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1 | INTRODUCTION

Abstract

We study the asymptotic behavior of uniform random maps
with a prescribed face-degree sequence, in the bipartite case,
as the number of faces tends to infinity. Under mild assump-
tions, we show that, properly rescaled, such maps converge
in distribution toward the Brownian map in the Gromov—
Hausdorft sense. This result encompasses a previous one of
Le Gall for uniform random g-angulations where g is an
even integer. It applies also to random maps sampled from
a Boltzmann distribution, under a second moment assump-
tion only, conditioned to be large in either of the sense of
the number of edges, vertices, or faces. The proof relies
on the convergence of so-called “discrete snakes” obtained
by adding spatial positions to the nodes of uniform random
plane trees with a prescribed child sequence recently stud-
ied by Broutin and Marckert. This paper can alternatively be
seen as a contribution to the study of the geometry of such

trees.

KEYWORDS
Brownian map; Brownian snake; labelled trees; limit theo-
rems; random maps

1.1 | Random planar maps as metric spaces

The study of scaling limits of large random maps, viewed as metric spaces, toward a universal object
called the Brownian map has seen numerous developments over the last decade. This paper is another
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step toward this universality as we show that the Brownian map appears as limit of maps with a
prescribed face-degree sequence. This particular model is introduced in the next subsection, let us the
first discuss the general idea of such studies and recall some previous results.

Recall that a (planar) map is an embedding of a finite connected graph into the two-dimensional
sphere, viewed up to orientation-preserving homeomorphisms. For technical reasons, the maps we
consider will always be rooted, which means that an oriented edge is distinguished. Maps have been
widely studied in combinatorics and random maps are of interest in theoretical physics, for which they
are a natural discretized version of random geometry, in particular in the theory of quantum gravity
(see eg [7]). One can view a map as a (finite) metric space by endowing the set of vertices with the
graph distance: the distance between two vertices is the minimal number of edges of a path going from
one to the other; throughout this paper, if M is a map, we shall denote the associated metric space, with
a slight abuse of notation, by (M, d,). The set of all compact metric spaces, considered up to isometry,
can be equipped with a metric, called the Gromov-Hausdorff distance, which makes it separable and
complete [14,16]; we can then study the convergence in distribution of random maps viewed as metric
spaces.

The first and fundamental result in this direction has been obtained simultaneously by Le Gall [27]
and Miermont [40] using different approaches. We call faces of a map the connected components of
the complement of the edges; the degree of a face is then the number of edges incident to it, with
the convention that if both sides of an edge are incident to the same face, then it is counted twice. A
quadrangulation is a map in which all faces have degree 4. In [27] and [40], it is shown that if O, is a
uniform random rooted quadrangulation with n faces, then the convergence in distribution
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holds in the sense of Gromov—Hausdorff, where the limit (.#, &), called the Brownian map, is a
random compact metric space, which is almost surely homeomorphic to the 2-sphere (Le Gall and
Paulin [30], Miermont [39]) and has Hausdorff dimension 4 (Le Gall [26]). Let us mention that the
Brownian map first appeared in the work of Marckert and Mokkadem [35] as a limit of rescaled
quadrangulations for a distance different than the Gromov—Hausdorff distance.

Le Gall [27] designs also a general method to prove such a limit theorem for other classes of random
maps, using the above convergence of quadrangulations. Indeed, the main result in [27] is stated for g-
angulations (which are maps in which each face has degree g) with n faces, for any g € {3,4,6,8, ...}
fixed. The limit is always the Brownian map as well as the scaling factor n~'/4, only the multiplicative
constant (9/8)'/* above depends on g (see the precise statement below). Note that apart from the case
q = 3 of triangulations, [27] only deals with maps with even face-degrees, which corresponds in the
planar case to bipartite maps. The non-bipartite case is technically more involved and we henceforth
restrict ourselves to bipartite maps as well. In this paper, we consider a large class of maps which
enables us to recover and extend previous results, but we stress that it does not recover the one above
on quadrangulations; as a matter of fact, as in [27], we use the latter in our proof.

