see [19],
Proposition 2.5) that there is an almost surely unique instant s, € (0, 1) such that
Zs, = —A. We will write a, = pe(ss). Note that a, is a leaf of 7.

We say that ¢t € (0, 1] is a left-increase time of e, respectively of Z, if there
exists € € (0, ¢) such that e; > e;, respectively Z; > Z;, for every s € [t — ¢&,1].
We similarly define the notion of a right-increase time. Note that the equivalence
class of r for ~ is a singleton if and only if ¢ is neither a left-increase time nor a
right-increase time of e. The following result is Lemma 3.2 in [18].

LEMMA 2.1. With probability one, any point t € [0, 1] which is a right-
increase or a left-increase time of e is neither a right-increase nor a left-increase
time of Z.

We set for every r > 0,

S, =inf{s € [0,1]: Z; = —r}
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with the usual convention inf & = co. Note that S, < oo if and only if »r < A.
If r € (0, A], then by definition S, is a left-increase time of Z, and Lemma 2.1
implies that the equivalence class of S, for ~, is a singleton, so that pe(S;) is a
leaf of 7, (the latter property is also true for r = 0).

The following lemma shows that, in some sense, labels do not vary too much
between S, and Sy4. when ¢ is small.

LEMMA 2.2. There exists a constant o € (0, 1) such that the following holds.
Let i, A, k be three reals with 0 < u < A and k € (0, 1). There exists a constant
CA,u.«c such that, for every r € [, Al and ¢ € (0, u/2),

P[{S, <l—«}N { e[Eups ]Zs > —r +J§}] < Ca. e
SE[Sr—e. S

Our proof of Lemma 2.2 depends on certain fine properties of the Brown-
ian snake, which are also used in the proof of another more difficult lemma
(Lemma 5.1 below). For this reason, we postpone the proof of both results to the
Appendix.

For every s, ¢ € [0, 1] such that s <7, we set

D°(s,t) = D°(t,s) =Z; + Z; —2max< min Z,, min Zr).
rels,el  reft, 11U[0,s]
We then set, for every a, b € g,

D°(a,b) =min{D°(s,1):s,t € [0, 1], pe(s) = a, pe(t) = b}.

This is equivalent to the definition given in the introduction. Suppose that
D°(a, b) =0 for some a, b € T, with a # b. Then we can find s, ¢ € [0, 1] such
that pe(s) = a, pe(t) =b and D°(s,t) = 0. Clearly, s and ¢t must be (right or left)
increase times of Z and Lemma 2.1 implies that both a and b are leaves of 7.

As a function on 7¢ x Zg, D° does not satisfy the triangle inequality, but we can
set, for every a, b € Tg,

k
D*(a,b) = inf{ZDo(ai—l,ai)},
i=1
where the infimum is over all choices of the integer £ > 1 and of ay, ..., ax € 7¢
such that ag = a and ax = b. Then D* is a pseudometric on 7, and obviously
D* < D°. It will sometimes be convenient to view D* as a function on [0, 1]2, by
setting

D*(s, 1) = D*(pe(s), pe(t))
for every s, t € [0, 1].

As a consequence of Theorem 3.4 in [15], the property D*(a, b) = 0 holds if
and only if D°(a, b) =0, for every a, b € T, a.s. (to be precise, the results of [15]
are formulated in terms of a pair (€, Z) which corresponds to re-rooting the CRT
at the vertex pe(s,) with a minimal label—see Section 2.4 in [15]—however, the
preceding formulation easily follows from the results stated in [15]).
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2.5. Convergence toward the Brownian map. For every integer n > 1, let M,
be a random rooted and pointed 2 p-angulation, which is uniformly distributed
over the set M} . We can write M,, as the image under the BDG bijection of a pair
(On» €n), where 6, = (T, (£7)verg) is a random labeled p-tree and &, is a random
variable with values in {0, 1}. Clearly, 6, is uniformly distributed over the set V4
(and &, is uniformly distributed over {0, 1}). We write v, v{, ..., v;’m for the con-
tour sequence of 7,;. We denote the contour function of z,; by C" = (C}")o<i<pn
and the label function of 6, by A" = (A} )o<i<pn- We extend the definition of both
C" and A" to the real interval [0, pn] by linear interpolation.

Let m,, stand for the vertex set of M,. Thanks to the BDG bijection, we have
the identification

m, =17, U{d},

where d denotes the distinguished vertex of M,,. We also observe that the nota-
tion m, is consistent with Section 1, since the random rooted 2 p-angulation M,
obtained from M,, by “forgetting” the distinguished vertex of M,, is uniformly dis-

tributed over .A%p . Therefore, when proving Theorem 1.1, we may assume that the
random metric space (my, dg;) is constructed from M,, as explained above.

Ifi, j €{0,1,..., pn},wesetd, (i, j) = dg (v}, v;-’). We have then |AY —A;fl <
dy(i, j) by (3) and the triangle inequality. As in [15], Section 3, we extend the
definition of d, (s, t) to noninteger values of (s, t) € [0, pn]2 by setting

dn(s, 1) = (s — Ls])(t — L£])dn (57, [11) + (s — Ls])(T£1 — #)dn([s7, L2])
+ ([T —=s)(t = [t])dn(Ls], T£1) + (Ts1 = s)(T1] — t)dn(Ls]. L2]),

where |t] =max{k € Z:k <t} and [t] =min{k € Z:k > t}.

The following theorem shows that the contour and label processes and the dis-
tance process associated with M,, have a joint scaling limit, at least along a suitable
sequence of integers converging to co. This result is closely related to [15], Theo-
rem 3.4. To simplify notation, we set

1 D 9 1/4
S
2y p—1 4p(p—1)

THEOREM 2.3. From every sequence of integers converging to 0o, we can ex-
tract a subsequence (ny)>1 along which the following convergence in distribution
of continuous processes holds:

—1/2n —1/4 An
()‘Pn / Cpnt’KPn / Apnt’

5) Kpn_1/4dn(pns, p”t))05s51,05151
d

Q) (el‘s Zh D(S, t))

n

50 0<s<1,0<t<1’

where the pair (e, Z) is as in Section 2.4, and (D (s, t))o<s<1,0<s<1 IS a continuous

random process such that the function (s,t) —> D(s, t) defines a pseudometric on
[0, 112, and the following properties hold:
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(@) D(s,sy) =Zs+ A= D°(s, sy) for every s €0, 1];
(b) D(s,t) < D*(s,t) < D°(s,t) for every s, t € [0, 1].

For every s,t € [0,1], we put s =t if D(s,t) = 0. Then, a.s. for every s,t €
[0, 1], the property s =~ t holds if and only if D*(s,t) = 0 or, equivalently,
D®(pe(s), pe(t)) =0.

Finally, set my, = [0, 1]/ = and equip my, with the distance induced by D,
which is still denoted by D. Then, along the same sequence where the conver-
gence (5) holds, the random compact metric spaces

(m,,, Kpn_1/4dgr)

converge in distribution to (M, D) in the sense of the Gromov—Hausdorff con-
vergence.

REMARKS. (a) The bound D(s,t) < D°(s,t) is an analog of the bound (4).
Since D satisfies the triangle inequality, this bound immediately gives D(s, ) <
D*(s, t) [and D*(s,t) < D°(s, t) is true by definition as we already noticed].

(b) The convergence of the first two components in (5) does not require the use
of a subsequence; see [20].

(c) The identity D(s, sx) = Zs + A is a continuous analog of formula (3).

(d) It is not hard to prove that equivalence classes for & can contain at most 3
points (see the discussion in [15], Section 3). Moreover, if s and ¢ are distinct
points of [0, 1) such that s & ¢, then we have either pe(s) = pe(t) or D°(s,t) =0,
but these two properties cannot hold simultaneously by Lemma 2.1.

PROOF OF THEOREM 2.3. Although this theorem is very close to the results
of [15], it cannot be deduced immediately from that paper, because [15] deals
with rooted 2p-angulations, where the associated tree is constructed by using
distances from the root vertex, whereas in our setting of rooted and pointed 2 p-
angulations the associated tree is obtained by considering the distances from the
distinguished vertex. Still, the arguments in Section 3 of [15] can be adapted to
the present setting. The convergence of the first two components in (5) is deduced
from [20], Theorem 8 (we should note that [20] deals with the so-called height
process, which is a variant of the contour process, and the corresponding vari-
ant of the label process, but it is easy to verify that limit theorems for the height
process can be translated in terms of the contour process; see, for example, Sec-
tion 1.6 in [14]). From this convergence, the tightness of the laws of the processes
in [17], Section 6, in the particular case p = 2. It follows that the convergence (5)
holds along a suitable subsequence and, via the Skorokhod representation theorem,
we may even assume that this convergence holds a.s. The other assertions of the
theorem are then obtained in a straightforward way (see Section 3 of [15] or Sec-
tion 6 of [17]), with the exception of the fact that D(s, ) = 0 implies D*(s, 1) = 0.
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To verify the latter fact, one can reproduce the rather delicate arguments of [15],
Section 4, in the present setting. Alternatively, one can use the estimates for the
volume of balls proved in [16], Section 6, and follow the ideas that will be devel-
oped below in Section 6 to get a sharper comparison estimate between D and D*.
We leave the details to the reader. [

We will write p for the canonical projection from [0, 1] onto my, = [0, 1]/ ~.
As a consequence of the bound D < D°, this projection is continuous when [0, 1]
is equipped with the usual Euclidean distance. The volume measure Vol on my is
the image of the Lebesgue measure on [0, 1] under the projection p.

From the characterization of the equivalence relation ~, we see that my, can be
viewed as well as a quotient space of 7, for the equivalence relation >~ defined
by a >~ b if and only if D°(a, b) = 0 (this is consistent with the presentation we
gave in Section 1). We then write IT for the canonical projection from 7, onto
My, in such a way that p = IT o pe. Noting that the topology on 7 is the quotient
topology and that p is continuous, it follows that IT is also continuous. We set
X, = p(sx) = [1(ay). Note that property (a) in the theorem identifies all distances
from x, in my in terms of the label process Z.

We can define D*(x,y) for every x,y € my, so that D*(I1(a), [1(b)) =
D*(a, b) for every a, b € T¢. Then D* is also a random distance on my,. Most of
what follows is devoted to proving that D(x, y) = D*(x, y) for every x, y € mqo.
If this equality holds, the limiting space in Theorem 2.3 coincides with (my,, D*)
and in particular does not depend on the choice of the sequence (nx)i>1. The state-
ment of Theorem 1.1 (in the bipartite case when g = 2p is even) follows.

Notice that we already know by property (b) of the theorem that D < D* and
that an easy compactness argument shows that the topologies induced, respec-
tively, by D and by D* on my, coincide, as it was already noted in [15]. Further-
more, it is immediate from properties (a) and (b) in the theorem that

(6) D*(xy, x) = D(xy, x) for every x € my.

2.6. Geodesics in the Brownian map. If x,y are points in a metric space
(E,d), a (continuous) geodesic from x to y is a path (w(t),0 <t <d(x, y)) such
that w(0) = x, w(d(x,y)) =y and d(w(t), w(t")) =t — ¢t forevery 0 <t <t <
d(x,y). The metric space (E, d) is called geodesic if for any two points x,y € E
there is (at least) one geodesic from x to y.

From general results about Gromov—Hausdorff limits of geodesic spaces [6],
Theorem 7.5.1, we get that (m,, D) is almost surely a geodesic space. Detailed
information about the geodesics in my, has been obtained in [16], and we summa-
rize the results that will be needed below.

Let s € [0, 1]. For every r € [0, D(s, s4)], we set

inf{r e[s,11:Z, = Zs —r}, if min{Z,:re[s, 11} <Z;—r,

ps(r) = !inf{t €[0,5]:Z = Zs — 1}, otherwise.
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Since D(s, sy) = Zs + A, the preceding definition makes sense. For every r €
[O’ D(s’ s*)]a Set

T (r) =p(gs ().

By construction, D°(@g(r), ¢s(r')) =r' —r forevery 0 <r <r’ < D(s, s4). On
the other hand, by property (a) of Theorem 2.3, we have also

r'—r= Do(‘/’s("),@s(r/)) = D((Ps(")’ (ps(r/))
> D(sx, ¢5(r)) — D(ss, 05 (r)) =1 — 1.

It follows that Iy is a geodesic in (my,, D). Using property (b) of Theorem 2.3,
we have then D*(T4(r), [s(r')) =r' — r forevery 0 <r <r’ < D(s, s,), and thus
[y is also a geodesic in (Mg, D*).

The geodesics of the form Iy are called simple geodesics. They are indeed the
continuous analogs of the discrete simple geodesics discussed at the end of Sec-
tion 2.2.

The following theorem reformulates the main results of [16] in our setting.

THEOREM 2.4. All geodesics in (mx,, D) from an arbitrary vertex of my, to
Xy are simple geodesics, and therefore also geodesics in (s, D).

PROOF. For the same reason that was discussed in the proof of Theorem 2.3,
this result is not a mere restatement of Theorem 7.4 and Theorem 7.6 in [16]. How-
ever, it can be deduced from these results along the following lines. Showing that
all geodesics from an arbitrary vertex of my, to x, are simple geodesics is eas-
ily seen to be equivalent to verifying that a geodesic ending at x, cannot visit the
skeleton Sk(7e), except possibly at its starting point. However, points of the skele-
ton are exactly those from which there are (at least) two distinct simple geodesics.
Hence, supposing that there exists a geodesic ending at x, that visits the skeleton
at a strictly positive time, one could construct two geodesics w and o’ starting from
the same point and both ending at x, such that w(¢) = ' (¢) for every t € [0, €],
for some ¢ > 0. By the invariance of the Brownian map under uniform re-rooting
(Theorem 8.1 of [16]) and the main results of [16], this does not occur. [

If x € my is such that p_l(x) is a singleton, Theorem 2.4 shows that there is
a unique geodesic from x to x,. The particular case x = p(0) plays an important
role in the remaining part of this work. In this case pfl(x) = {0, 1}, a.s., but it
is trivial that I'g = I'1, so that there is a.s. a unique geodesic from p(0) to x,. To
simplify notation, we will write I" = I'g for this unique geodesic. We note that we
have ¢o(r) = Sy, for every r € [0, A], where S, was introduced in Section 2.4, and,
thus, I'(r) = p(S,).
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3. Maps with geodesic boundaries.

3.1. Discrete maps with geodesic boundaries. We will now describe a variant
of the BDG bijection that produces a 2 p-angulation with a boundary. We start from
a labeled p-tree 0 = (7, (£y)yero) With n black vertices, and we set

§=-—min{¢,:vet°}+1.

We use again the notation vg, vy, ..., vy, for the contour sequence of 7°. We
write M for the rooted and pointed 2 p-angulation associated with 6 via the BDG
bijection (we should have fixed ¢ € {0, 1} to determine the orientation of the root
edge, but the choice of ¢ is irrelevant in what follows), and dg, for the graph dis-
tance on the vertex set m.

We then add § — 1 vertices vy, 2, ..., Us—1 to the tree T in the following way.
If k = kg (7) is the number of children of @ in 7, we put v; = (k+ 1), 1o = (k +
1,1),v3=(k+1,1,1) and soon until v5_1 = (k+1,1,1, ..., 1). For notational
convenience, we also set Vg = & and s = 9. Then T := 7t U {v], ..., Us_1} is again
a plane tree (but no longer a p-tree). By convention, we put

TC=1°U{D],...,05_1}.

We thus view vi,...,0s—; as white vertices with labels ¢35 = —i for i =
1,....,6—1.

Now recall the construction of edges in the BDG bijection: For every i €
{0,1,..., pn — 1} with ¢; > —§ + 1, the corner v; is connected by an edge to
the corner v, where j € {i,i +1,...,i + pn — 1} is the successor of i. Note that
every corner of T corresponds to one corner of T (the vertex & has one more cor-
ner in T, except in the particular case § = 1). To construct the planar map with a
boundary, we follow rules similar to those of the BDG bijection. We start by draw-
ing an edge between v; and 0, for all i € {0, 1, ..., pn — 1} such that £,, = min¥.
Then, let i € {0, 1, ..., pn — 1} such that £,, > min£. If the successor j of i is
in{i+1,i+2,..., pn}, we draw an edge between v; and v;, as we did before.
However, if the successor of i isin {pn + 1, ...,i 4+ pn — 1}, we instead draw an
edge between v; and V_g, 1 (since each new vertex v; is assigned the label —j,
v; is again connected by an edge to the next vertex of T with a smaller label). Fi-
nally, forevery i € {0, 1, ..., — 1}, we also draw an edge between v; and v; 11 (in
particular, we draw an edge between Us_; and 9).

The preceding construction gives a planar map M with vertex set fil = 7° U {9}
(see Figure 3 for an example). The planar map M isin general not a 2 p-angulation.
Leaving aside the special case § = 1, where M = M, the map M can be viewed
as a 2 p-angulation with a boundary. Indeed, it is not hard to verify that every face
of M has degree 2p (and corresponds to one face in the planar map M), with the
exception of one face, which has degree 2§ and is bounded by the two geodesics
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0

F1G. 3. The DMGB associated with the 6-angulation of Figure 2. In this case, § = 3 and the two
extra vertices V| and Uy appear on the right of the figure. The map is bounded by the two boundary
geodesics connecting the root of the tree to the vertex 9.

from @ to 0 that are defined as follows: y(0) = y(0) = &, y(§) = Y (§) = 9, and
foreveryi e {l,...,6 — 1},

V(i):v¢(i) Whered)(i):min{jz():gvj = —i},
y(@@) =7;.

Let ggr be the graph distance on the vertex set m. The following properties are
easily checked:

(i) y and ¥ are two geodesics from & to 9 in M, that intersect only at their
initial and final points;
(i) dgr(v,v') < Jgr(v, v’) for every v, v’ € t°; B
(iii) dgr(v,d) =€, + 8 for every v € T°, and, in particular, dg;(v, 3) = dg (v, 0)
for every v € t°;
@iv) ggr(@, V) = dgr (I, v) forevery v € 7°.

Informally, M can be recovered from M by gluing the two geodesics y and ¥ onto
each other (and, in particular, identifying vy ) with v; forevery i =1,...,8 — 1).
This explains why distances from & or from o9 are the same in M and in M,
whereas other distances may be different. Note that the geodesic y coincides with
the discrete simple geodesic w(q) introduced at the end of Section 2.2.

We will say that M is the discrete map with geodesic boundaries (in short,
the DMGB) associated with M. Notice that the boundary of M is only piecewise



2900 J.-F.LE GALL

geodesic since it consists of the union of two geodesics from @ to 9. We sometimes
say that y, respectively y’, is the left boundary geodesic, respectively the right
boundary geodesic, of M.

The definition of discrete simple geodesics can be extended to M in the follow-
ing way. Recall the notation at the end of Section 2.2, and leti € {0, ..., pn — 1}.
If the minimal label on 7° is attained at v; for some j € {i, ..., pn}, we just put
(i) = w(;, which is also a geodesic from v; to 9 in M. On the other hand, if the
preceding property does not hold, there is a unique integer k € {1, ..., dgr(v;, 9) —
1} such that ¢;)(k — 1) < pn and ¢;)(k) > pn. Then the edge of M between
w(;)(k — 1) and o) (k) does not exist in M, but instead there is an edge of M
between w(;y(k — 1) and ¥y, where k' = k — £,,. So we can put @) (j) = @) (j)
if j <k—1and o) (j) =y — &) if k < j <dg(vi, ), and o) is again a
geodesic from v; to d in M.

3.2. Scaling limits. We now apply the construction of the preceding subsec-
tion to a random 2p-angulation M, that is uniformly distributed over the set
ME. We let 6, = (1, (£})ver,) be the labeled p-tree associated with M,, and
we write v, .. ., v}, for the contour sequence of 7,/. As previously, we also write
(Co<i<pn for the contour function of 7,7 and (A} )o<i<pn for the label function
of 6,.

The DMGB associated with M, is denoted by Mn We also let m,, and m,,
denote, respectively, the vertex set of M,, and the vertex set of M,.

Recall the definition of the function d,, before Theorem 2.3. For every i, j €
{0,1,..., pn}, we also set

dn i, J)= 3gr(vf, v?)
A simple adaptation of the proof of (4) gives the bound
du(i, J) < dn (i, J) < dp (i, ),
where, for every i, j € {0, 1, ..., pn},
dy(i, j)= A} +A;! —2 min A} +2.

INj<k<iVvj
Similarly as in the case of d,, we extend the definition of 67,, to [0, pn] x [0, pn]
by linear interpolation. The next proposition reinforces the joint convergence (5)
in Theorem 2.3 by considering also the distance d,, jointly with the contour and
label processes and the distance d,.

PROPOSITION 3.1.  From every sequence of integers converging to 0o, we can
extract a subsequence (ny)r>1 along which the following convergence in distribu-
tion of continuous processes indexed by s, t € [0, 1] holds:

()»pn_l/zsz, Kpn_l/A'A;’,m, kpn V4, (pns, pnt), kn=4d, (pns, pnt))

™ . N
HQ) (€1, Z;, D(s, 1), D(s, 1)),

— 00
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where (er)o<i<l1» (Zt)o<;<1 and (D(s, 1))o<s<1.0<r<1 are as in Theorem 2.3, and

==LV

functlon (s,1) —> D(s,1) defines a pseudometric on [0, 11>. We put s=tifand
only if D(s, 1) = 0. The property s =t holds if and only if at least one of the
following two conditions holds:

(@) s ~et;
(b) Zy;=27; = mlnre[S/\t svil Zr.

Finally, along the same sequence where the convergence (7) holds, we have
the joint convergence in distribution of random metric spaces in the Gromov—
Hausdorff sense:

(. sepn ™ 4 dgs). (B, icpn ™)) D5 (Moo, D). (oo, D)),

where (Mo, D) is as in Theorem 2.3, My, = [0, 1]/ =, and D is the induced dis-
tance on Meo.

PROOF. From the bound 67,, (i, j) <d;(i, j), we can use the same arguments
as in the proof of [15], Proposition 3.2, to verify that the sequence of laws of
the processes (n= 4(7,, (pns, pnt))o<s.1<1 1s tight in the space of all probability
measures on C([0, 1]2, R). To be specific, we write for every s, 7, s, ¢’ € [0, 1],

n=V4d, (pns, pnt) —n=V4d, (pns’, pnt')|

n=V4(d,(pns, pns') + d,(pnt, pnt'))
< n_1/4(d,:(pns, pns’) +d; (pnt, pnt')).
By (5), the processes (x pn_l/ 4d,7 (pns, pnt))o<s.r<1 converge in distribution to the
process
(Zs +Z;—2 min Z,>O<S 1

SAI<r<svt

It then follows that, for every fixed é > 0O, the quantity

P( sup {n_1/4c7,,(pns, pnt) — n_]/4c7,,(pns/, pnt’)| > 8)
[s—s'|<e,|t—t'|<e
can be made arbitrarily small, uniformly in n, by choosing ¢ > 0 small enough.
This yields the desired tightness property.

Using also the convergence (5), we see that we can extract a subsequence along
which the convergence (7) holds, and obviously the processes e, Z and D satisfy
the same properties as in Theorem 2.3. From now on we restrict our attention to
values of n in this subsequence. Using the Skorokhod representation theorem, we
may assume throughout the proof that the convergence (7) holds a.s.

From the analogous properties for d,, it is immediate that D is symmetric and
satisfies the triangle inequality. Note that the bound d,, < d, implies that D < D.
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Let us now verify that 5(s, t) = 0 if and only if (at least) one of the two con-
ditions (a) and (b) holds. First, if (a) holds, the same argument as in the proof of
Proposition 3.3(iii) in [15] shows that ﬁ(s, t) = 0. Then, by passing to the limit
n — o< in the bound

n=d, (Lpns], Lpnt]) <n='*d3(Lpns], Lpnt)),
we easily get that, a.s. for every s, ¢ € [0, 1],
D(s,t)<Zs+Z,—2 min Z,.

SAt<r=<svt
If (b) holds, the right-hand si~de vanishes, which immediately gives l~)(s, t)=0.
Conversely, suppose that D(s, 1) = 0, and without loss of generality assume that
s < t.Since D < D, we have also D(s, t) = 0 and, by Theorem 2.3, we know that
either (a) holds (in which case we are done) or

Zy=2,= max( min Z,, min Zr).
rels,t] relr,1]U[0,s]

If
Zy=Z;= min Z,,

rels,t]

then (b) holds. So we concentrate on the case where

8 Zs=Z;,= min Z,.
®) ST remaoios)
Assuming that this equality holds and that s ~¢ ¢ does not hold, we will arrive
at a contradiction, which will complete the proof of our characterization of the
equivalence relation =. We may assume that s > 0 and ¢t < 1 [the case s =0,
t =1 is excluded, and then we note that minjp ) Z < 0 and minjj_, 1} Z < 0, for
every € € (0, 1), a.s. by Lemma 2.1]. Then we can find positive integers i,, j, €
{0,1,..., pn}, with i,, < j,, such that s = lim(pn)~'i, and t = lim(pn)~!j,, and
we have

. —1/475 ~
9) Jlim kepn Mdg (v v} ) = D(s,1) =0.
From (8) and the fact that the minimum of Z is attained at a unique time, we know
that, for n large, the minimum of £" will be attained (only) in {i,, ..., j,}. Let
kn € {in, ..., ju} be the largest integer such that E’;n =min£", and write [[&, vZn]]

n

for the ancestral line of vZn in 7,. By construction, if an edge of m, connects a
point of {v,’jﬂ, v£n+l, e v;’m) to a point of {vg, vY, ..., v,’c’n}, then (at least) one
of these two points must belong to [, v,’c‘n]]. Therefore, if w, is a geodesic path
from vl.’; to v;?n in m,,, it must either visit 0 or intersect [&, v,’jn]] at (at least) one
point, which may be written in the form vgn with £, € {0, 1, ..., pn}. The case
when w,, visits 9 does not occur when # is large, since this would imply that Z; =

Z; = min Z, which is absurd. In the other case, we can find a subsequence of the
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sequence ( pn)_lﬁn that converges to r € [0, 1], and automatically pe(r) belongs
to the ancestral line of the vertex a, = pe(s,) minimizing Z. Furthermore, it is also
clear from (9) that 5(s, r)= 5(1‘, r) = 0 and, therefore, D(s,r) = D(¢,r) =0. By
Theorem 2.3, we must have D°(pe(s), pe(r)) = 0. However, pe(s) is a leaf of 7
(by Lemma 2.1), whereas pe(r) is a point of Sk(Ze). This contradicts our previous
observation that, if a, b € T, with a # b, D°(a, b) = 0 may hold only if a and b are
both leaves 0f~ Te. This contradiction completes the proof of the characterization of
the property D(s,t) =0.

We still have to prove the last convergence of the proposition. The almost
sure convergence of the random compact metric spaces (m,, K pn_l/ 4dgr) toward
(my, D) is easily derived from the (almost sure) convergence (7) as in the first
part of the proof of Theorem 3.4 in [15]. A similar argument will give the al-
most sure convergence of (m,,, /cpn_l/ 4c7gr) toward (Mqo, 5). Let us provide de-
tails for the sake of completeness. We first observe that we may discard the extra
vertices that we added to m,, in order to define m,,. Indeed, it is immediate that the
Hausdorff distance between m,, [viewed as a compact subset of the metric space
(m,,, dyr)] and m,, is bounded by 1, and so the Gromov—Hausdorff convergence of
(m,,, Kpn*1/4ggr) will follow from that of (m,,, Kpn*1/4£lvgr). For the same reason,
we may replace m, by m, \ {0}. We then construct a correspondence between
m,, \ {3} and My, by saying that, for every i € {0, 1, ..., pn} and s € [0, 1], the
vertex v is in correspondence with the equivalence class of s in My, = [0, 1]/ =
if |i — pns| < 1. Thanks to the convergence (7), we can easily verify that the distor-
tion of this convergence, when my, \ {9} is equipped with the distance « pn_l/ 4algr
and M, with D, tends to 0 a.s. as n — oo. This completes the proof. [J

Let us state some important properties of the space (Meo, D). In the follow-
ing proposition, as well as in the remaining part of this section, we consider the
processes (e, Z, D, D) and the associated random metric spaces (m, D) and
(Mo, D) that arise from the convergences of the preceding proposition via the
choice of a suitable subsequence. We write p for the canonical projection from
[0, 1] onto My = [0, 1]/ =. Recall the notation

A =—min{Z,:s €0, 1]}.

PROPOSITION 3.2. (i) For every s,t € [0, 1],
D(s,t)<Z¢+Z,—2 min Z,.

SAt<r<svVvt

(i) Foreverys €0, 1], D(0,s) = D(0,s).
(iii) Foreverys €[0,1], D(s, sx) = D(s, ss) = Zs + A.
(iv) Foreveryt € [0, Al, put

[(r) =p(inf{s € [0, 1]: Z; = —1}),
/(1) = p(supfs € [0, 1]: Z; = —t}).
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Then T and T’ are two geodesic paths from p(0) to P(sy) in (Mg, D), which
intersect only at their initial and final points.

PROOF. Property (i) was already derived in the preceding proof. Properties (ii)
and (iii) follow from the analogous properties of a DMGB stated at the end of
Section 3.1 by a straightforward passage to the limit. Let us verify (iv). First it is
immediate that I'(0) = I/(0) = p(0) = p(1), and T'(A) = I(A) = P(ss). Then,
from (ii) or (iii), we have

D(P(0). B(s:)) = D(0, 5,) = D(0, 5,) = A.
On the other hand, forevery 0 <t <1’ < A, (i) gives
D(T'(r),T() <t —1.

Thanks to the triangle inequality, this implies that 5(F(l), l:(t/ )) =t' —t for every
0 <t <t <A. The fact that I/ is a geodesic path is proved in a similar way.
Finally, the property F(t) #* I (1) for t € (0, A) follows from the characterization
of the equivalence relation = in Proposition 3.1, using also Lemma 2.1. [J

We will now explain how the space (e, l~)) can be constructed from (me, D)
by “cutting” the surface (mq,, D) along the geodesic I', which produces the two
geodesics " and T”. Such surgery is common in the study of the geometry of
surfaces, but since we are working in a singular setting we will proceed with some
care.

We set
Rr={I):0<r<A}Cmy,

and write Rp = Rr U {p(0), p(s«)} for the closure of Rr. We consider a set m?
which is obtained from my, by duplicating every point of R-. Formally,

mS, = (M \ Rr) U{(x,0):x e Rp}U{(x,1):x € Rr}.
We then define a topology on m? by the following prescriptions:

e If x emy \ Rr, a subset of m$, is a neighborhood of x in m% if and only if it
contains a neighborhood of x in my.

e A subset V of m? is a neighborhood of p(0), respectively of p(sy), in m% if
and only if there exists a neighborhood U of p(0), respectively of p(sy), in ms,
and e > 0 such that

VO((U\R,)U{(L),1):0<t<e}U{(T(®),0):0=<r<¢}),
respectively,

VO((U\R)U{(L@®),1):A—e<t<A}U{(T(?),0):A—¢c<t<A}).
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e If x € Rr, asubset V of m is a neighborhood of (x, 0), respectively of (x, 1),
in mg, if and only if there exists a neighborhood U of x in my, such that V
contains U N p([0, s«]), respectively U N p([sx, 1]).

We write 7 for the obvious projection from mg, onto my,, and note that 7 is
continuous. We define a metric D® on mg, by setting, for every x, y e mg,

D*(x,y)=inf{L(r 0 g):g € C(m%,x — y)},

where C(mg,, x — y) stands for the set of all continuous paths g:[0, 1] — m2,
such that g(0) = x and g(1) =y, and L(r o g) denotes the length of the path 7 o g
in (M, D). Informally, the paths of the form 7 o g are those paths from 7 (x) to
(y) in my that do not cross the geodesic I'.

PROPOSITION 3.3. The metric spaces (My, 5) and (m%,, D®) are almost
surely isometric.

PROOF. This proposition is not needed in the derivation of our main result, and
so we only sketch the proof. We first observe that there is an obvious bijection £
from m?, onto My, such that, for every ¢ € (0, A),

h((C(2),0)) =T (),
h((C(2), 1)) =T ().

Indeed, every x € mq, \ Rr clearly corresponds to exactly one point y of My, and
we take h(x) = y.

We then need to verify that / is an isometry. Since (Mq, D)isa geodesic space
(as a Gromov—Hausdorff limit of rescaled graphs), we know that, for every z1, z2 €
m?_,

D(h(z1), h(z2)) = inf{L(f): f € C (Moo, h(z1) = h(22))},

where C(Myo, 1(z1) — h(z2)) is the set of all continuous paths f [0, 1] — Mo
such that f(O) = h(z1) and f(l) = h(zp), and Z(f) denotes the length of f
in Myo. It is easy to verify that f € C(Myo, h(z1) — h(zp)) if and only if it can
be written in the form f =ho g, where g € C(mg,, z1 — z2). Moreover, we have
then

(10) L(f)=L(rog).

Once (10) has been established, it readily follows from the preceding formulas for
D and D* that we have D(h(z1), h(z2)) = D*(z1, z2) for every z1,22 € m3,, so
that % is an isometry. We leave the details of the proof of (10) to the reader. [
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3.3. A technical lemma. We will now use the results of the preceding sub-
section to derive a technical lemma that will play an important role later in this
work. Recall the notation introduced at the beginning of Section 3.2. In particular,
the random 2 p-angulation M, is uniformly distributed over the set M}, and the
DMGB associated with M,, is denoted by Mn We put A, = dg (D, 0) (Where dy;
refers to the graph distance in M) and following the end of Section 3.1, we intro-
duce the two distinguished geodesics from & to d in M,,, which are denoted by y;,
and y,.

LEMMA 3.4. We can find two positive constants ¢ and n such that, for every
sufficiently large integer n,

P[10n1/4 <A, <14 min d(va(), yi()) = en‘/“] > .
nl/A<i<opl/4
nl/4§j§9nl/4
REMARK. Lemma 3.4 is related to the fact that the (continuous) geodesics r
and T in Proposition 3.2 do not intersect except at their initial and final points. In
the discrete setting, “interior points” of the geodesics y,, and y, stay at a distance
of order n'/4.

PROOF. Set ¢ =27% and ny = 27 for every integer k > 0. We argue by
contradiction and assume that for every k > 0 we can find an integer ny > k such
that

1/4 1/4 . ~ . . 1/4
(D Pl1on* < Ag <1 min Ao (v (0, vy, () = e | < i

n,i/ §i§9n]l</4

1/

4 . 1/4
n' =j=9ny

From Proposition 3.1 and replacing the sequence (nx)r>0 by a subsequence, we
may assume that the convergence (7) holds along the sequence (n)i>0. Notice
that the bound (11) remains valid after this replacement. By using the Skorokhod
representation theorem, we may even assume that (7) holds almost surely. From
now on until the end of the proof, we consider only values of n belonging to the
sequence (ny)k=0, even if this is not indicated in the notation.

We then consider the random closed subsets K and K’ of [0, 1], which are
defined by

K =1rel0,11:Z,= min Z €[k, %,1},
0<s<t

K'={re(0,11: 2, = min Z; €lc,,9%,1}.
r<s<l

We recall that by definition, for every n,and 0 <i < A, — 1,

Ya (i) = Vg, iy where ¢, (i) = min{j > O:Z:’),J; =—i}.
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No similar formula holds for y,, but we can write, for every 1 <i < A,,
dye (v, (i), Vg iy) =1 where ¢, (i) = max{j < pn: £, = —i +1}.
n J

The latter equality easily follows from the construction of edges in the DMGB. We
thus have, foreveryi € {0,..., A, — 1} and j € {1,..., A},

(12)  due(ya (@), 7o (D)) < due(V, s Vi (jy) + 1= dn(@a ), 6, () + 1.

Recall that £], = A"} and that the sequence of processes (epn=Y 4A2m)05t51 con-

J
verges almost surely to (Z;)o<;<1 by (7). Elementary arguments using the latter
convergence and the definition of the functions ¢, and ¢/, then show that, on the
event {A > 10k},

(13) sup d(d)”(i),K)n& 0, sup d<¢’;(j),l(/>nﬁ> 0,

nl/4<i<opl/4 pn o0 nl/4<j<onl/4 pn =0

where d refers to the usual Euclidean distance on [0, 1]. Notice that, on the event
{A > 10k}, we have A, > 10n'/4 forn large enough, a.s., and, in particular, ¢, (i)
and ¢, (j) are well defined for nl/* <i<9n!/* and n'/* < Jj< 9nl/4,

From (12), (13) and the convergence (7), we now get, on the event {10k, < A <
1kp},

.. —1/4 . ~ . . . ~
llmmf(/cpnk / min dgr(ynk(z),yrik(J))) > inf /D(t,t'),
k—00 n <i <on/* 1eK ek

ny*

<j<om/*

almost surely. In particular, for every ¢ > 0,

.. 1/4 1/4 . ~ . . 1/4
l}crgg.}fP[IOnk <Ay, <1lny ,n]](/4$15119n}(/4dgr(ynk (@), ¥, () = &ny ]
n1/4§i§9n1/4
(14) k k
. ~ -1
> P[10c, < A < 1k, it D1 >, e].

The characterization of the equivalence relation = in Proposition 3.1 shows that
D(t,t") > 0 for every t € K and ¢’ € K’, a.s. on the event {A > 10k ,}. By com-
pactness, we have thus

inf  D(t,1)>0

tekK,t’eK’

a.s. on that event. In particular, we can fix & > 0 so that the right-hand side of (14)
is (strictly) positive. This gives a contradiction with (11), and this contradiction

completes the proof. [

In the next section we will use a minor extension of Lemma 3.3, concerning the
case when our random p-tree has a random number of black vertices. Let u > 0
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and, for every (sufficiently large) integer n, consider a random labeled p-tree 6,
whose size belongs to [i*n, 2u*n], and such that the conditional distribution of
6, given its size is uniform. With 6, we associate a DMGB as explained in Sec-
tion 3.1, and we let 7, and 7, be, respectively, the left and right boundary geodesics
in this map. We also denote by A, the common length of these geodesics. We can
apply Lemma 3.3 to 6, after conditioning on its size, and we get, for all sufficiently
large n,

(15)
. T (5 () D)) > 1417 <
214l /A< j<9punl/+

4. The traversal lemmas. We use the notation of Sections 3.2 and 3.3.

LEMMA 4.1.  We can find a constant ag > 0 such that the following holds. For
every a € (0, agp), for every choice of the constants 1 and B such that 150 <
B1 < Bo, and for every sufficiently large integer n, the probability of the event

{,Blnl/4 <A, < ,32111/4}

" {Egrm(tan‘/ﬂ),y,;<Lan“4J>>

=[50 ) ([ 1)) 211~ 004}

is bounded below by a positive constant independent of n.