1.2 | Main result and notation

We generalize g-angulations by considering maps with possibly faces of different degrees. For every
integer n > 2, we are given a sequence n = (n;; i > 1) of non-negative integers satisfying

§ n;=n,

i>1
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and we denote by M(n) the finite' set of rooted planar maps with n; faces of degree 2i for every i > 1.
Let us introduce the notation that we shall use throughout this paper. Set

N,,:Zini and  ny=1+N, —n. 1)

i>1

It is easy to see that every map in M (n) contains n faces and N, edges so, according to Euler’s formula,
ithas 2 + N, —n = ny + 1 vertices (this shift by one will simplify some statements later). We next
define a probability measure and its variance by

i Nn :
pn(i)ann+l for i>0 and o§=2i2pn(i)—<Nn+ )

i>1

The probability p, is (up to the fact that there are ny + 1 vertices) the empirical half face-degree
distribution of a map in M(n) if one sees the vertices as faces of degree 0. Last, let us denote by

Ap, =max{i > 0:n; > 0}

the right edge of the support of p,.
Our main assumption is the following: there exists a probability measure p = (p(i); i > 0) with
mean 1 and variance o7 = )", i’p(i) — 1 € (0, 00) such that, as [n| = n — oo,

DPn = D, (5,21 — o; and n~'2A, — 0, H)
where “="" denotes the weak convergence of probability measures, which is here equivalent to p, (i) —
p(i) for every i > 0.

Theorem 1  Under (H), if M,, is sampled uniformly at random in M(n) for everyn > 2,
then the following convergence in distribution holds in the sense of Gromov—-Hausdorff:

1/4
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Since the graph distance is defined in terms of edges, it would be natural to make the rescaling
depend on N, rather than n. Under (H), we have n/N, — 1 — p(0) as n — oo so the previous
convergence is equivalent to

1/4
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This result recovers the aforementioned one of Le Gall [27] for 2k-angulations for k > 2. Indeed,
these correspond to M(n) where n; = nif i = k and n; = 0 otherwise. In this case N, = nk and (H) is
fulfilled with

p)=1—-p0) =« and so 0[2, =k—1

Theorem 1 therefore immediately yields:

Uts cardinal was first calculated by Tutte [41] who considered the dual maps, that is, Eulerian maps with a prescribed vertex-
degree sequence.
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Corollary 1 (Le Gall [27])  Fix k > 2 and for every n > 2, let M be a uniform
random 2k-angulation with n faces. The following convergence in distribution holds in
the sense of Gromov—Hausdorff:

© 9 I ()
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1.3 | Boltzmann random maps

Theorem 1 also applies to random maps sampled from a Boltzmann distribution. Given a sequence
q = (gx; k > 1) of non-negative real numbers, we define a measure W9 on the set M of rooted bipartite
maps by the formula

WIiM) = 1_[ Gdes(f)/25 MeM,

feFaces(M)

where Faces(M) is the set of faces of M and deg(f) is the degree of such a face f. Set Z, = WI(M);
whenever it is finite, the formula

1
PY() = — WY(.
) Z )
defines a probability measure on M. We consider next such random maps conditioned to have a large
size for several notions of size. For every integer n > 1, let Mg_,, My_, and Mg_, be the subsets of
M of those maps with respectively n edges, n vertices and n faces. For every S = {E, V, F} and every
n > 1, we define

Pg:n(M) = PQ(M | M € MS:n)» M € MS:ns

the law of a Boltzmann map conditioned to have size n; here and later, we shall always, if necessary,
implicitly restrict ourselves to those values of n for which W9(M;_,) # 0, and limits shall be understood
along this subsequence.

Under mild integrability conditions on q, we prove in Section 7 that for every S € {E, V, F}, there

exists a constant K§ > 0 such that if M,, is sampled from P_, for every n > 1, then the convergence

in distribution
K9 1/4
(m(f) dy | = (4. D),

holds in the sense of Gromov—Hausdorff. We refer to Theorem 3 for a precise statement. Observe that
for any choice S € {E, V, F}, if M, is sampled from Pg:,, then, conditional on its degree sequence, say,
Y, = (Waq, ()50 > 1), it has the uniform distribution in M(v 4, ). The proof of the above convergence
consists in showing that v 4, satisfies (H) in probability for some deterministic limit law pq. Indeed,
by Skorohod’s representation Theorem, there exists then a probability space where versions of v,
under P§_, satisfy (H) almost surely so we may apply Theorem 1 and conclude the convergence in
law of the rescaled maps.

The case S = V was obtained by Le Gall [27, Theorem 9.1], relying on results of Marckert and
Miermont [33], when q is regular critical, meaning that the distribution pq (which is roughly that of
the half-degree of a typical face when we see vertices as faces of degree 0) admits small exponential
moments. Here, we generalize this result (and consider other conditionings) to all generic critical
sequences ¢, that is, those for which p, admits a second moment.
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Let us mention that Le Gall and Miermont [29] have also considered Boltzmann random maps
with n vertices in which the distribution of the degree of a typical face is in the domain of attraction of
a stable distribution with index a € (1,2) and obtained different objects at the limit (after extraction
of a subsequence). Also, Janson and Stefansson [21] have studied maps with n edges which exhibit
a condensation phenomenon and converge, after rescaling, toward the Brownian tree: a unique giant
face emerges and its boundary collapses into a tree.