We note that, provided that A, > Lanl/ 4J, one has

el ([ 5 ) = o) 51

and similarly if y, is replaced by y,. Therefore, the event considered in the
lemma holds if and only if gin!'/4 < A, < Bn'/* and there exists a geodesic
from y, (lan'/*]) to y,(lan'/*]) in M,, which visits both points y, (| %n'/*]) and
Yp(L§n'/4]) in this order.

To simplify notation, we will write u, = v[‘pn /2] in the remaining part of this
section. An important role in the proof below will be played by subtrees branching
from the right side of the ancestral line of u,, (see the end of Section 2.1).

PROOF OF LEMMA 4.1. Recall the notation C” for the contour function and
A" for the label function of the labeled p-tree tree 6, = (7, (£7))vers). We know

from (5) that the pair of processes (A pn_l/ 2cn

—1/4 An
pnts Kph / Al )o<i<1 converges
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in distribution toward (e;, Z;)o<;<1 [this convergence does not require the use of a

subsequence; see remark (a) after Theorem 2.3]. We will use this convergence in

distribution to get that, with a probability bounded from below when 7 is large, the

pair (C", A™) satisfies certain properties, which can then be expressed in terms of

properties of the subtrees branching from the right side of the ancestral line of u,,.
We let ¢ > 0 be the constant appearing in Lemma 3.4, and we put

2
A= H L.
£
We determine «g by the condition paé A= %. Then we fix @ € (0, «g) and By, B2

such that 15a < 81 < Bs.
Let F be the event where the following properties hold:

(a) We have e/ > A, and Z;;2 < —k,a. Moreover, for any vertex a of 7, that

is an ancestor of pe(1/2) in 7¢ and is such that %p <de(p,a) < Ap, we have
3kpa < Zg < dipa.
(b) A=-—min{Z;:0 <5 <1} € (kpB1.KpP2).

(c) For every s such that either 0 < s < sup{r < %:er < )%} or inf{r > %:er <
%”} <s <1, wehave Z; > —«,a/6.
(d) There exist A subintervals [s1, 1], ..., [sa, ta] of [0, 1], with % <s1<h <
<o+ <854 <tyg <1,suchthat, foreveryi €{l,..., A}:
(d1) e, =e, = minfe,: 1 <s <7}, and e, € (%2, 1))
(d2) ot <1 —s; <2a*.
(d3) —15kpa <minge, ;) Zs — Zs; < —10kpa.
Let us comment on condition (d). By (d1), the intervals [s1, #1], ..., [s4, f4] corre-
spond to excursions of the process (€(1/2)+s)0o<s<1,2 above its minimum process.
In particular, for every i € {1, ..., A}, pe(si) = pe(t;) belongs to the ancestral line

of pe(1/2). In terms of the tree 7, coded by e, each interval [s;, ;] can be inter-
preted as a subtree branching from the ancestral line of pe(1/2) at level eg,. Con-
dition (d2) then gives bounds for the “mass” of this subtree, and condition (d3)
provides bounds for the minimal relative label on this subtree.

Simple arguments show that P(F) > 0. The conditions that do not involve the
label process Z are easily seen to hold with positive probability [note that our
choice of a such that pa4A < % makes it possible to fulfill condition (d2)]. The
fact that the other conditions then also hold with positive probability requires a
little more work, but we leave the details to the reader.

For every integer n > 1, we then let F;, be the event where the following prop-
erties hold:

(a’) We have C’fpn/zj = %|u”| > /n and e < —an'/*. Moreover, if v is a vertex

of 7] that is an ancestor of u, and such that %ﬁ < %|v| < ./n, we have
3an!/* < ¢ < 4an'/*.
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(b)) Ay=1—min{€":v et} e (Bin'/*, pon'/*).
(c) For every vertex v of 7,7 that belongs to a subtree branching from the left side
or from the right side of the ancestral line of u, at level (strictly) less than

% n, we have £ > —%n'/4.
(d’) There exist at least A subtrees 7, 1, ..., Ty, 4 branching from the right side of
the ancestral line of u,,, such that, forevery i € {1, ..., A}:

(d1”) The branching level of 7, ; belongs to [%ﬁ, J/nl.

(d2) a*n < |t,i] < 2a’n.

(d3’) The minimal difference between the label of a vertex of 7, ; and the
label of its root belongs to [—15an!/*, —10an'/4].

In condition (d2"), we recall that the size |z, ;| is the number of black vertices of
7,.i. See Figure 4 for a rough illustration of conditions (a’), (¢’), (d').

The convergence in distribution of (Apn_l/ZCZnt, Kpn_1/41\';,m)05151 toward
(er, Z;)o<r<1 now implies that

liminf P(F,) > P(F).
n—oo
To see this, first note that we can replace the convergence in distribution by an

almost sure convergence, thanks to the Skorokhod representation theorem. Then
on the event F, the almost sure (uniform) convergence of (A pn_l/ ZCZ,,;)nggl

height along

tral line of wu,
ancestral line or u Un (label < 70[”1/4)
2v/n Z/

>~ L

N - minimal relative
label < —10an'/*

B
\

—
labels between
3an/* and 4an'/*

labels > —%n1/4
inside this circle

FI1G. 4. Illustration of the proof. The geodesic from )7(|_an]/4j) to y(Loml/4J) cannot visit the
part of the ancestral line of u,, between height % n and height \/n. If it does not visit the part of the

ancestral line between 0 and % n, it has to cross the A subtrees.
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toward (e;)o<s<1) Will imply the existence of subintervals [m1,n1], ..., [ma, nal
of [pn/2, pn] such that properties analogous to (d1),(d2) hold for these subin-
tervals and for the contour function C”. From the relation between the contour
function and the tree 7,,, we then get, still on the event F' and for large enough n,
the existence of subtrees satisfying the properties in (d). The remaining part of the
argument is straightforward.

Fix v > 0 such that P(F) > v. We can then find ng such that P(F,,) > v
for every n > ng. Let us fix n > ng and argue under the conditional probability
P(:|Fy). We can determine the choice of the subtrees 7, 1, ..., T, 4 by saying that
we choose the first A subtrees branching from the right side of the ancestral line
of u, and satisfying the conditions (d1"), (d2’), (d3’), and order them in lexico-
graphical order. As mentioned in Section 2.1, we can view each 7, ; as a (random)
p-tree, via an obvious renaming of the vertices, and we can equip the vertices of
this p-tree with labels obtained by taking the difference of the original labels (in
0,) with the label of the root of 7, ;. In this way we obtain a random labeled p-tree,
which we denote by 6, ;, forevery i € {1, ..., A}. Let kq, ..., k4 be integers with
a’n < ki <2a*nfori e{l,..., A}. We claim that under the measure P (-|F,) and
conditionally on the event {|t, 1| = k1, ..., |th,a| = ka}, the random labeled p-
trees 0.1, ...,0, 4 are independent, and the conditional distribution of each 6, ;
is uniform over labeled p-trees with k; black vertices subject to the constraint that
the minimal label belongs to [—15an!/*, —10an!/*]. This follows from the fact
that the tree 6, is uniformly distributed, and the conditions (a’), (b’), (¢) do not
depend on the properties of the trees 6, ; [in the case of (b’), we note that, because
of (") and the assumption @ < 81/15, the minimal label in 7, will certainly not be
attained at a vertex of one of the subtrees 7, ; ].

We write M,, ; for the DMGB associated with 6,,, is and we let y,, ; and yn ; be,
respectively, the left and right boundary geodesic in M,,,l. Let G, be the intersec-
tion of F,, with the event where

. 5 . !
(16) i I e (71 0) = eam
21/4qnl/4<k<9an!/4

1/4

for every i € {1,..., A} [in (16), Jgr obviously stands for the graph distance in
M, ;]. From (15) and the preceding considerations, we can find n; > ng such that,
foreveryn > ny, P(G,) > nAP(F,,) > nAv. To complete the proof of Lemma 4.1,
it now suffices to verify that the event considered in this lemma contains G,,.

So suppose that G, holds. We already know that A,, € (,Hlnl/ 4 ,anl/ 4) by (b)).
Next consider a geodesic path w, from yn(Loml/ 41 to yu(lan'/*]) in M, Recall
that the label of both y,, (lan!/*]) and yn(Lan1/4J) is equal to — [an'/*|. From the
trivial bound

dge (1 (Lan'*]). v, (lan'*])) < 2[an'?]

and the fact that labels correspond to distances from 9 in M,, (modulo a shift by
a fixed quantity), we immediately see that the path w, cannot visit a vertex whose
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label is positive or strictly smaller than —2|an'/*]. To simplify notation, write
wy; for the (white) vertex at generation 2i on the ancestral line of u,, for every
ie{0,1,..., %}. It follows from (a’) and the preceding considerations that wj,
does not visit the set {wy, ; : % n<i<./n}

We claim that w, must visit the set H, := {w;;:0 <i < %\/ﬁ} If the claim
holds, the proof is easily completed. Indeed, suppose that w, visits the vertex
w € H,. Then we can construct a geodesic path @,, respectively @), that connects
w to yn(Lan1/4J), respectively to y,é([oml/d']), and visits the point yn(L%nl/4J),
respectively the point y,:(L%nl/ 4]). To construct @, pick any k € {0, ..., | pn/2]}
such that v}l = w and consider the simple geodesic @) as defined in Section 3.1.
By condition (c¢’), this simple geodesic will coalesce with y, at a point of the
form y,(j) with j < I_%nl/ 4]. Therefore, we can just let @, coincide with w,)
up to its hitting time of yn(Lan1/4J). Similarly, to construct @,, we pick any
k" e {Lpn/2],..., pn} such that v}, = w. By condition (c’) again, the simple
geodesic @y will coalesce with y,, at a point of the form y, (j) with j < L%nl/ 41,
and we let @), coincide with @y up to its hitting time of y,;(Loml/ 4]). The con-
catenation of @, and @, gives a geodesic path from y,;(l_oml/ 4 to yu(lan'/4))
that visits both yn(L%n1/4J) and y,;(L%nl/ﬂ), as desired.

It remains to verify the claim. We argue by contradiction and suppose that wj,
does not visit H,. Recall that w, does not visit the set {w, ; : % n <i<./n}ei-
ther, and notice that the condition Eﬁn < —an'/* ensures that y,,(Loml/ sl belongs
to the left side of the ancestral line of u,. Also recall that labels along w, must
remain in the range [—2|an'/*],0]. From these observations, the properties (a’)
and (d3’) and the construction of edges in M,,, it follows that w, must visit each
of the trees 7,4, Ty, A—1, - .., Tn,1 10 this order before it can hit the left side of the
ancestral line of u,,. Furthermore, the path w, hits 7, 4 for the first time at a vertex
v such that the following property holds: There is no occurrence of the label £, — 1
among vertices that appear in the part of the contour sequence of t,; corresponding
to 1, 4 after the last occurrence of v. Indeed, this property is needed for v to be
connected to a vertex on the right side of 7, 4. If we now view v as a vertex of
the DMGB 1’\\/[4,,’ A, this means that v is connected by an edge to the vertex y,év 4 (k),
where —k 4 1 is the difference between €7 and the label of the root of 7, 4. Since
—2|an'/?*] < 2% <0, property (a’) implies that 3an'/* — p <k <6an'/* +p+1
(notice that although the root of 7, 4 may not belong to the ancestral line of u,, its
label differs by at most p from the label of a vertex in this ancestral line, whose
generation belongs to [%ﬁ, J/n]). We may assume that p + 1 < an'/* and so
we get that 2an'/* < k < Tan'/4. Similarly, the last vertex of w, belonging to
7,4 before w, first hits 1, 4—1 can be written as y, 4(j) for some j such that
2an'/* < j <7Tan'/*. We can now use (16) to obtain that the time spent by w,, be-
tween its first visit of 7, 4 and its first visit of 7, 41 is at least can!/*. The same
lower bound holds for the time between the first hitting time of 7, ; and the first
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hitting time of 7, ;_1, foreveryi = A, A — 1, ..., 2. We conclude that the length
of w, is bounded below by

A x san'/* > 2anl/* > Jgr(yn(toml/ﬂ), yé([anl/ﬂ)),

by our choice of A. This contradiction completes the proof. [J

In our applications, we will need a version of Lemma 4.1 where the roles of the
root vertex and of the distinguished vertex 0 of m,, are interchanged. To this end,
we will rely on a symmetry property of rooted and pointed 2 p-angulations that we
state in the next lemma.

LEMMA 4.2.  We can construct a random 2 p-angulation M, with two oriented
edges e, and e, and two distinguished vertices 0, and 97, in such a way that:

(i) Both (M,, ey, 0n) and (M, e}, 9) are uniformly distributed over rooted and
pointed 2 p-angulations with n faces.
(ii) If pn, respectively p), is the origin of e,, respectively of e);, we have

2 2
Pl p}) > P) < i Pl ) > p) =

PROOF. We start from a uniformly distributed rooted and pointed 2p-
angulation M, with n faces, given (as previously) as the image under the BDG
bijection of a uniformly distributed labeled p-tree (7, £7)vere With n black ver-
tices and an independent Bernoulli variable & with parameter 1/2. We let e, be
the root edge of M,,, and as previously we write d for the distinguished vertex of
M,,. We can easily equip M,, with another distinguished oriented edge e, by using
the following device: We choose an independent random variable U,, uniformly
distributed over {0, 1,..., pn — 1} and we let e, be the edge generated by the
U, th step of the BDG construction, oriented uniformly at random independently
of U,. In this way, and “forgetting” the distinguished vertex 9, we get a triplet
(M,, ey, e;;) which is uniformly distributed over 2 p-angulations with n faces and
two oriented edges. Note that we distinguish the first oriented edge and the second
one, so that (M), e,, e}) # (My, e, e,) unless e, = e;;. However, it is easy to see
(from the fact that a 2p-angulation with n faces has always pn edges) that the
triplets (M, en, e;;) and (M, e, e,) have the same distribution.

Let p, and p;; be the respective origins of e, and e;. Although p;' is not uni-
formly distributed over the vertex set m, of M,, we can construct a uniformly
distributed random vertex 9, that will be close to p; with high probability. To
do so, recall the notation C" for the contour function, and v(’;, v{’, R v’;n for
the contour sequence of 7. If CU 1 > C} L let 9, be equal to vU +1- On the
other hand, if C;, > C{, U, +1» We let 9, be chosen unlformly at random among the

— 1 children of the black vertex which is the parent of UU,, in t,. Then it is not
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hard to see that 3,1 and p; are on the boundary of the same face of M,, so that
dgr (§n, py) < p. Furthermore, a moment’s thought shows that 5,1 is uniformly dis-
tributed over m,, \ {&, d}. So, independently of the other random quantities, we
may define

3 - 0 (p—Dn
O, with probability —————,
(p—Dn+2
onp =19, ith probability ————
n wi proany(p_l)n_i_2
a, with probability ——,
(p—Dn+2

so that the triplet (M,, e, 0,) is uniformly distributed over rooted and pointed
2 p-angulations with n faces, and the first bound in (ii) holds by the preceding
considerations.

To complete the proof, we select independently of e} and of the other ran-
dom quantities a random vertex On uniformly distributed over m,,. Applying the
(inverse) BDG bijection to the (uniformly distributed) rooted and pointed 2 p-
angulation (M, e}, 5,,), we can associate with the edge e, a random variable U’
uniformly distributed over {0, 1, ..., pn — 1} (just as U, was associated with e}).
By duplicating the preceding argument, we then construct from U,’ a random ver-
tex 0, such that (M,, e}, 0,") is uniformly distributed and the second bound in (ii)
holds. [

Ifw=(w(0),w(l),...,w())isapathin M, the length of w is |w| = k, and the
reversed path (o (|w|), @(|lw| — 1), ..., w(0)) is denoted by w. Recall the constant
o introduced in Lemma 4.1.

LEMMA 4.3. Let @ € (0, xg) and B1, B2 such that 15a < B1 < Ba. For every
integer n > 1, and every § > 0, consider the event

gn,é = {,Blnl/4 <A, < :32’11/4}

" {Jgr(m(tan“ﬂ),VZ(LW”“J)),

a3 5 ) - (5}

There exist a real sequence (8,),>0 decreasing to 0, and a constant a1 > 0 such
that

P(gn,én) = aj

for every sufficiently large integer n.
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Furthermore, if the event £, s, holds, we have also

dg (V7). 70 (D))

d N (1% N
= dgr(?i,(]/), yn(\‘gnl/“J)) +J - \‘gnl/“J - 3nn1/4 )

or every J € (1n'73], ..., lan* ]} and j ef{o,1,..., lan'/4|}. The same
3
bound holds if the roles of v, and |, are interchanged.

an

PROOF. We start by proving the existence of a constant a; > 0 such that, for
every § > 0,

(18) liminf P (£, ) > az.

The first part of the lemma follows: Just construct by induction a monotone in-
creasing sequence (nj)i>o such that P(En’Z_k) > ay /2 for every n > ny, and put
oy = 2=k for ng<n<ngyi.

We consider a random 2 p-angulation M,, with two oriented edges e, and e, and
two distinguished vertices 9,, and 97, such that properties (i) and (ii) of Lemma 4.2
hold. We also write p, and p;; for the respective origins of e, and e;. With the
uniformly distributed rooted and pointed 2 p-angulation (M,,, e;,, 9,,) we associate
the DMGB M,,, and similarly with (M), e}, 9) we associate the DMGB M,f We
write ¥, and y,, respectively y,¥ and y,*’, for the left and right boundary geodesics
in M,, respectively in M: The common length of y, and y,, respectively of y,*
and y,*', is denoted by A, respectively by A%*. Notice that y,, respectively y,,
can also be viewed as a geodesic in M},, which starts from one of the two vertices
incident to e,, respectively to e}, and ends at 9, respectively at 9.

Thanks to property (ii) of Lemma 4.2, we can use y,’, or rather the time-reversed
path ¥, to construct an “approximate” geodesic from p, to 9, in M,. To do so,
we concatenate a geodesic path from p, to 0, with the path 7, and then with a
geodesic path from the initial point of y,/ (which is either p;; or a neighbor of p;)
to d,. Let y,* be the path resulting from this concatenation. From property (ii)
of Lemma 4.2, the length of y,* is bounded above by dg(p,, 9,) + 4(p + 1),
with probability at least 1 — 2((p — Dn)~!. From Proposition 1.1 in [16] (and
the fact that this result also holds for approximate geodesics as discussed in the
introduction of [16]), we know that the paths y, and y,”* must be close to each
other with high probability when n is large. More precisely, we get for every & > 0,

(19) Tim P[rl_n;gdgr(yn(i A DD, T AAY) = en'lt] =0,

In what follows, we suppose that the event considered in Lemma 4.1 holds for
the DMGB M,,. We fix § > 0 and using the property (19), we will show that we
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have on this event

dge(75(Lan'*]). 77} (Lan 2 ])

a5 )+ (5 -

except possibly on a set of probability tending to 0 when n — co. Our claim (18)
will follow since the DMGBs M,, and M * have the same distribution [and P (|A, —
A¥| > en'/*) tends to 0 as n — oo, for every ¢ > 0].

Without loss of generality, we can assume that 0 < § < «/2. We write
By, (v, 1), respectively Bgz (v,r), Bz (v, r) for the open ball of radius r cen-

tered at v in M, respectively in M,, in M *. We first note that a geodesic path in
M, from yn(Loml/“J) to y,(lan'/*]) cannot visit B (On, sn'/%), because other-
wise its length would be at least 2(A,, — snl/* — lan'/?)) > 2(81 — 6 — a)n'/4,
which is clearly impossible. For the same reason, a geodesic path in M * from
*/(Lanl/ﬂ) toy (Loml/4J) does not visit BM* (y,5(0), snl/%), except perhaps on
a set of probablhty tending to O as n tends to 1nﬁn1ty, which we may discard.
To simplify notation, set R(y,,) = {yn(i):0 <i < A,}.Letipe {1,..., A, —1}.
A path w = (w(i),0 <i < |w|) in M, is said to be an admissible loop from y,, (ip)
in M, if w(0) = w(Jw|) = v, (ip), if w does not visit y,(0) or y,(A,), and if there
exist integers k,, and £, such that 0 < k,, < £, < ||, and the following holds:

(1) w(@) e R(yy) ifandonly if 0 <i <k, orl, <i <|w|;
(i1) w (k) is connected to w(k,, + 1) by an edge starting from a corner belong-
ing to the left side of y;, [here and later, y,, is oriented from y;,(0) to ¥, (A,)];
(i) w(€y) is connected to w (£, — 1) by an edge starting from a corner belong-
ing to the right side of y,.

In the same way, we define a x-admissible loop in M, by replacing y, with ¥
and A, with A% everywhere in the previous definition. Note that an admissible
loop (resp., a x-admissible loop) winds exactly once in clockwise order around the
point y,(A,) = 9, [resp., around ¥ (A}) = y,7(0)] in the twice punctured sphere
S\ {7 (0), ya(An)} (resp., in 2\ {5 (0), v, (AD)).

The following properties are easily checked from the relation between M, and
M orM

(a) If w is an admissible loop from y;, (ip), then we can find a path @ in 1\7,, such
that &(0) = ,,(io), c7)(|67>|) = yn(io) and |®| = |@|.

(b) Similarly, if w* is a x-admissible loop from 77 (io), then we can find a path
@* in M* such that @(0) =7 (ip), ®(|@|) = ¥} (ip) and |&*| = |w*|.

(©) Let  be a path in M that does not visit ¥, (0) or y,,(A,), such that ®(0) =
¥, (i) and &(|@|) = y» (ip), and such that @ visits y, (i) and y,, (i) in this order, for
somei €{l,..., A, —1}. Then we can find an admissible loop w from y;, (ip) such
that |w| < |@|, and such that y, (/) € {w(j):0 < j <ko} N{w(j) Ly, < j <o}
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If, for some r,r" > 0, @ does not visit Bg; (v,(0),7) U By (ya(Ay),7"), then @
can be constructed so that it does not visit By, (v,(0), ) U By, (va(An), 1').

(d) Similarly, if @* is any path in M: that does not visit ,,(0) or ¥,,(A) and is
such that @(0) =¥} (ip) and @*(|@*|) =¥} (io), then we can find a x-admissible
loop w* from 7 (ip) such that |w*| < |@*|. If, for some r, ' > 0, @* does not visit
Bjj: (¥5(0),r)UB W (¥,(A}), 1), then * can be constructed so that it does not

visit By, (75(0), ) U By, (7, (AF), 7).

Let @} be a geodesic in M* from y*’(l_oml/ﬂ) toy (Lan1/4J) As mentioned
above, we may assume that @ does not visit Bj; i vy (0) snt/*). Also, if & ), Visits

B M;(a;;, %nl/ 4), then it readily follows that (20) holds. So we may restrict our
attention to the case when @, does not visit this ball.

By property (d) above, we can construct a *-admissible loop w* from
V% (lan'/4]), such that |w*| <dgr(yn(Lan1/4J) V¥ (lan'/4])) and such that »*
does not visit By, (v, (0), 5n1/4) or By, (8,’{, 1 1/4). Now pick a geodesic g, from
y,,(l_oml/ﬂ) to 72([0{111/4]) and note that, thanks to (19), we have |g,| < 16n1/4
except on a set of probability tending to O which we may discard. By concate-
nating g,, »* and the time-reversed path g,, we get a path @ whose length is
bounded above by |w*| +3 $p'/4 and which starts and ends at y,,(Loml/ 41). More-
over, we can also use property (11) of Lemma 4.2 to get that, except on an event
of probability tending to 0 as n — 0o, w does not visit the balls By, (9, %nl/ 4

and By, (vn(0), %nl/ 4). Of course, w need not be an admissible loop. However,
since w* is a x-admissible loop and therefore winds exactly once in clockwise or-
der around ¥ (AY) = y,7(0) in the twice punctured sphere S\ { Y (0), v, (A9},
it follows that w also winds exactly once around y,(A,) = 9, in clockwise order
in S\ {7,(0), y.(A,)}. Hence, a simple topological argument shows that there
must exist a subinterval {k,,...,¢,} of {0,1,...,|w|}, with k, < £,, such that
w(ky) € R(yn), w(€y) € R(Yn), w(i) ¢ R(yy) it k, <i <¥,, w(ky,) is connected
to w(k, + 1) by an edge that starts from the left side of y, and w(¢,) is connected
to w (¢, — 1) by an edge that starts from the right side of y,,. It follows that we can
find an admissible loop o' from y (lan!/*]) such that |o'| < || < |w*| + §n'/%.
By property (a), we have then

dge(yn(lan'*]). vy (len'*]))

- 5
=o' <du(@;(len' ), 7, (lan' ) + gn'*

Now recall that we are arguing on the event of Lemma 4.1. Hence, we know
that there exists a geodesic path @, in M, from yn(l_oml/ A1) to yu(lan'/*]), that
visits v, ( L“ 1/ 4J) and y,( L“ 1/ 4J) in this order. We already noticed that @, does

not visit the ball By (9, 5n1/4). If &, visits the ball Bj; (v,(0), §n'/*), then

21

Fun(lan'™ ).y ([ 7 ) = 2n' | = Sl
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and it follows from (21) that
d 8
T3 (Len ), 75 ([en'/* ) = 2] = Zal,

from which (20) is immediate. So we may assume that @, does not visit
By (y (0), %nl/ 4). It follows from property (c) that there exists an admissible
loop wy, from y;,( |_om1/ 4J ), which visits yn(l_%nl/ 4]) both between times 0 and &,
and between times {,,, and |w,|, and has length |w,| < |&,| = Jgr(yn(Lan1/4J),
v, (lan'/4])). Moreover, w, does not visit By, (39, 8n'/*) or By, (y(0), 3n!/4).
Let p, € {0,1,...,ky,} and g, € {£y,, ..., |w,|} such that w,(p,) = w(g,) =
Yu(L3n 174 ). Notice that necessarily

I P

Let i, be a geodesic path in M,, from 72(L%n1/4j) to yn(L%n1/4J), and let o), be
the path obtained by concatenating h,,, (w,(pp, +i),0 <i < g, — p,) and h, in
this order. Notice that by (19), we have |w)| < gn, — pn + %nl/ 4 outside a set of
probability tending to 0 as n — oo, which we may discard. By the same topologi-
cal argument as previously, we can find a x-admissible loop w; from ¥ ( L%nl/ 4
such that || < |w)],|. By property (b), we have now

(7ol 5 ]) 7 ([ 5]))

é
(22) §|w:;|§|a);,}§%1_pn+znl/

4

< Bun(lan'* ). vl lan' 7)) = 2(Jan ) = St/ |) + St

We now notice that (20) follows from (21) and (22), which completes the proof
of (18) and of the first part of the lemma.

To prove the second part of the lemma, we first note that if &, 5, holds, we
have also, for every integer i, j,i’, j’ such that L%nl/ﬂ <i<j<|an'?| and
L§n'*) <i' < j/ < lan'/?],

23)  dg (¥, (). V(i) = dee(7, (), V() +  + 7 —i =i’ = 8un'/* =2,

This immediately follows from the triangle inequality, which gives

da (70 (), 73 () +2lan' ] = j = j = da(7, ([an'/*]), 7, (lan' 4 ))

and

dos (7, (D). 7, (i) < Jgr(n(En”“D%(En”“J)) Vit — zEan.
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Then, if L%nl/ 4J <j < |_om1/ 4J, the bound (17) follows from the special case
i'=j,i= L%nl/ﬂ in (23). If 0 < j' < L%nl/ﬂ, consider a geodesic from
¥, (j") to ¥7,(j), and a geodesic from 7’(|_%n1/4j) to V(L%nl/ﬂ), and observe
that, by a topological argument, these two geodesics must intersect, say, at a ver-
tex v. Because v belongs to a geodesic from 7’(L%n1/4j) to 7(L%n1/4j), the case
J'=1%n"*]in (17) easily gives

~ N o o
dgr(U,Vn(j)) > dgr<v,7n<\‘§nl/4j)) +j— \‘gnl/4J . 8’1”1/4 9

Then, by adding Jgr(VZ (j/), v) to both sides of this inequality, we arrive at the
desired bound (17) also in the case 0 < j’ < L%nl/ 4|. The case when the roles of
¥, and 7, are interchanged is treated similarly. [J

5. The main estimate. In this section and in the next two ones, we consider
the setting of Theorem 2.3, and we assume that the convergence (5) holds almost
surely along a suitable sequence (nj)r>0. We use the notation introduced at the
beginning of Section 2.5. Recall from Section 2.6 the notation I' = (I'(r),0 <r <
A) for the geodesic from p(0) to p(sx) in my,. For every r € [0, A], we have
I'(r) =p(Sy), where

Sy :=inf{s >0:Z; = —r}.

Let r > 0 and argue under the conditional probability measure P(-|A > r). The
main result of this section (Lemma 5.3) shows that, with a probability close to 1
when ¢ > 0 is small, for every point z of my, “sufficiently far” from I'(r), either
there is a geodesic from z to I'(r) that visits I'(r — ¢) or there is a geodesic from z
to I'(r) that visits I"'(r + ¢&).

We fix € (0,1/2), A > p and « € (0, 1/4). We assume that 4 <r < A. The
forthcoming estimates will depend on 1, A and «, but not on the choice of r in the
interval [, A].

We start by introducing some notation. For every é € (0, r), we set

ns(r) := inf{s >S,:e,= min ¢ and Z;, = —r + 8}.
e[S, ,s]

In other words, ns(r) is the first instant s after S, such that pe(s) belongs to the
ancestral line of pe(S,) and has label —r + . We may also say that eg, — ;)5 is
the minimal distance needed when moving from pe(S,) toward the root of 7 in
order to meet a vertex with label —r + §.

In order to state our first lemma, we need to introduce the subtrees that branch
from the “right side” of the ancestral line of pe(S,). Formally, we consider all
(nonempty) open subintervals (u, u’) of [S,, 1] that satisfy the property

e, —e, = min e,
te[Sy,u']
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which automatically implies that e, > e, for every ¢ € (u,u’) (otherwise, this
would contradict the fact that the local minima of e are distinct). We write
(i, u’(i)),-e ; for the collection of all these intervals. For each i € I, we will be
interested especially in the quantities Z,,, = Z“ii)’ representing the label at the
root of the subtree, and
AD .= iy — min  Zg,
se[u(,-),uzi)]

representing (minus) the minimal relative label in the subtree.

Recall the constant g introduced in Lemma 4.1. We fix « € (0, 1/10) such that
o/kp < ag. We start by choosing four positive constants a1, aa, o, & such that

201 +a < «,

It is easy to verify that such a choice is possible. We then choose 81, 82 € (2,4)
such that 8 > B and o1 + B1 > a2 + B>. We finally fix a constant A € (0, 1) such
that

o
5(1 +0 M <ap—ah and ax+Ba < (1+2)4 a1 + B1),

and an integer K > 2 such that K > o /aé. ‘We then set

| log(1/p)
Ly = {71%[{ J +3

in such a way that K ~¢0+2 < .

For every integer £ > £, we say that the event E; holds if S, < 1 — «, and if
there exists an index i € I such that:

(a) nK—e+1(r) <ug) < u/(l.) < nK—z+z(r) <1-— %;

(b) (a2 + DK C < AD < (a1 + DK™

© —r+PpIK "t <Zyy, <—r+pK"

(d) min{Z:s €[Sy, u]Ulug), ng-r2()1} > —r —ajK ™4

(e) there exists a vertex b of 7, that belongs to the ancestral line of pe(S)) in 7,
such that € () = de(p,b) < €u)s and Zp < —r + &K ¢,

f) K < iy —ugy < (14 A K4

The meaning of these conditions will appear more clearly in the forthcoming
proofs. Informally, noting that the index i € I corresponds to a subtree branching
from the right side of the ancestral line of pe(S,), condition (a) gives information
about the level at which this subtree branches, and condition (f) provides bounds
on its size. Condition (b) gives bounds on the relative minimal label of the sub-
tree, and condition (c) is concerned with the label of its root. Condition (d) gives
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(in particular) a lower bound on the minimum of the labels “between” the subtree
and the vertex pe(S;). Finally, condition (e), which seems mysterious at this point,
will be used together with the construction of edges in the BDG bijection to get an
upper bound for the minimal label on a path before it enters the subtree. Of course
the choice of the various constants that appear in (a)—(f) is made in an appropriate
manner in view of the proof of our main estimate (Lemma 5.3 below).

We note that conditions (b) and (c) imply that

min{Z; :s € [u(), u/(l-)]} <—r—mK~*t

and since aé < ap, conditions (a) and (d) show that there can be at most an index i
satisfying (a)—(f). When E, holds, we will write (u¢, uy) = (u), u/(l.)) and A =
AY where i is the unique index such that properties (a)—(f) hold.

LEMMA 5.1.  Forevery given a € (0, 1), we can find a constant a € (0, 1) and
another constant C, which both depend on ., A and k but not on the choice of
r € [u, Al, such that, for every integer £ > 24,

E[1{5r<1—x}azf=W2J 5] <cat.

We postpone the proof of this lemma to the Appendix. One can use scaling ar-
guments to see that the probability of Ej is bounded below by a positive constant.
If the events Ej, k > £ were independent under P (-|S, < 1 — «), the bound of the
lemma would immediately follow. The events Ej are not independent, in particu-
lar, because of condition (d), but in some sense there is enough independence to
ensure that the bound of the lemma holds.

We now want to take advantage of the (almost sure) convergence (5) to get
that if the event E, holds, for some ¢ > £, the discrete labeled p-trees 6, satisfy
properties analogous to (a)—(f) at least for all sufficiently large values of n in the
sequence (ng)k>0. From now on until the end of this section, we consider only

S 174
values of n in this sequence. We put r, = |r ”K—pj and
op:=min{i > 0: A} = —r,},

where min & = oco. On the event {S, < oo}, we have
. Op
24) lim — =3, a.s.
n—o0 pn
This follows from the (easy) property ming, <s<s, +¢ Zs < —r, for every € > 0, a.s.
To simplify notation, we put v, = v:’,n. Note that we have also v,, = y,,(r,),
where (in agreement with previous notation) y, is the simple geodesic from the
first corner of & to d in M,,. We define y, ; as the (white) ancestor of v,, at gener-
ation 2i, forevery i € {0, 1, ..., %|En|}. For every § € (0, r) we also set
nl/4
Y r(8) = max{i :Eﬁw > —r, + 8K—},
p
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and we let W, ,(6) be the index corresponding to the last visit of the vertex
Y.y (8) Dy the contour sequence of 7.

If t is a subtree of 1, branching from the right side of the ancestral line of v,
we write z(t) for the root of  (this is either a vertex of the form y, ; or a “brother”
of such a vertex) and [r(7), r’(t)] for the interval corresponding to visits of 7 in
the contour sequence of 7,7, and we also let A(t) be equal to 1 minus the minimal
relative label of white vertices of t—as previously the relative label of a white
vertex in 7 is the label of this vertex minus the label of z(t).

Then, for every £ > £(, we say that the event E, ; holds if o, < oo and if there
exists a subtree T of 7, branching from the right side of the ancestral line of v,
such that:

(a/) l[/ (K—E+2)< élz(f)l <¢”r(K—ﬁ+l)
() (@2 + BK ™2 < A(D) < (e + BK "2
() =rnt+ PrK" EQ<Z§(1) —ra+ B K

’

Kp
(d/) mln{gnn ie [Un,r(f)] U [r (‘[) llln r(K €+2) } > —ry —O[ZK zl’lK][/)“’
(¢) there exists an index j € {, (K ~2),..., 2|Z(T)| — 1} such that £ . <
_rn+ K £n1/4 |

f) K~ 4fn<|r|<(1+x)1( 4y

Of course, (a’)—(f") are just discrete analogs of (a)—(f). The same argument as above
shows that there can be at most one subtree 7 satisfying conditions (a’)—(f"). If
the event E, , holds, we denote this subtree by 7, ¢ and we write z, ¢ = z(7,.¢)
Fne = r(Tn.e), rr’l’Z = r'(tp¢) and A, ¢ = A(t,¢) to simplify notation. Note
that (b") and (¢") imply

min ¢/ = min ",
V€T, rnlfifr;,g Vi
(25)
A 'l
eEl—-rm—a K "—+1,—ry—axK"—+1).
Kp Kp

From the almost sure convergence (5) and straightforward arguments, we get
that

(26) E, CliminfE, ¢ a.s.
n— oo

Hence, if E, holds (and discarding a set of probability zero), we know that E, ,
also holds for all sufficiently large n and, furthermore, one has

. n,e nZ /
lim =uy, lim —— =u,.
n—oo pn n—0o0 pn
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As explained in Section 2.1, we may associate with t, ¢ a labeled p-tree 6, ¢,
by renaming the vertices and subtracting the label of the root z, , from all labels.
With this labeled p-tree we associate a DMGB, which is denoted by M,L ¢, and we
write ggf for the distance on this DMGB.

We denote the left and right boundary geodesics in Mn,g by (Vn.e(j),0=<j <
Ap¢) and (y, 0 (7). 0<j < Ay), respectively. We may now apply the results of
Section 4 to M, 4. To this end, we first observe that, with the exception of (b’),
which bounds the minimal label in 6, ¢, and (f'), which bounds the size of t, ¢, the
properties (a)—(f") do not depend on the labeled p-tree 6, ;. Hence, conditionally
on E, ¢ and on the size |, ¢|, the labeled p-tree 8, ¢ is uniformly distributed over
labeled p-trees with the given size, subject to the condition that the minimal label
satisfies condition (b").

Let (8,)n>0 be the monotone decreasing sequence converging to 0 constructed
in Lemma 4.3. To simplify notation, we set

1/4
1/4% g7
(= L(HA) MK FJ 8.0 = 8|k -4tn) -
We define F,, as the subset of E, , determined by the following condi-

. . . . —_enl/4 .
tion: For every integer j such that g, < j < K Z”K—, and for every j' €
4

0,1, [wK~t22 ),

A5 Vs (). Ve (3)

@7 ~n. 0 ./ . ;o4
>d (Vn ¢(@ne), Vn g( ))+]_Qn,€_8n,£” —2.

LEMMA 5.2. We can find a constant a; € (0, 1) and another constant Cq,
which both depend on 11, A and k but not on the choice of r € [, Al, such that,
for every integer £ > 20,

11msupP|:{ < —«x)pn}in ( m F, >:|§C1(El)e.

n— 00 k=1¢/2]

PROOF. Let/y,..., ¢, bedistinct elements of {|£/2], ..., £} for some integer
£ > 2£(y. We first observe that conditionally on the event

A= {o,,f(l—lc)pn}ﬂ( ﬂ Ef”)ﬂ(ﬂ En,L’,-)
i=1

Jelle/2],...e0\{€1,....4m}

and on the variables |7, ¢, [, ..., |tn ¢, |, the labeled trees 6, ¢,, ..., 0y ¢, are inde-
pendent and their respective conditional distributions are as described above. At
this point, we use the fact that K > al/aéz Thanks to this fact and to (25), the
property (d") written at order £ = k (assuming that E,, x holds) puts no additional
constraint on the labeled trees 6, - for values k” # k such that E, ; holds.
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We now use Lemma 4.3 with « replaced by o/« (recall that we assumed

a/kp < ao), B1 replaced by (@2 + B2)/kp and B2 by (1 + 1)~/ * (a1 + B1)/kp.
In applying Lemma 4.3, we note that the condition

—1/4
<a2+ﬂ2)|f|1/4<A(r)<<(1+)L) (a1+'31)>|t|1/4

Kp

Kp

together with (f’) implies that (b") holds. Using formula (17) and supposing that n
is large enough so that we can apply the estimate of Lemma 4.3, we get the ex-
istence of a constant a; > 0 such that, conditionally on the event .A and on the
variables |1, ¢, [, ..., |ta,¢, |, the property

p

(28)
. o
+j- L—m,e,ﬂ/“J = St 1T+ =2
3kp i
holds, for every j € {L%m,gill/“],..., L%lr”,gill/ﬂ} and for every j' €
{0,1,..., L%|Tn,z,-|l/4l}, with probability at least a;, independently for each

i=1,...,m. By (f'), we have
K™%0 <t < (1 +0K *in

fori =1,...,m, on the event .A. From this observation and using also the trivial
bound

A (7,7 Ve (@) — @' = A1 (70, (7)Y, (@) —

if 0 < g’ <gq < Any,;, we see that, conditionally on A, the event F), s, holds with
probability at least a;, independently foreach i =1, ..., m.
It follows that, for all sufficiently large n,

p[{ < —K)pn}n (kDm )}
= 3 Z}P[{o—ns(l—wﬂ

{1, bm}{£/2],...,
D)
Jelll/2],....e0\{€1,....6m}

(o)
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< Z (l—al)mP[{an(l—K)pn}

... bm}C{lL/2],....0}

oD 50)

JELE/2), . E\{E1 o b}

¢
= E[1ig,<(1—ypmy (1 — ay) =i=10/2 i ],
Hence, using (24) and (26),

¢
1imsupP|:{on <1 —-x)pn}n ( N F;f,k):|

n— 00 k=1¢/2]
(29)

L
< E[L5,<1-(1 —a)Zi=te2 1)
and the desired result follows from Lemma 5.1.

We can now state and prove our main estimate. Set S, = sup{s > 0: Z; = —r}
and, for every § € (0, r],

ns(r) = sup{s <S8/ :e,= min e and Z; = —r —I—S].
t€ls,S!]
We let Ze(ns(r)), respectively Te(ns(r)), be the subtree of descendants of
Pe(ns(r)), respectively of pe(ns(r)), in Ze. We also let L(s,) denote the ances-
tral line of pe(sy) in Ze. We then consider the event H, , , where the following
properties hold:

(i) Sy <oocandk Vn,(r) <s,s<(1—k)A n;L(r);
(11) %nfae%(nﬂ(r)),beL(s*) D(I1(a), T1(D)) > SUP4eT, (1, (r)) D(I1(a), p(Sr));
(i) infoez; ), (r).beL(sn) D(T(@), TL(B)) > SUP e,y (ryy DT1(@), P(S))-

We will see later that if © and « are chosen sufficiently small, the probability of

the complement of H,. , « in {S, < oo} can be made arbitrarily small.

LEMMA 5.3. We can find a constant € (0, 1) and another constant C, which
both depend on A, 1 and «, but not on the choice of r € [, Al, such that, for every
g€ (0,1),

P[Hy e N {Sr4e <00} N {3z € p([nu(r), n),(M)]):
(30) D(z,T'(r)) < D(z,T'(r +¢)) + ¢ and
D(z,T'(r)) < D(z,T(r —e)) + )] < CeP.
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PROOF. Clearly, we may assume that ¢ is small enough so that /e < /2.
Consider the event

A8={Sr+s<00}ﬂ[ sup  Zy < —r+ /¢, sup Zs<—r+ﬁ},

SE[Sr—e,Sr+el SG[S;H,S;,S]

By Lemma 2.2, the probability of {S, . < oo} \ Aj is bounded above by a constant
times ef0. If Aj holds, both pe(S,—¢) and pe(S;+¢) belong to %(nﬁ(r)) and a for-
tiori to Ze(17,,(r)), and a similar statement holds for pe(S;_,) and pe(S;,). This
implies, in particular, that pe([Sy—e, Sr+¢]) C Ze(n /z(r)) and pe([S) 1o, Si_.D C
Te(n' (1)

In the first part of the proof, we assume that both Aj and the event considered in
the lemma hold. Then there exists a point z satisfying the conditions given in (30).
Let o be a geodesic path from z to I'(r) in ms. If w hits the range of I before
arriving at I'(r), then clearly it must stay on that range [we use the fact that I" is
the unique geodesic from p(0) to p(s.)].

Next suppose that we have w () € p([0, S;]), for some 7y € [0, D(z, I'(r))].
We claim that necessarily w(ty) € H(?}(nﬁ(r))). To see this, write w(fg) = p(so)
with sg € [0, S,], and observe that it is enough to verify that so > S,_.. How-
ever, if 5o < Sy_¢, by concatenating (w(¢),0 <t < ty) with the simple geodesic
(Tsy(),0 <t <r + Z,), we get a geodesic from z to I'(r) that visits I'(r — ).
This implies that D(z,I'(r)) = D(z,I'(r — ¢€)) + ¢, which contradicts our as-
sumptions on z. This contradiction proves our claim and, similarly, we get that
if w(19) € p([S/, 11), then necessarily w(fo) € H(’Te(n:/g(r))).

Note that I'(r) ¢ p([n,(r), ’IL(’")]) and set

T =inf{r > 0: () ¢ p([nu.(r). n,(M])}.

If w(T) € p([0, S1) Up(S/, 1]), the preceding observations imply that w(T) €
N(Ze(n sz (r)) U H(%(n/ﬁ(r)))- If w(T) ¢ p([0, S;1) Up([S;, 11), then o(T) €

P(LSr, 1, (1)DUP(n, (r), Sr1). Since we have p([Sy, 0, (r)]) C (Ze(n,(r))) and
p([nL ), S C H(?;(n;l(r))), we get in both cases that

o(T) € M(Te(,,(r))) U TL(Te(m, (1))
From the fact that z satisfies the conditions in (30), we immediately get that

D(w(T),T(r)) < D(w(T), T (r+¢)) +e¢,
D(w(T),T(r)) < D(w(T), T (r —e¢)) +¢.

Replacing z by w(T'), we see that the event considered in the lemma is a.s. con-
tained in the union of {S,;, < oo} \ Aj and of the events Aj N A and Aj N A5,
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where
1= Hr e N {Sy4e < 00}
N {3z € p([nu(r), m, (M) NT(Te(n () :
D(z,T(r)) < D(z,T'(r +¢)) + ¢ and
D(z,T'(r)) < D(z,T(r —e)) + ¢}

and A5 is the analogous event with IT(7e(1,.(r))) replaced by H(?;(n;L )).

Let £ = £(¢) be such that K¢~ < /e < K~f. We assume that ¢ is small
enough so that £(¢) > 2£p. We claim that

£
(31 (AGgN A7) C l,ifiiggf<{0n <1 —x)pn}n < N F,f’k>) a.s.

k=1¢/2]

By Lemma 5.2, the probability of the set in the right-hand side is bounded above by
C ﬁf(a) with a constant a1 < 1. This gives the desired estimate for the probability
of Aj N A7. An analogous argument gives a similar estimate for the probability of
Ay N A5. Since we have already obtained the desired bound for the probability of
{Sr4+e < 00} \ A7, the proof of Lemma 5.3 will be complete.

To establish (31), we observe that, since Aj C {S, 4. < s« <1 —«}, we have

(32) Aj C 1;11Iggf{0n < (1 —«k)pn} a.s.

Consider the event

¢
B¢ =1imsup<{crn < —-x)pn}n ( U Fn,k)>.

n— 00 k=1¢/2]
We will prove that
(33) (AGNAJ) C (B)"  as.

Our claim (31) follows from (32) and (33).

It remains to prove (33). To this end, we assume that both A5 N A} and B*
hold, and we will see that this leads to a contradiction (except maybe on a set of
probability zero). We first choose z € p([1,(r), ’711 (r) D NI (Ze(n,(r))) such that
the property stated in the definition of .A] holds, and we let w be a geodesic from
z to I'(r). Note that IT(7Ze(n,(r))) is contained in p([0, sx]) by condition (i) in
the definition of H,. , .. Then, from condition (ii) in the definition of H, , , and
the fact that z € IT(Ze(n,(r))), we get that w does not visit TT(L(sy)). Next we
observe that the boundary of p([0, s«]) is the union of the range of I" and the set
IT(L(s4)), and we already noticed that if w hits the range of I', it then stays on this
range. From these observations, we get that  stays in the set p([0, s.]) \ IT(L(sx)).
Moreover, as noted at the beginning of the proof, we know that @ does not visit
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p([0, S, ]) strictly before entering H(?;(nﬁ(r))). We choose s1 € (17,(r), s%) such
that z = p(sy). This choice is possible since we know that z € p([1,(r), 77;1 "D
and the cases z = p(n,(r)) and z € p([sx, n;L (r)]) are excluded by the preceding
discussion.

We will now argue that similar properties hold for the approximating discrete
models. Recall the notation introduced after the statement of Lemma 5.1. In par-
ticular, y,.0, Yn.1, - - . are the (white) vertices of the ancestral line of v, = v(’;”, and
Vit Wnr (VE) is the last vertex on this ancestral line with label strictly larger than

—r, + f n% We denote the subtree of descendants of the vertex Vi Wnr (V&) DY
T, (J5)- We also set

n1/4 . n1/4
rn,8=rl’l+ € ’ rn’(g:rn_ E——|.
Kp Kp

Our assumption that Aj holds ensures that, for n large enough, y,(r, ) and
¥n(ry, ) both belong to the subtree 7, ( /)"

We also let iy s 1= min{i : £} = ming<;<pn E:f}. Notice that i, /pn converges
to s, as n — 0o, a.s. Recall our notation W, ,(u) for the index corresponding
to the last visit of the vertex yy y, ,(u) by the contour sequence of 7. Then the
convergence (5) entails that

fim Ynr (W) _ M ().

n— 00 pn
We choose a sequence (j,) of integers, with j, € {0,1,..., pn — 1}, such that
W, () < Ju <insand % converges to s1 as n — oo. We set z, = v;?n.

Consider then, for every n, a geodesic w, from z, to v(’;n in M,,, and recall that
we have v, = v, (r,), where y, is the simple geodesic from (the first corner of) &
to 0. We may and will assume that if w,, hits the range of the simple geodesic y;,
it stays on that range. We first observe that, for n large enough, w, must stay in
the set {v!':0 <i < iy «}. Indeed, the path w, starts from a point belonging to this
set and can exit it only if it visits the range of the simple geodesic y,, (but in that
case w, will stay on this range as already mentioned) or if it visits the ancestral
line of the minimizing vertex v . The latter case is also excluded since if it holds
for infinitely many values of #, 1t follows by an easy compactness argument that
there is a point y € IT(L(s)) suchthat D(z, ['(r)) = D(z, y) + D(y, I'(r)), which
contradicts the fact that geodesics from z to I' () do not visit IT(L(s4)).

Let H,; denote the first hitting time of 7, ( /& by the path @,. We then claim
that, again if n is large enough, w, does not visit {v!':0 <i < o,} strictly be-
fore H; . Indeed, if this occurs for infinitely many values of n, a discrete version of
the arguments of the beginning of the proof (using simple geodesics) shows that

dor(zn, Yn(rn)) = dgr(zn, Yu(ry ) +der(Ya(ry, o), Yu(ra)) for these values of n, and
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a passage to the limit n — oo gives D(z, I'(r)) = D(z, I'(r —¢)) + ¢, contradicting
our assumption on z. It follows that, for all large enough #,

(34) {on(j):0<j<H}C{vl:io,<i<iwnl}

For j < H, this is obvious from the preceding remark, and for j = H?, we just
note that a point of {v':0 <i < 0,}\ {v:0, <i <y} can be connected to a
point of {v;':0, <i < iy} only if the latter belongs to the ancestral line of vy ,
which is again excluded by the same argument as above.

We now choose a sufficiently large value of n, such that (34) holds and the event
F .k holds for some k € {[£/2], ..., ¢} (recall that we assume that 3° holds). Re-
call that the definition of F, x (or rather of E, x D Fj ) involves a subtree T, x
branching from the right side of the ancestral line of v,,, and that [r, &, r,’q, ] 1s the
interval corresponding to visits of vertices of 7, ; in the contour sequence of 7.
Also recall properties (a’)—(f") listed after the statement of Lemma 5.1. Note that
since K~%%2 <y, property (a’) implies j, > W, () > ¥, (K 7*+?) > Ik
On the other hand, property (a’) and the fact that /¢ < K ¢ ensure that r,, s >
W, , (/&)

We then set 7, , = 1 + max{;j:w,(j) € {v] :i > r, ;}} < H;. We observe that
w, (T, ;) must belong to the subtree 7, x. Indeed, from properties (b’), (¢’) and (d")
we see that the minimal label on Ty k 18 strictly smaller than the minimal label in
{On, ..., rn k) and, thus, a vertex of {v}:0, <i <, } cannot be connected by an
edge to a vertex of {v}' :r,’l,k < i <y «}. The fact that a)n(Tn”k) € 1,k implies that
T,i’ < Hy.

We also set T, x = min{j > Tn”k twp(j) € V' ioy <0 <rpi)} < HY. Infor-
mally, we may say that w, (7, ,) is an entrance point “from the right” for the tree
Tnk and w, (T x — 1) is an exit point “from the left” for this tree. More precisely, in
the DMGB M, ; associated with T, x, the vertex corresponding to a)n(Tn’, %) 1s con-
nected by an edge to a vertex in the range of the right boundary geodesic, namely,
to the point 7;,k(A;1), with

A= EZMT’:J() —min{€}:v € T, &},
and w, (T x — 1) corresponds to a point of the left boundary geodesic, namely, to
the point y,, ; (A,), with

A, = EZ)”(T,,,k—l) —min{€):v e, }+ 1.

See Figure 5 for an illustration of the preceding definitions.
We next observe that
1/4
/ ~ =k
(35) A, < Qo +a)K"—.
Kp
To see this, we use condition (¢') to select an index jg such that

Y (K752) < jo < Sznsl — 1
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labels

.....

—7Tn

\
.
\

subtree 7,

FI1G. 5. Illustration of the proof. The thick curve represents the evolution of labels along the an-
cestral line of v, (ry) (going backward to the root). The subtrees are those branching from the right
side of this ancestral line. The small black disks correspond to points of the simple geodesic yy,. The
traversal lemma makes it possible to force the geodesic wy to visit a point of the range of y, between
times Tr:’ x and Ty i, — 1, without increasing too much its length.

and Z” iy < Tn + aK~ k nl/t . Notice that w(T’ k) belongs to the subtree of

descendants of yu, j,» but w, (O) = 7z, does not belong to this subtree [because
jn > W, () and K %2 < K=%+2 < 4], Then, from the construction of edges
in the BDG bijection, we get that the first vertex on the path w, that belongs to the
latter subtree must have a label smaller than or equal to the label of y,_ j,. If w,
denotes this vertex, we have thus

nl/4

(36) O, < < —ry +GK TR ——

Yn, jo Kp

Then, using the bound (4), and (d’) and (25) to bound the minimal label between
o, and W, (K ~¥*2), we have
/4
e (T, wy) < €8 402 —2 min 0 42 < Q) + @)K+
n n Un<i<‘1’nr(K_k+2) v; Kp
On the other hand, since the points w,,, w, (T k) and v, come in that order on the
geodesic w,, we have also

dyr (Un, wn) = dgr (Un, 0n (T, 1)) + der(@n (T, 1), wn)
z (Ew(Tn/,k) - E%n) + ( (T, ;) - Enwn)

1/4 1/4
ZZA;—l—Z(—rn—qu_kn——l—l)—i—rn—< rp+ oK™ -k )
kp kp
p1/4
=2A, — Qo + DK F— 4 2.
Kp
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In the second inequality, we used (36) and (25), which gives a lower bound on
the minimal label in 7, 4. Our claim (35) follows by combining the last two dis-
plays.

The same argument shows that (35) still holds if we replace A}, by A, — 1 (in
fact, the same bound holds for the difference between the label of any vertex of
T,k that is visited by the path w, and the minimal label on 7, ¢).

The crucial observation now is the lower bound

Tn,k > dn (yn k(A/) 7n,k(A”))'

This is clear since between Tn’ ¢ and T, x — 1 the path w, stays in the tree 7,k
and uses only edges that are present in the associated DMGB M, x. Recalling that
201 +d < a, we can then use the bound (27) to estimate dgr'k (ank(A;l), Vnix(An)).

Suppose first that A, > (a2 —a)) K —k % (the other case, which is simpler, will
be considered next). We use the fact that Fj,  holds. Since oy — ozé > (1+10)YV 4%,
we can apply (27) with j = A, and j' = A/, and we get

A (7, 1 (An). 7 1 (A))
ngr (ynk(QHk) ynk(A ))+A _q"k_(snkn 4

It follows that we can modify the part of the path w, between times 7,  and
Tyx — 1 in such a way that the new path goes through the vertex v, =7, k(qn, k)
and the length of w, is increased by at most &/ n'/* < §/ ,n!/4. Write w), for the
new path obtained after this modification. Now notlce that

o <€" — min E”) + min £}

V(m) Q) VETyk VETy k
_knl/4
Sqnk—Tn —2K " ——
Kp
1/4
_.n
< —ry— 4K L
Kp

using (25) in the first inequality, and then the bound oy — oz’2 > (1+0Y 4%. How-
ever, by property (d'), the right-hand side of the last display is strictly smaller than
min{¢? :i € [0y, rpk]}. This implies that the simple geodesic w(q,) starting from
v, = vy will visit the vertex v(,). Hence, we can modify the path w), without in-
creasing its length, in such a way that it coalesces with the (time-reversed) simple
geodesic y, before entering the subtree 7, (/). In particular, the modified path w),
will visit the vertex y,(r, ), which belongs to the subtree T, (J5) and we have
obtained

(37) dgr(zn, Un) = dor(zn, Yn(rn,e)) + (Fne — 1) — 8 o0/
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If A, < (ap — aé)K _k%, we get the same bound (37) without the term

8,’1’ Enl/ 4 in a much simpler way, since the same arguments as above directly
show that the simple geodesic wy,) starting from v, visits the point y,, ;(A,) =
wn Ty — 1) after visiting v, (r,.¢).

Finally, the lower bound (37) holds for any (sufficiently large) n such that F, x
holds for some k € [£/2, £]. We are assuming that there are infinitely many such
values of n, and so we can pass to the limit » — oo in (37) after multiplying by
Kpn_1/4 to get

D(z,T(r)) > D(z,T'(r +¢)) +e.

This contradicts the fact that z satisfies the property given in the definition of AJ.
This contradiction completes the proof of (33) and of Lemma 5.3. [

6. A preliminary bound on distances. The proof of our main theorem uses
a preliminary estimate, which we state in the following proposition.

PROPOSITION 6.1. Let § € (0, 1). There exists a (random) constant Cg such
that, for every x, y € My,

D*(x,y) < CsD(x, y)! ™.

PROOF. We write Bp(x, h), respectively Bp+(x, h), for the open ball of ra-
dius & centered at x in (me, D), respectively in (m,, D*). As usual, the corre-
sponding closed balls are denoted by Bp(x,h) and Bp+(x, h). Recall from Sec-
tion 2.5 the definition of the volume measure Vol on my,. From Corollary 6.2
in [16], there exists a (random) constant cs such that, for every 4 € (0, 1),

(38) sup Vol(Bp(x, h)) < csh*™°.

X €My

On the other hand, it is also easy to verify that, for every 4 € (0, 1),
. 448
(39) inf Vol(Bp+(x, h)) > csh*"

for some other (random) constant cg > 0. To obtain this estimate, just use the bound
D*(a,b) < D°(a, b) fora, b € T¢, and the fact that the process (Z;)o<;<1 is Holder
continuous with exponent zlt — &, for every € > 0.

Let x,y € my, and let w = (w(t),0 <t < D(x, y)) be a geodesic from x to y
with respect to the metric D. To get the bound of the proposition, we may assume
that 0 < D(x, y) < 1/2. Put to = 0 and set

i =sup{t > 0:w(t) € Bp«(x, D(x, y))}.

If t; = D(x, y), we stop the construction. Otherwise we proceed by induction. For
every integer n > 1 such that #, has been defined and t,, < D(x, y), we set

tat1 =sup{t > t, :w(t) € Bp+(w(ty), D(x,y))}.
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A simple argument, using the fact that the topologies induced by D and D*
coincide, shows that the construction stops after a finite number ny,x of steps,
such that #,, = D(x,y). The key point now is to observe that the balls
Bp+(w(t), %D(x, y)) and Bp+(w(t;), %D(x, y)) are disjoint if 0 <i < j < npax.
Indeed, if this is not the case, we get w(tj) € Bp+(w(t;), D(x,y)) and thus
tj < tiy1, which is absurd. Using (39) and the bound D < D*, it follows that

/(D(x,y)

Nmax X Cg

448 B
) < Vol(Bp(x,2D(x,y))).

On the other hand, (38) gives
Vol(Bp(x,2D(x,y))) < cs2* 0 D(x, y)+o.

By combining the last two bounds, we get npax < i—‘?ZgD(x, y)_z‘s. Since
)

D*(x,y) < D*(w(0), w(t1)) + -+ + D* (@ (tnyp—1)s @ (tnya)) < Nmax D (x, y),

the proof of the proposition is complete. [J

7. Proof of the main result. In this section we suppose that z is a random
point of my, distributed according to the uniform measure Vol. We may define
z=p(U) where U is uniformly distributed over [0, 1] and independent of all other
random quantities. Recall the constant 8 from Lemma 5.3.

LEMMA 7.1. Letu > 0 and A > u, and, for every integer k > 1, let Hy(z) be
the collection of all integers i with 12%u] <i < [2K(A A A)], such that we have
both

D(z,T(i27%)) < D(z, T(G + 1)27%)) +27F
and
D(z, T(i27%) < D(z, T (GG — 1)27%)) +27%.
Then, for every B’ € (0, B),
2~ =Pk, () =5 0.
k—o00
REMARK. Since I' is a geodesic, it is obvious that the weak inequality < holds

instead of < in both displayed inequalities of the lemma. The point is that for most
values of i one of these two weak inequalities can be replaced by an equality.

PROOF. We fix a constant « € (0,1/4) and u € (0,u]. Recall the no-
tation ng(r) and ng(r) introduced in the previous section. We consider the
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subset H) (z) of Hy(z) that consists of all integers i € Hy(z) such that z €
p([n.(275), 0/, (27D,

KV (278 <se < (1 —K) A n&(ika)

and

(40) inf D(I(a), T1(b)) > sup D(T(a), p(S;r-+)),
a€Te(nu(i27%)),beL(sy) a€Te(n,(i275))

41) inf D(M(a), I1(b)) > sup D(TI(a), p(S;p-+)).
aE'Te(n;L(iZ_k)),bEL(s*) aef]'e(n;t(isz))

By Lemma 5.3, we have for every i such that L2k ul<i< L2k Al,
Pli e Hj ()] = C27*.
From this bound, it immediately follows that, if 0 < 8’ < 8,

(42) 2~ 0=Fkut () 25 0
k— 00

To complete the proof, we need to control #(Hx (z) \ H}.(z)). We first note that
the property k < s, < 1 — «k holds on an event of probability arbitrarily close to 1,
if  is chosen small enough. Furthermore, on the event {x < s, <1 — «}, we have

He@) \H @) € (@ UHP @ UHP @ UHP ) UHD () UHE (2)),

where H,(Cl)(z), .. (6) (z) are the subsets of {|2%u| +1,..., [2KA] — 1} defined
by

H(l)(z)
(2)

Sip-k <00,z €P([Sia-+. S),-+]) and s, <, (127},

Sin-k < 00,z € p([Sip-k, S!,]) and 5, > n;i(i2_k)},

(4)

Sip-x <ooandz € p([n;(ﬂ_k), Séi—l)z—k])}’

(5) (2) =

{i
={i:
(3)(2) {i 8y« <ooandz € p([S;_1yo-+ nu (27},
{i:
fi:84 < 00,2 € P([Sy_1-t: Sy 1,p-1]) and (40) fails},
{i

(6)(Z) Sin—k <00,z €P([Sii_1y2-+> S(l - _+]) and (41) fails}

[notice that if z € p([0, S;; _{,,-«]) orif z € p([S’. 1]), by considering a sim-
(i—1)2 (i

_1)2—ka
ple geodesic starting from z, we get automatically D(z, ['(i27%)) = D(z, I'((i —
1)27%)) + 2%, so that i cannot belong to Hy (z)].

Then, if H,(cl)(z) # &, we can find » > u such that §, < 0o, s« < n,(r) and
z € p([Sy, S/1). Hence, if we define, on the event {A > u},

ru=inf{r > u:S, <00 and s, <n,(n)}.



UNIQUENESS AND UNIVERSALITY OF THE BROWNIAN MAP 2935

we have
(U 'Hl((l)(Z) # o} ) c{A>u,ze p([SrH, Sr D}-
k=1
Then
(43) P(A>u,zep([S,,. 5, ]) = E[La=u(S), = S5,)]-

We claim that r, — A as u | 0, a.s. on the event {A > u}. To see this, we
observe that on the latter event we have for every ¢ € (0, A — u),
(44) inf (1 = Zpe(s,)Ape(s:) > 0

U<r<A—e

Indeed, if the infimum in (44) vanishes, a compactness argument gives rg € [0, A —
u] such that either Z , (s, ) Ape(s.) =10 OF Zpe(S,,1)Ape(s) = o (here Sy stands for
the right limit of » — S, at r = r(). However, this implies that pe(S;,) = pe(Sy) A
De(55), OF Pe(Sro+) = Pe(Sry+) A pe(ss), is an ancestor of pe(sy) in Ze, which is
impossible since Lemma 2.1 shows that all vertices of the form pe(S;) or pe(Sy+)
are leaves of 7.

Then (44) implies that r,, > A — ¢ if p is small enough, and gives our claim.
Once we know that r, —> A as p | 0, dominated convergence entails that the
left-hand side of (43) tends to 0 as i — 0. So by choosing x small enough, we get
that all sets H,(Cl)(z) are empty, except on a set of arbitrarily small probability. The
same argument applies to the sets H,(cz) (2).

To deal with H,(f) (z), we first observe that, a.s., for each fixed k, there is at most
one value of i such that z € p([S;_1),-+, S;>-+1). Hence,

(45) (G{ (3)(z)>l}) {ZGp( U [Sr,nﬂ(r)])}.

k=1 r>u,S, <00

Using again the fact that the vertices pe(S,) are leaves of 7, one easily verifies
that the sets

(U [5m0)

r>u,S,<oo
decrease when w | O to the set {I'(r):u <r < A}. Since the latter set has zero
volume, we get that the probability of the event in the right-hand side of (45) tends

to 0 as u | 0. So we can choose u > 0 sufficiently small so that all sets H,(f) (2)
have cardinality at most 1, except on a set of arbitrarily small probability. The same

argument applies to the sets H,(f) (2).
Finally, we consider H,(CS) (z). Let 6 > 0. We observe that

U 0@&me)e U 0Emm).

12ku | <i<[2%(A—$) ] u<r<A-$§
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In a way similar to the previous step of the proof, we can check that the sets

U M(Ze(1(r)))

U<r<A-§

are closed and decrease a.s. to {I'(r) :u <r < A — 6} when u | 0. Furthermore, it
is not hard to verify, again by a compactness argument, that

sup ( sup D(x, y)) 2% 0.
u<r<A “x,yell(Ze(nu(r))) u—0

Since

inf D('(r), I1(» 0 S.
ufrgAl—r}S,beL(s*) ( (F) ( )) = as
it follows from the preceding considerations that, for any given § > 0, we can
choose p > 0 sufficiently small so that the property

u;BEA(x,yGH(S%IZnM(r))) b, y)) = ufruflgﬂﬁ(aeTe(mL(lrIg,beL(s*) D(l'[(a), H(b))>
holds with a probability arbitrarily close to 1. If the latter property holds, this
means that the only indices i for which (40) may fail are those such that i27% >
A — 4. For such indices i the property z € p([S;_1y-+, SEi—l)Z*"]) implies that
zep(Sa-s, S/A_ s]) and if § has been chosen small enough, this also occurs with
a small probability. So again we can choose w > 0 sufficiently small so that all
sets H,SS)(z) are empty, except on a set of arbitrarily small probability. The same

argument applies to the sets H,(f) (2)-

From the preceding arguments, we can fix ¥ and u sufficiently small so that
outside a set of small probability we have #(Hj (z)\H}c (z)) <1 for every k. The
conclusion of Lemma 7.1 now follows from (42). [

THEOREM 7.2. We have D(y,y’) = D*(y, y’) for every y,y' € myo, almost
surely.

As was already explained at the end of Section 2.5, Theorem 1.1 (in the bipartite
case) readily follows from Theorem 7.2.

PROOF. It is sufficient to verify that the identity of the theorem holds when y
and y’ are independently distributed according to the volume measure on me,
[indeed, if D(yo,y) < D*(yo,y) for some yo, y, € Mmoo, then the same strict
inequality holds for every y and y’ sufficiently close to yo and y;, respectively,
and we use the fact that the volume measure has full support in my]. Let z be
as in Lemma 7.1. Since the distinguished point in a uniformly distributed rooted
and pointed 2 p-angulation is chosen uniformly at random among the vertices, it
is easy to verify that the random triply pointed metric spaces (mqo, [1(0), Xx, 2)
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and (my, [1(p), y, y') have the same distribution. A simple application of Theo-
rem 8.1 in [16] then gives the following identity in distribution:

d
(46) (mOO’H(p)vx*7Z)(:)(mOO’ yv y/vx*)'

Let T = (F(t), 0 <7 < D(y,y’)) be the almost surely unique geodesic from
y to y' in (my, D). The almost sure uniqueness of this geodesic follows from
Corollary 8.3(i) in [16]. Fix u > 0 and, for every integer k > 1, let Hy(y, ') stand
for the set of all integers i, with [2%u| <i < [2¥D(y, '), such that we have both

D(x, T(i27%)) < D(x,,, T(G + D27F)) +27F
and
D(x, T(127%)) < D(xs, (G — D275)) + 275,
By Lemma 7.1 and the identity in distribution (46), we have, for every 8’ € (0, B),
(47) 2=k, (v, ) k%o 0.
Then let HZ(y, y’) stand for the set of all integers i, with L2k ul <i <
12¥D(y, y")], such that
|D(x, T(i27%)) = D(xo, T(G + D27F))| <275
If i ¢ H;(y, '), then we have either
D(x, T(i27%)) = D(x,,, T(G + D27F)) +27F
or
D(x,, T(i27%)) = D(x,,, (G + D27F)) —27%.

An elementary argument shows that if i € Hp(y,y’) and i’ =max{j <i:j e
Hy(y, y')}, with the convention max @ = [2¥u |, then, for every integer j such
thati’ < j <i,wehave j ¢ H}(y,y"). It follows that #H} (y, y') <#Hi(y,y")+1,
and, in particular, (47) implies also, for every B’ € (0, 8),

(48) 2~ 0=Fkua (v, ) k& 0.
— 00

Now suppose that i € {|2¥u], ..., [2¥D(y,y’)] — 1} is not in Hz(y,y"). Then
either F(i 275 lies on a geodesic path from F((i + 1)27%) to x, or, conversely,
F((i +1)2 %) lieson a geodesic path from F(i 27K) to xy. By Theorem 2.4, any of
these geodesic paths is a simple geodesic, and is also a geodesic in (my,, D*), so
that, using (6), we have D*(I"(i27%), T'((i + 1)27%)) =2+,
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To conclude, we write, for u < D(z, 7'),
D*(y,y") < D*(y, T (27%[2"u]))

12DyyHi-1 5
(49) + 3 DATET).T+ D7)

i=[2%u]
+ D[ 2 D(y.y))). ¥
By previous observations,

2*Dyy-1 B
> DHI(27%). T (G + D27%))

i=|2ku]
<2742"D(y.")]
+#HE(y.Y))  sup  DX(T(27F), T(G + D27Y).
0<i<|2¥D(y,y"]

Proposition 6.1 implies that, for every § € (0, 1), there exists a (random) constant
¢s such that

sup  D*(F(279), TG+ 1)27%)) < 27 k02,
0<i<[2kD(y,y"))

Applying this bound with § < 8 and using (48), we get
#HE(v.y)) x  sup  DHT(27),T(G +1D27%) = 0.
0<i<[2¥D(y.y")] k— 00

We can now pass to the limit £k — oo in (49), using the fact that the topologies
induced by D and D* are the same, and we get

D*(y,y") < D*(y,Tw) + D(y,y)).

This holds for any u > 0. Letting u — 0, we obtain D*(y, y") < D(y, y’). This
completes the proof since we already know that D(y, y’) < D*(y,y’). O

Let us state a corollary that will be useful when we deal with the case of trian-
gulations.

COROLLARY 7.3. Let U and V be two independent random variables uni-
formly distributed over [0, 1] and such that the pair (U, V) is independent of
(e, Z). Then,

DU, V)L D*,, Uy =2y + AL A,
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PROOF. The second equality is easy from the definition of D*. The last iden-
tity in distribution is a consequence of the invariance of the CRT under uniform
re-rooting; see, in particular, [19], Section 2.3. Let us prove the first identity in
distribution. We consider the setting of Theorem 2.3, and we take p = 2, as this
simplifies the argument a little and suffices for our purposes. Let 0 =i(0) < i(1) <
.-+ < i(n) be the indices corresponding to the first visits of vertices of 7,; by the
white contour sequence. Then, we have

i(L(n+ 1)) P
sup |———— —t¢

(50) — 0,

0<r<1 2n n—00

where the notation B, indicates convergence in probability. Noting that 2-trees

are naturally identified with ordinary plane trees (by removing all black vertices
and putting an edge between two white vertices if they were adjacent to the same
black vertex), the preceding convergence follows from the standard arguments
used to compare the contour function of a plane tree with its so-called height
function; see, for example, the proof of Theorem 1.17 in [14]. From (50) and the
convergence (5), it is a simple matter to obtain that D*(U, V) = D(U, V) is the
limit in distribution of /cpn_l/ 4dgr(X,l, Y,) where X, and Y, are independently
and uniformly distributed over m,,. However, this is also the limiting distribution
of kpn~/4dg (X, 3), which by (5) and (50) again is the distribution of D (s, U).

O

8. The case of triangulations.

8.1. Coding triangulations with trees. In this section we prove Theorem 1.1 in
the case ¢ = 3. Similarly as in the bipartite case, we will rely on certain bijections
between triangulations and trees, which we now describe. These bijections can be
found in [4], and we follow the presentation of [8], to which we refer for more
details.

Recall the definition of plane trees in Section 2.1. We will need to consider 4-
type plane trees. A 4-type plane tree is just a pair (t, (typ(#)),cr) consisting of a
plane tree T and for every u € t of a type typ(u) € {1, 2, 3, 4}. To simplify notation,
we systematically write 7 instead of (z, (typ(u#)),cr) in what follows, as we will
only be considering 4-type plane trees. A T-tree is a 4-type plane tree that satisfies
the following properties:

(i) The root vertex & is of type 1 or of type 2.
(i) The children of a vertex of type 1 are of type 3.

(iii) Each vertex of type 2 and which is not the root & has exactly one child of
type 4, and no other child. If the root & is of type 2, it has two children, both of
type 4.

(iv) Each vertex of type 3 has exactly one child, which is of type 2.
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(v) Each vertex of type 4 has either one child of type 1 or two children of
type 2, and no other child.

If T is a T-tree, we write t° for the set of all vertices of t at even generation.
Clearly, this is also the set of all vertices of type 1 or 2 in 7. By analogy with the
bipartite case, we call the elements of 7° the white vertices of t.

Let t be a T-tree. An admissible labeling of 7 is a collection of labels assigned
to the white vertices of 7, such that the following properties hold:

(a) £z =0and £, € Z for each v € T°.

(b) Let v € T\ 7°, let v(g) be the parent of v and let v(;) =vj, 1 < j <k, be
the children of v. Then for every j € {0, 1,..., k}, Zv(jH) > Ev(j) — 1, where by
convention v(x41) = v(o). Furthermore, if j € {0, 1, ..., k} is such that v; ;1) is of

type 2, we have ZU(_/’+1) = €v<_,-)-

Note the slight difference with the analogous definition in Section 2.1. As a con-
sequence of property (b), we observe that if a vertex v of type 4 has two children,
vl and v2 in our formalism, and if u is the parent of v (necessarily of type 2), we
have f,,, = Evl = fvz.

A labeled T-tree is a pair consisting of a T-tree T and an admissible labeling
(£y)uere of T. For every integer n > 3, we write T, for the set of all labeled T -
trees with n — 1 vertices of type 1. It will be convenient to write T, = ’]I‘,(ll) U T,(f),
where ']I‘f,l), respectively T,(lz), corresponds to labeled T -trees whose root vertex is
of type 1, respectively of type 2.

Let .7, denote the set of all rooted and pointed triangulations with n vertices
[or, equivalently, 2(n — 2) faces]. Let M € .7, let 3 be the distinguished vertex
of M, and let e_ and ey be, respectively, the origin and the target of the root
edge. As previously, write dg, for the graph distance on the vertex set of M. The
triangulation M is said to be positive, respectively null, respectively negative, if

dgr(a’ ey)= dgr(a, e_)+1,
respectively dgr (9, e4) = dgr (9, ), respectively dg (9, e4) = dgr (0, e—) — 1.

With an obvious notation, we can thus write .7, = Z,¥ U.Z% U .7,~. Note that
reversing the orientation of the root edge gives an obvious bijection between .7,
and .7 ~.

A special case of the results in [4] yields bijections between ']I‘,(ll) and 7" on

the one hand, and between ']I‘,(qz) and ZZO on the other hand. Let us describe the
first of these bijections in some detail (see Figure 6 for an example). We start
from a labeled T -tree (z, (£,)ycr°) € ’]I‘,(f) , and let k be the number of edges of 7.
The white contour sequence of t is the finite sequence (vg, vy, ..., vx) defined
exactly as in Section 2.1, and we set vi; = v; for 1 <i < k. Note that every corner
of a white vertex v of t corresponds exactly to one index i € {0, 1,...,k — 1},
such that v; = v, and we call this corner the corner v; as we did previously. We
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FI1G. 6. A labeled T -tree in Tﬁ,l) and the associated rooted and pointed triangulation. Vertices of
type 1 are represented by big black disks, vertices of type 2 by big black squares, vertices of type 3
by small black disks and vertices of type 4 by small black squares.

assume that the tree 7 is drawn on the sphere, and as in Section 2.2 we add an
extra vertex d, which is of type 1 by convention. We then draw edges of the map
according to the very same rules as in Section 2.2: If i € {0, 1, ...,k — 1} is such
that £,;, = min{{,, v € T°}, we draw an edge between the corner v; and 9, and, on
the other hand, if i is such that £,, > min{¢,, v € 7°}, we draw an edge between
the corner v; and the corner v;, where j is the successor of i. Note that in the latter
case the vertex v; is of type 1. This follows from the fact that if the vertex vy, is of
type 2, we have always £,, > £, _, by our labeling rules.

By property (iii) in the definition of a T -tree, each vertex v of type 2 in 7 has ex-
actly two corners and, therefore, the preceding device will give exactly two edges
connecting v to vertices of type 1. To complete the construction, we erase all ver-
tices of type 2 and for each such vertex v, we merge the two edges incident to v
into a single edge connecting two vertices of type 1 (which may be the same). In
this way, we obtain a planar map M whose vertex set consists of all vertices of
type 1 (including 9d), which is easily checked to be a triangulation. This triangu-
lation is pointed at 0 and rooted at the edge generated by the case i = 0 of the
construction. This edge is oriented so that its target is the vertex &. The mapping

(T» (gu)uerc’) — M

that we have just described is a bijection from ']I‘f,l) onto 7.

A minor modification of this construction yields a bijection from ']I‘,(qz) onto ﬂno.
Edges of the map are generated in the same way, but the root edge of the map is
now obtained as the edge resulting of the merging of the two edges incident to &

[recall that for a tree in Tﬁ,z) the root & is a vertex of type 2 that has exactly two
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children, hence also two corners]. The orientation of the root edge is chosen by
deciding that the “half-edge” coming from the first corner of & corresponds to the
origin of the root edge.

In both cases, distances in the planar map M satisfy the following analog of (3):
For every vertex v of type 1 in 7, we have

(51) dgr(0,v) =€y, —minf + 1,

where min £ denotes the minimal label on the tree 7. In the left-hand side v is
viewed as a vertex of the map M, in agreement with the preceding construction.

An analog of (4) also holds (again with a proof very similar to that of [15],
Lemma 3.1). If v and v’ are two vertices of type 1 of , such that v = v; and
VvV = v; forsome i, j € {0, 1,...,k} withi < j, we have

(52)  dy(v,0)) < by + £, —2max( min £, min_ €, )+2.

ism<j J=m=i+k

8.2. Random triangulations. Following [23], we now want to interpret a ran-
dom labeled T -tree uniformly distributed over ']I‘ﬁ,l) as a conditioned multitype
Galton—Watson tree (a similar interpretation will hold for a T'-tree uniformly dis-
tributed over ']1‘5,2)). We set

p=1-%. =3+
and we let u be the geometric distribution with parameter 8:

pk) = (1 - B)*
fork=0,1,.... Welettbe arandom T -tree satisfying the following prescriptions:

e the root vertex is of type 1;

e cach vertex of type 1 has, independently of the other vertices, a random number
of children distributed according to u;

e cach vertex of type 4 has, independently of the other vertices, either one child
of type 1 with probability « or two children of type 2 with probability 1 — «.

Recalling the properties of the definition of a T-tree, one sees that the preced-
ing prescriptions completely characterize the distribution of t. The random tree t
can be viewed as a 4-type Galton—Watson tree in the sense of [24]. Note that this
Galton—Watson tree is critical, meaning that the spectral radius of the mean ma-
trix of offspring distributions is equal to 1. This property ensures that the 4-type
Galton—Watson tree with these offspring distributions is finite a.s., a fact that is
needed for the existence of t as above (our T'-trees are finite by definition). We
write t(1 for the set of all vertices of type 1 of t.

Let T be a random labeled T -tree obtained by assigning an admissible labeling
to t, uniformly at random over all possibilities.
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LEMMA 8.1. Letn > 3. The conditional distribution of T knowing that #t(1) =
n — 1 is uniform over ’]I‘f,l).

This lemma is a very special case of Proposition 3 in [23], but it is also easy to
give a direct proof. Note that the values of 8 and « are chosen (in a unique way)
so that the tree t is critical and the result of the lemma holds.

Using Lemma 8.1, we can now apply the invariance principles of [24] to study
the asymptotics of the contour and label processes of a tree uniformly distributed

over T,(,l). So let (t, (€3)vers) be a random labeled T -tree uniformly distributed
over Tﬁ,l) and let k, be the number of edges of z,. If vg, v], ..., v,’c’n is the white
contour sequence of 7,, the contour process (C}')o<i<k, and the label process
(A)o<i<k, are defined by C!' = %|vf’| and A} = ¢, as in the bipartite case, and
they are extended to the real interval [0, k,,] by linearlinterpolation. It is also useful
to define L’}-, for 0 < j < k,, as the number of distinct vertices of type 1 among

n n n
Vps Vs - -5 U

PROPOSITION 8.2.  Set A3j» = +(3 — /3) and k3, = 34, We have

_ _ (d)
(53) ()»3/2’7 I/ZC/’;,,K3/271 1/4Aznt)0§,§1 njo)o (e, Zt)Oftfl-
Furthermore,
_ (P)
54 sup [n'L% , —t] = 0.
(54) 05121| Lknt | |n_>oo

Using Lemma 8.1, Proposition 8.2 can be derived as a special case of Theo-
rems 2 and 4 in [24]. In order to apply these results, we need labels to be assigned
to every vertex of t,,, and not only to white vertices, but we can just decide that ev-
ery vertex of type 3 or 4 is assigned the label of its parent. Moreover, it is assumed
in [24] that the vectors of label increments (meaning the vectors obtained by con-
sidering the differences between the labels of the children of a vertex and the label
of this vertex) are centered, which is not true here. However, as pointed out in [23]
in a more general setting, a very minor modification makes the vectors of label
increments centered: Just subtract % from the label of every vertex of type 2 (and
from the label of its unique child of type 4). Obviously this modification has no
effect on the validity of the convergence in the proposition.

We also note that [24] considers the so-called height process, rather than the
contour process, and the corresponding variant of the label process. However, as
we already mentioned in the proof of Theorem 2.3, limit theorems for the height
process can be translated easily in terms of the contour process (see, e.g., Sec-
tion 1.6 in [14]).
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At this point, it is appropriate to comment on the value of the constants 13,2 and
k3,2, since the corresponding discussion in [23] seems to contain a miscalculation.
We use the notation of [24]. The mean matrix of the offspring distributions is

0 0 J3—-1 0
0 0 0 1
0 1 0 ol

1,3 V3
T+ 1 0 0

and the associated left and right eigenvectors are
a=A2013-V3V3-13-V3),  b=580E-111D.
The quadratic forms Q@ for i = 1,2, 3, 4, are easily computed as
01 52.83,5) =2(v3-1%3, 0¥ =09 =0,
0W(s1, 52, 53, 54) = (1— ?)sg
A simple calculation gives

4
a-Qb)=Y a; 0" )= %(6 —3V3)(6 —V3),

i=I

and it follows that

)\.3/2:WX\/61_1: %8\/5:%1(3_‘/5)

(comparing with Theorem 2 in [24], the formula for A3, has an extra multiplicative
factor 2 corresponding to the factor % in the definition of the contour process).

To compute k3,2, we then need to evaluate the quantity ¥ in Theorem 4 of [23].
We note that the only label increments having nonzero variance correspond either
to a vertex of type 3 (having automatically one child of type 2) or to a vertex
of type 4 having only one child of type 1, with probability «. In both cases the
variance is }t. It follows that

22=a3xb2x%+aa4xb1x%

= (V- D+ G+ -VIHVI- 1) =13-1)

1 A3)2 1/4
K3)2 X/ 5

and
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REMARK. There are more direct ways of computing the constant k3,2, for
instance, by considering the genealogical tree associated with vertices of type 1
(say that a vertex u of type 1 is a child of another vertex v of type 1 if v is the
last vertex of type 1 that is an ancestor of u distinct from u). It turns out that this
tree is also a conditioned Galton—Watson tree, whose offspring distribution can be
computed easily.

In this subsection we concentrated on the case of a labeled T-tree uniformly
distributed over T,(ll). However, Proposition 8.2 remains valid if we replace

(T, (€%)vere) by a random labeled T'-tree uniformly distributed over Tff). The
proof is the same up to minor modifications.

8.3. Convergence of rescaled triangulations to the Brownian map. We will
now prove the case g = 3 of Theorem 1.1. We consider a random triangulation M,
uniformly distributed over <7n+, and write m,, for the vertex set of M,,. We will
prove that
(55) (M. k30~ dg) D> (moo, D).

n—oo
Obviously the same result holds if M, is uniformly distributed over .7,~, and only
minor modifications would be needed to handle the case when M,, is uniformly
distributed over ﬁno. Combining all three cases, and using the fact that a triangu-
lation with n faces has 5 + 2 vertices, we obtain the case ¢ = 3 of Theorem 1.1.

In order to prove (55), we may assume that M,, is the image of a random labeled
T-tree (1, (£})vere) uniformly distributed over ']I’ﬁ,l) under the bijection described
in Section 8.1. We will rely on Proposition 8.2, and we use the notation intro-
duced before this proposition. Recall from Section 8.1 that the bijection between
triangulations and labeled T -trees allows us to identify

m, =7V U {3},

where r,i‘) is the set of all vertices of type 1 in 7,,. We also set

m), =7, U {3}

and we note that the graph distance on m,, can be extended to m), in the following
way. Let u € m), \ m,, then u is a vertex of type 2 in 7, and, as already mentioned,
u has two successors u’ and u” (possibly such that u” = u”"), which are vertices of
type 1. If v e m,,, we set

dar (v, u) = dyr(u, v) = 5 + min(dgr (i, v), dgr (1, V).
If v e m), \ m, and v # u, we put

dor(u, v) = 1 + min(dg (u', V'), dgr (', V"), dgr (1", V'), dr (u”, V")),



2946 J.-F.LE GALL

where v' and v” are the two successors of v. It is straightforward to verify that
dgr thus extended is a distance on my,. Informally, we may interpret the preceding
definition by saying that in the triangulation M,, we have added a new vertex at the
middle of each edge connecting two vertices at the same distance from 9, and we
agree that this new vertex is at distance % from both ends of the edge where it has
been created.

Clearly, it is enough to prove that (55) holds when m,, is replaced by m/, or even
by my; :=my;, \ {9}. Let u, v € m,, and suppose that u = v}’ and v = v/} for some
i,j€{0,1,...,k,} withi < j. Then, we get from (52) that

(56) dgr(u, v) <d, (i, j),
where
Of+ =\ __ JO =+ *\ __ AN n__ : n : n
d, (i, j)=d,(j,i)=A] +Aj 2max(keggr.17j}A ’ke{j,...,rlg,l}ILIJ{O ..... i}Ak) + 2.

We also set dy, (i, j) = dg: (V] v;‘) forevery i, j €{0,1,...,k,}, and we extend the
definition of both d,, and d;, to [0, pn] x [0, pn] by linear interpolation. By (56),
we have d, < d;. On the other hand, it immediately follows from Proposition 8.2
that

—1/4 50 o
(57) (K3/2” / d, (kns, k”t))0<s<1,0<t<1 njgo (D (s, t))0<s<1,0<z<1’

where D° is as in Section 2.4, and this convergence holds jointly with (53). From

the convergence (57) and the bound d,, < d;, the same argument as in the proof of

Proposition 3.2 in [15] shows that the sequence of the laws of the processes
(n_1/4dn (kns, knt))

0<s<1,0<t<1

is tight in the space of probability measures on C([0, 1]°, R). Hence, from any
monotone increasing sequence of positive integers, we can extract a subsequence
(n;)j>1 along which we have the convergence in distribution

(XS/Z”_I/ZCIZL”[» Ka/zn_1/4A2’n,, K3/2n_1/4d,3(kns, knt), K3/2n_1/4dn(kns, knt))

(58)
9 (e, Z,, D°(s, 1), D' (5. 1)),

n—oo

=0 =1,V=t =

Skorokhod representation theorem, we may and will assume that the conver-
gence (58) holds a.s., uniformly on [0, 113, along the sequence (n;);>1. Since d,
is symmetric and satisfies the triangle inequality, one immediately obtains that D’
is a (random) pseudometric on [0, 1].

We claim that

(59) D'(s,t) = D*(s,t) for every s,t € [0, 1] a.s.
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To prove this, we start by observing that we have D' (s, t) = 0 for every s, ¢ € [0, 1]
such that pe(s) = pe(?), a.s. This follows by exactly the same argument as in the
proof of [15], Proposition 3.3(iii). Recalling the definition of D* in Section 2.4,
and using the fact that D’ satisfies the triangle inequality, we see that the property
D’ < D° implies D’(s,t) < D*(s, t) for every s, t € [0, 1].

Then let U and V be two independent random variables uniformly distributed
over [0, 1] and such that the pair (U, V) is independent of all other random quan-
tities. By a continuity argument, our claim (59) will follow if we can verify that
D'(U,V)= D*(U,V) as. Since D'(U,V) < D*(U, V), it will be sufficient to
verify that D’(U, V) and D*(U, V) have the same distribution. To see this, let
0=i(1) <i(2) <--- <i(n—1) be the first visits by the white contour sequence of
7, of the vertices of type 1 in t,. Alsoset U, =[(n— U] and V,, =[(n — 1) V],
which are both uniformly distributed over {1, 2,...,n — 1}. It follows from (54)
that

iUy @ (Vi) @
—> U, — V.
k, n—oo k, n—oo

Together with (58), this now implies that

P)
eajan” g (V] Vi(Un)» z(v;)) T D'(U.V)

as n — oo along the sequence (n;);>1. Hence, the distribution of D'(U, V) is
the limiting distribution [along (1) j=1] of k3/2n"/*dg (X, Y), where X,, and
Y, are independently uniformly distributed over m,. Obviously, this is also the
limiting distribution of

k3o g (9, ]y, ) = k3on V(A ) —min{A] 10 <i <ky}+1)

using (51) in the last equality. From (58), we now get that D’(U, V') has the same
distribution as Zy + A. Corollary 7.3 shows that this is the same as the distribution
of D*(U, V), thus completing the proof of (59).

Recall from Theorem 2.3 that s ~ ¢ if and only if D*(s, ) =0, and that my, is
the quotient space [0, 1]/ ~. Once we know that D’ = D*, it is an easy matter to
deduce from the (almost sure) convergence (58) that we have, along the sequence
(nj)j=1,

a.s.

(), w320~ dgr) = (moo, D)

in the Gromov—Hausdorff sense. To see this, define a correspondence between the
metric spaces (m/, k3 /2n_1/ 4dgr) and (ms,, D*) by saying that a vertex v € m],
is in correspondence with the equivalence class of s € [0, 1] if and only if v =
v, where i = |k,s|. From (58), the distortion of this correspondence tends to O
along the sequence (n;);>1, a.s., and this gives the desired Gromov-Hausdorff
convergence.
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Consequently, we have obtained that from any monotone increasing sequence
of positive integers one can extract a subsequence along which (55) holds. This
suffices for the desired result.

REMARK. The argument of the preceding proof could also be used to deduce
the convergence of Theorem 1.1 for all even values of g > 4 from the special case
q = 4 (note that the statement of Corollary 7.3 already follows from this special
case). We have chosen not to do so because restricting ourselves to quadrangula-
tions would not simplify much the proof in the bipartite case and because some
of the intermediate results that we derive for 2 p-angulations are of independent
interest.

9. Extensions and problems.

9.1. Boltzmann weights on bipartite planar maps. The argument we have used
to handle triangulations can be applied to other classes of random planar maps. In
this paragraph we briefly discuss Boltzmann distributions on bipartite planar maps,
which have been studied by Marckert and Miermont [20]. We consider a sequence
w = (W;);>1 of nonnegative real numbers, such that there exists at least one integer
i > 2 such that w; > 0. We assume that the sequence w is regular critical in the
sense of [20].

For every integer n > 2, we let BB, stand for the set of all rooted bipartite planar
maps with n vertices. Recall that a planar map is bipartite if and only if all its faces
have even degree. If M is a planar map, we denote the set of all its faces by F (M),
and for every face f of M we write deg(f) for the degree of the face f.

THEOREM 9.1. For every large enough integer n, let P\¥ denote the unique
probability measure on B, such that, for every M € By,

PY (M) =cw l_[ Wdeg(f)/2>
FEF(M)

where cy , is a constant depending only on w and n. Let M, be a random planar
map distributed according to P). Then, if V(M,) stands for the vertex set of M,
and dyy is the graph distance on V (M,), there exists a constant ayw > 0 such that

— d
(VM. awn™ P dyy) < (o, D)

in the Gromov-Hausdorff sense.

This theorem can be proved along the lines of Section 8.3. The main technical
tool is the BDG bijection for bipartite planar maps, as described in Section 2.3
of [20] (this is very close to the BDG bijection for 2p-angulations described
above). Analogously to Lemma 8.1, [20], Proposition 7, allows us to interpret the
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tree associated with M,, as a conditioned 2-type Galton—Watson tree. Then [20],
Theorem 8, yields an analog of Proposition 8.2. The remaining part of the proof
1s similar to Section 8.3, and we will leave the details to the reader. In contrast
with Theorem 1.1, there is in general no explicit formula for the constant ay; see,
however, the discussion in Section 3.2 of [20].

REMARK. In Theorem 9.1 we consider random planar maps having a fixed
large number of vertices. In the case of g-angulations treated in Theorem 1.1,
Euler’s relation shows that conditioning on the number of vertices is equivalent to
conditioning on the number of faces. This is no longer true for general Boltzmann
weights. The results of [20] are stated for both kinds of conditionings, but they
are concerned with rooted and pointed planar maps. In proving Theorem 9.1 one
implicitly uses the (obvious) fact that for a planar map in B, there are exactly n
possibilities of choosing a distinguished vertex in order to get a rooted and pointed
planar map.

9.2. Brownian maps with geodesic boundaries. In Proposition 3.1 we saw
that, along a suitable sequence (nx)i>1, the rescaled DMGBs associated with uni-
formly distributed 2p-angulations with n edges converge to a limiting random
metric space, which was identified in Proposition 3.3. We may now remove the
restriction to a subsequence.

We keep the setting of Section 3.2. In particular, M), is a rooted 2 p-angulation
uniformly distributed over /\/ln , M, is the associated DMGB as defined in Section
3.1, m,, is the vertex set of M and dgr is the graph distance on m,. We also let
(m%,, D*®) be the random metric space obtained via the construction of the end of
Section 3.2 with D = D*.

PROPOSITION 9.2. We have

~ —1/475 )
(. icpn ™ dr) g (m3,. D*)

in the Gromov—Hausdorff sense.

PROOF. This readily follows from Propositions 3.1 and 3.3 once we know
that D = D* in these statements. Indeed, Proposition 3.1 shows that from any
monotone increasing sequence of integers, we can extract a subsequence along
which the convergence of the proposition holds, and Proposition 3.3 shows that
the limiting law is uniquely determined as the law of (mg_, D*®). U

The limiting random metric space in Proposition 9.2 may be called the Brow-
nian map with geodesic boundaries. As a motivation for the preceding statement,
we expect that this random metric space will play a significant role in the study of
further properties of the Brownian map.
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REMARK. A result analogous to Proposition 9.2 holds for uniformly dis-
tributed triangulations. Since we did not introduce DMGBs in the setting of tri-
angulations, we will leave this statement to the reader.

9.3. Questions. It is very plausible that Theorem 1.1 holds for uniformly dis-
tributed g-angulations for any choice of the integer g (and even for nonbipartite
planar maps distributed according to Boltzmann weights satisfying suitable con-
ditions). Extending the proof we gave in the case of triangulations would require
an analog of Proposition 8.2 for the random trees associated with uniformly dis-
tributed g-angulations. As observed by Miermont [23], such an analog holds, but
only for a “shuffled” version of the trees, and this is not sufficient for our purposes.
The reason why a shuffling operation is needed is the fact that the vectors of la-
bel increments in the trees associated with g-angulations are no longer centered
when ¢ is odd and g > 5. Nonetheless, it is likely that one can avoid the shuffling
operation and get a full analog of Proposition 8.2.

Another interesting question is to extend Theorem 1.1 to triangulations satis-
fying additional connectedness properties (and, in particular, to type-II or type-III
triangulations in the terminology of [3]). Via the BDG bijections, this would lead
to analyzing labeled T '-trees with extra constraints, for which it is again plausible
but not obvious that an analog of Proposition 8.2 holds.

Finally, our results raise a number of interesting questions about Brownian mo-
tion indexed by the CRT. Note that the functions D° and D* are defined in terms
of the pair (e, Z). Two crucial properties of these random functions are

(60) D*(a,b)=0 ifandonlyif D°(a,b)=0 for every a, b € 7¢ a.s.

and

* ) %
(61) D*(U,V) = D"(s«, U),
where U and V are independent and uniformly distributed over [0, 1] and inde-
pendent of the pair (e, U). The equivalence (60) is proved in [15], Theorem 3.4,
and (61) appears in Corollary 7.3 above. In both cases, the proof relies on the use
of approximating labeled trees and the associated random planar maps. Since (60)
and (61) are properties of the pair (e, Z), it would seem desirable to have a more
direct argument for these statements. A direct proof of (61), in particular, would
yield a simpler approach to our main result Theorem 1.1 along the lines of Sec-
tion 8.3.

APPENDIX

In this appendix we prove Lemmas 2.2 and 5.1, which are both concerned with
properties of the Brownian snake. It will be convenient to argue under the ex-
cursion measure Ny of the one-dimensional Brownian snake (see [13]). Recall
that the Brownian snake (W;)>¢ is a strong Markov process taking values in the
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space W of all stopped paths. Here a stopped path is simply a continuous map
w:[0, ¢] — R, where ¢ = () is called the lifetime of w. We write W = w({(w))
for the endpoint of the path w. We may and will assume that (W;),>0 is defined
on the canonical space C (R4, W) of continuous functions from R into W, and
we write ¢ := {(w,) for the lifetime of W;. Under Ny, the lifetime process ({s)s>0
is distributed according to Itd’s measure of positive excursions of linear Brownian
motion [normalized so that No(sup{¢, :s > 0} > €) = (2¢) !, for every & > 0]. We
use the notation o = sup{s > 0:¢; > 0} for the duration of the excursion and, for
every r > 0, we set S, = inf{s > 0: W; = —r}. This is consistent with our previous
notation since under the conditional measure Ng(-|o = 1) the pair (&, ‘/)V\S)ofsﬁl
has the same distribution as the process (es, Zs)o<s<1 of the preceding sections.
For every t > 0, G; denotes the o-field generated by (W;,0 <s <t). We will
use the explicit form of the distribution of Wg_ under Ny, which follows from the
results of [11], Section 4.6. We first recall [13], page 91, that

L=~ 3
(62) No(S, < 00) = N()(slg(f) W, < —r) =5
If (By);>0 denotes a standard linear Brownian motion, the random path
(Ws, (1),0 <t < s,) is distributed under No(-|S, < 0o) as the solution of the
stochastic differential equation

dXz == dB[ -
X =0,

stopped when it first hits —r. Equivalently, (r + Ws (¢),0 <t < s.) is a Bessel
process with index —% started from r and stopped when it hits 0. By a classical
reversal theorem of Williams [29], Theorem 2.5, the reversed path (r + Wg (¢s, —
1),0 <t < g, ) is distributed as a Bessel process with index %, or equivalently
with dimension 7, started from O and stopped at its last passage time at level r. To
simplify notation, we will set

dt,

r+Xt

Y,(r) =r+ Ws. (Ls, — 1), 0<t<gs,.

The definition of ¥ ") makes sense under No(-|S, < 00).

Applying the strong Markov property at S, will lead us to consider the Brownian
snake “subexcursions” branching from Wy, after time S, [this really corresponds
to the subtrees branching from the right side of the ancestral line of pe(S,) that
were discussed at the beginning of Section 5, with the difference that we now
argue under the excursion measure]. We consider all nontrivial subintervals (v, v')
of [S,, o] such that

={¢, = min
é‘v CU se[Sr’U’] N
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We let (v;, vlf )ier be the collection of all these intervals. For every i € I we define
a path-valued process (W;) s>0 by setting

W; ) = W(vi+s)/\vl( (é‘vi +1)— in (é‘vi)» 0<r< {_gl = g(vi+s)/\vl{ - fvi-

Then, under the probability measure Ny (:|S, < 00), conditionally on Gg, , the point
measure

N == Z S(é-uiVWi)(dt da))
iel
is Poisson with intensity 219 ¢ 1(f) dtNo(dw). This follows from Lemma V.5
in [13] after applying the strong Markov property of the Brownian snake [13],
Theorem IV.6, at time S, .

PROOF OF LEMMA 2.2. We start by explaining how the bound of the lemma
can be reduced to an estimate under the excursion measure. We write P for the
probability measure No(-|o = 1). For every ¢ < 1, the restriction of P to G; is ab-
solutely continuous with respect to the restriction of Ny to the same o -field. This
readily follows from the analogous property for the law of the normalized Brow-
nian excursion and the Itd measure. Moreover, the Radon—Nikodym derivative of
Pig, with respect to No\g, is bounded above by a constant depending only on 7.

We then observe that the event

(S <1—x}n{ sup W,>—r+e]
SE[Sr—¢,5r]

is measurable with respect to G1_,. If we are able to bound the Ng-measure of this
event, we will immediately get the same bound for its P-measure, up to a multi-
plicative constant depending on «. So, using the above-mentioned fact that the law
of (&, Ws)05s51 under P is the same as the law of the process (es, Zs)o<s<1 of
the preceding sections, it suffices to verify that the Ng-measure of the latter event
satisfies the bound of Lemma 2.2.

To this end, it is enough to prove that for r € [, A] and ¢ € (0, u/2),

(63) NO(S,+8 <00, sup Wy>—r+ JE) <Cp e’

SE[Sy,Sr+el

with 8 € (0,1) and a constant C4 , depending only on A and . We use the
notation introduced at the beginning of this Appendix, and we also set (in this
proof only)

T,” =inf{t > 0:v” =27

for every integer £ > 0 such that 27¢ <.
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For every ¢ € (0, 1), let £o9(e) and £ (e) be the nonnegative integers such that
2~to(e)~-1 _ o ~ 2—50(6)’ 2—bi(e) . o3/4 - r—bi(e)+]

Define two events A(g) and B() by

Lo(e)
A(s):{Sr<oo}ﬂ< U | inf ‘ (ianSJ><—2-2_E}),
t=t(e) el Tz(i)1<§Sr_§vj<T£(')} s>0
— 1
By ={Sr < o0} N sup (sup Wg) < 5\/5 .
(el : &5, =, <111} =0

We may assume that ¢ is small enough so that £3/4 < %ﬁ . Then if B(g) holds, one

immediately checks that ’VVS < —r+/eforS, <s<inf{t > S,:{ =¢s, — TE(lr()s)}‘

On the other hand, if A ) holds, there is a value of s in the same interval such that
Wy < —r — ¢. By combining these observations, we get

(A@) N Bee) C {Sr—l—s <oo, sup Wy<-r+ ﬁ}
SE[Sr, Srtel
and, therefore,
{Sr+€ <00, sup W, > —r+ «/5} C ({Sr <00} \ Ae)) U ({S, < 00} \ Bey)-
SELSy, Srte]

In view of proving (63), we bound separately No({S, < oo} \ A()) and No({S, <

oo} \ Be))-
From the exponential formula for Poisson measures, and formula (62), we have
first

No({Sr < 00} \ Be))

= No(S, < 00)No(1 — exp(—3(+/2/2) 72T, IS < o0)

=No(S, < 00)E[1 —exp(—12¢12724E 1))]

<No(S, <o0)E[1— exp(—lZsl/zT(l))],
where, for every u > 0, T(, stands for the hitting time of u by a seven-dimensional
Bessel process started from 0, and we used the scaling property T(,) @ uzT(l).

Clearly, the right-hand side is bounded above by a constant times ¢!/? (we use the
fact that 7(;) has moments of any order).

Then,
NO({SV < oo} \ A(s))

£o(e)
=No(S, < oo)No< [T exp(=3(1” = 12)(2-2797?)]s, < oo)
t=t1(e)



2954 J.-F.LE GALL

Lo(e)

3
= NO(Sr < OO) 1_[ E|:CXP<—ZZZE(T(2£) - T(z(l)))i|
£=Ly(e)

3 Lo(e)—L1(e)+1
=No($, < OO)E[CXP(—Z(T(U - T(l/z))ﬂ

using the strong Markov property and the scaling property of the Bessel process.
Since E[exp —%(T(l) — T(1,2))] < 1 and since £o(g) — €1 (&) behaves like a con-
stant times log(1/¢) when ¢ is small, we arrive at the desired bound. This com-
pletes the proof. [

PROOF OF LEMMA 5.1. In this proof C will denote a constant (which may
depend on u, A and «, but not on r) that may vary from line to line. As explained
previously, we can assume that e; = {; and Z; = W\S, under the probability mea-
sure P = Np(-Jo = 1). We then observe that, for every integer £ > £, the event
Ey is measurable with respect to Gj— /2. Thanks to this observation, it will suffice
to prove the bound of Lemma 5.1 when the expectation is replaced by an integral
under Ny. We use the notation introduced at the beginning of the Appendix, and
we now set

T,” =inf{t >0: v =K~}

for every integer £ > 0 such that K¢ < r. By convention, we also put T = 0.
Finally, for every choice of the integers k < k’ < 0o, such that K k< we put

Ik, K):={iel: T <¢s5, — 4y < T}

If we view (&5)o<s<o as coding a real tree, the indices i € I (k, k') correspond to
the “subtrees” that branch from the ancestral line of the vertex corresponding to S,

at a distance between Tk(/r) and T,” from this vertex.
Let E} be the event defined by the same properties as Ey, except that we remove
the bound 7 —¢+2(r) < 1 — % in (a). Then of course E; C E}, and

i 2‘3: g # Xe: 1Ek}C<{5r<1—'<}ﬂ{UK—W2J+2(V)—Sr>§}>.

k=|£/2] k=[¢/2]

From the strong Markov property at time S,, we get that the distribution of
Nx-1e2)+2(r) — Sy under No(-|S, < 00) coincides with the distribution of the hit-
ting time of TL(Z/)Z |—2 by an independent linear Brownian motion starting from 0.
Straightforward estimates now give the bound

No({Sr <l—«k}N {UK—WZJH(") -5 > g}) < Cbg,
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where the constant b € (0, 1) does not depend on £ or on r. Hence, the proof of the
lemma reduces to checking the existence of a’ € (0, 1) such that, for £ > 2¢,

‘ 1
NO(I{Sr<I—K}aZk:M/2J Ek) SCC/Z.

Finally, thanks to the presence of the indicator function 15, -1—,}, we may also re-
place E ,’< by the event Gy, which is defined by the same properties (a)—(f) [without
the bound ng-e2(r) <1 — % in (a)] but without imposing that S, <1 — k. Then it
will be enough to get the bound

(64) No(1ys, <oojat=t210t) < ca'’.

For every integer £ > £y, let A, be the event where the following holds: There
exists an excursion interval (v;, vf ) such that

(@) i € I(¢—2,¢—1) [or equivalently 7" < s, — Co < T));
(B) —(a1+ )K" <inf{W!:s >0} < —(a2 + )K"

() —r+BIK < Wy <=1+ K

(8) infjere—2,0—1\ (i (infy=0 W) > —ay K¢

(e) there exists t € [¢s, — &y, Tz(:)z] such that Yt(r) <&kt

() K~* < v —v; < (1 + 2K,

Then the events Ay, £ > £y are independent under Ng(-|S, < 00). If we condi-
tion on Wg, or, equivalently, on the random path Y )| this independence property
follows from the independence properties of Poisson measures, and we can then

(r) - :
use the fact that the processes (Y (Tg(f),+t)ATg(r))tZO’ £ > £, are independent, by the

strong Markov property of the Bessel process. Furthermore, a scaling argument
shows that No(A¢|S, < 0o0) = ¢, where ¢ > 0 is a constant that does not depend
on ¢ [notice that the property 81 < B> < 4 < K? ensures that («) and (y) are not
incompatible].

We also set

_ . . AJ _ ’ .y
Be= {jel(lﬁrlfl,oo)(:gg W; ) >~k }

and we observe that Ay N By C Gy by construction. So the bound (64) will follow
if we can verify that

(65) No(l{sr@o}azf:wzj lAkﬂBk) <cd’.

If we had 14, instead of 14,np, in (65), this bound would immediately follow
from the independence properties mentioned above. The events Ay N By are not
independent, because By involves all “subtrees” branching above level s, — T(z(i)l’

but still we will prove that there is enough independence to give a bound of the
form (65).
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To this end, it will be convenient to modify slightly the definition of A; and By.
We fix an integer ¢ > 1, whose choice will be made precise later, and we restrict
our attention to integers that are multiples of g. Precisely, for every k > Ll;_o] +1,
we let Zk be defined by the same properties as Ay, with the difference that in (5)
we require

inf ( fWJ)> —ay K.
jel(gk—2,q(k+1)=2)\{i} \s=>0 §

For the same values of k, we put

~

By = inf W/ ) > —aéK_qk].

sl o
]el(q(k—H) —2,00) \s>0
It is then immediate that Ak N Bk = Agk N Byk and so if we can prove that, for a
suitable choice of ¢ and for every £ > 2(L%J +1),

¥4 ~ o~
(66) No(1gs, <ooja™=1¢21"008) < Ca'",

the bound (65)~will follow (with a different value of a’).

The events Ay are again independent, and (by scaling) they have the same prob-
ability ¢(y) > 0 under No(-|S, < 00). From a standard large deviation estimate, we
get

I4
No( Z lgk < %E

S, < oo) < Cog,,
k=[£/2]

with some constant 6, € (0, 1). On the other hand, write Hy for the event where
we have both

< )
Z 1Ak = Z
k=[¢/2]
and
)
S 15 = - 14/2] - C(W
k=[¢/2]
On the event H;, we have obviously
C(q)
Z lAkﬂBk 8(1 ¢
k=[¢£/2]

and, therefore,

24 ~
No(1,a™ =12 'R0k |5, < o0) < a“@/8,
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Therefore, the proof of (66) will be complete if we can verify that, for a suitable
choice of ¢,

L
C
(67) N()({S, <oo}N { > L > %z}) <ca"

k=1¢/2]

with some a” € (0, 1).

To simplify notation, we write P instead of No(:|S, < o0) and E(,) for the
associated expectation in what follows. We start by observing that c(4) is bounded
below by a positive constant ¢’ that does not depend on g. Indeed, it follows from
independence properties of Poisson measures that, for every k > L/dq—OJ +1,

ctg) = P (Ax)
Ty —
= Py (Agk) x Eq [exp —2 / dtNo(inf W, > —agK—qk)]
T;GHH 520

) ) 3 ok
=cEy |:exp(—2(Tq,:_1 — Tq€k+1)—2)—K q )i|

201&2
3
>cE, [exp(— 71(2’11‘ Tq(l?—lﬂ
B}

3K?
= CE[CXP(—TT(I)H,
o

2

where as above T(1) stands for the hitting time of 1 by a seven-dimensional Bessel
process started from 0, and we used (62) in the second equality. We conclude
that c(y) > = cE[exp(—3K2(a’2)_2T(1))]. Obviously, it is enough to prove (67)
with c(4) replaced by ¢’.

We now specify the choice of ¢. To this end, we first note that, for any choice
of £y <k <k’ < oo and x > 0, we have, with the convention To(or) =0,

. . =57 Tk(r) 3
P(r)( inf (mf W{) < —x) =1—-Egy |:CXP —2 70 2x2 dt]
k/

jel (k,k") \s>0
1= oo )]
— (r) p x2

3. K—Zk

(68)
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where M is a constant. We choose the integer g > 2 sufficiently large so that
K=t c’
— <= and q— > 1.
())? ~2 8
Let ¢ > quﬁj + 1. We have

12 /

C ~ ~
P(r)( > 1= gf) < Y. Py(BiN---NB),
k=1¢/2] ki

where m = I_%/ZJ, and the sum in the right-hand side is over all choices of
ki,...,ky such that [€/2]| <k| < ky < --- <k, <{£. Obviously, the number of
such choices is bounded above by 2¢, and so the proof of (67) will be complete if

we can verify that, for any choice of k1, ..., k;,;, as above, we have

(69) Poy(Bf NN B )< K"

(recall that K > 2 and q%/ > 1). We prove by induction that the bound (69) holds
for any m > 1. If m = 1, we use the bound (68) with £’ = oo, k replaced by g (k +

1) —2and x = a4 K~ to get

N K —2q+4
Py (By) < M= =K
2
Then, if m > 2,
Piy(Bf, N+ N B} )

e~

nf W/

inf (inf W) < —apk—91)
jel (gD =2, +1)=2) \s20

= P(r)(

(70) - -
X P(r) (B/gz n---N B]gm)

+ Py (BEV N B - N B ),
where, for [£/2]| < k < k', we use the notation

(k) . . T /- —qk
B = inf inf W/ ) < —ah K 9% 1.
k {jel(q(k’+l)—2,oo)<s20 s) = 72 }

The first term in the right-hand side of (70) is bounded by the quantity

P(r)(B,E]fl))P(r)(E,f2 Nn---N E,fm). By iterating the argument, we obtain

m
~ . ~ k ~ ~.
j=1

IA

m

— —j k
> KD Py (B()
j=1
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using the induction hypothesis. On the other hand, the bound (68) gives for k < k’
“2qK+D+4
*) K 1 g2k —k—q
P(r)(Bk/ )SM (aé)ZKquk §2K
by our choice of g. We thus obtain

- . 1
Poy(Bg, N---N B ) <

N

m
Z K —9m=J) g—2qkj—k1)—q
j=1

m
K—9m Z K—4U-D < K~
j=1

A

N —

This completes the proof of (69) and of Lemma 5.1. [
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