The conditioning § = E by the number of edges is somewhat different since the set M_, is finite?
so the distribution Pg:n(-) = WI(-)/WI(Mg-,) on Mg_, makes sense even if WI(M) is infinite; we
shall see that the above convergence still holds in this case (Theorem 4). The simplest example is the
constant sequence ¢; = 1 for every k > 1, in which case P}_, corresponds to the uniform distribution
in Mg_,; in this case, we calculate KEq = 1/2, which recovers a result first due to Abraham [1]:

Corollary 2 (Abraham [1])  Foreveryn > 1, let B, be a uniform random bipartite map
with n edges. The following convergence in distribution holds in the sense of Gromov—

Hausdorff:
1\ )
(an (%) dgr) :O (%a -@)

1.4 | Approach and organization of the paper

Our approach to proving Theorem 1 follows closely the robust one of Le Gall [27]. Specifically, we
code our map M, by a certain labeled (or spatial) two-type tree (1, £,) via a bijection due to Bouttier,
Di Francesco and Guitter [12]: 7, is a plane tree and £, is a function which associates with each vertex
of 7, alabel (or a spatial position) in Z. Such a labeled tree is itself encoded by a pair of discrete paths
(Cr, L2); we show that under (H), this pair, suitably rescaled, converges in distribution toward a pair
(e, Z) called in the literature the “head of the Brownian snake” (eg, [20,32,34]). The construction of the
Brownian map from (e, Z) is analogous to the Bouttier—Di Francesco—Guitter bijection; as it was shown
by Le Gall [27], Theorem 1 follows from this functional limit theorem as well as a certain“invariance
under re-rooting” of our maps.

To prove such an invariance principle for (7, £,), we further rely on a more recent bijection due to
Janson and Stefansson [21] which maps two-type trees to one-type trees which are easier to control. As
a matter of fact, if M, is uniformly distributed in M(n) and (7}, ,,) is its corresponding labeled one-
type tree, then the unlabeled tree T, is a uniform random tree with a prescribed degree (in the sense of
offspring) sequence as studied by Broutin and Marckert [13]. The labeled tree (7, /,) is again encoded
by a pair of functions (H,,L,) and the main result of [13] is, under the very same assumption (H),
the convergence of H, suitably rescaled toward e. Our main contribution, see Theorem 2, consists in
strengthening this result by adding the labels to show that the pair (H,, L,), suitably rescaled, converges
toward (e, Z), and then transporting this invariance principle back to the two-type tree (7, £,,).

The previous works on the convergence of large random labeled trees focus on the case when the tree
is a size-conditioned (one or multi-type) Galton—Watson tree and a lot of effort has been put to reduce
the assumptions of the labels as much as possible, maintaining quite strong assumption on the tree
itself; a common assumption is indeed to consider a Galton—Watson tree whose offspring distribution
admits small exponential moments; in order to reduce the assumption on the labels, Marckert [32] even
supposes the offsprings to be uniformly bounded. In this paper, we take the opposite direction: we focus
only on the labels given by the bijection with planar maps, which satisfy rather strong assumptions,

2See Walsh [42, Equation 7] for an expression of its cardinal.
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and work under weak assumptions on the tree (essentially a second moment condition). Furthermore,
we consider trees with a prescribed degree sequence, which are more general than Galton—Watson
trees and on which the literature is limited, which explains the length of this work.

Let us mention that other convergences toward the Brownian map similar to Theorem 1 have
been obtained using also other bijections with labeled trees: Beltran and Le Gall [8] studied random
quadrangulations without vertices of degree one, Addario-Berry and Albenque [3] considered ran-
dom triangulations and quadrangulations without loops or multiple edges and Bettinelli, Jacob, and
Miermont [10] uniform random maps with » edges.

This work leaves open two questions that we plan to investigate in the future. First, one can
consider non-bipartite maps with a prescribed degree sequence; we restricted ourselves here to bipartite
maps because (except in the notable case of triangulations), in the non-bipartite case, the Bouttier—
Di Francesco—Guitter bijection yields a more complicated labeled three-type tree which is harder to
analyze; moreover, the Janson—Stefansson bijection does not apply to such trees so the method of
proof should be different. A second direction of future work would be to relax the assumption (H),
in particular to consider maps with large faces. A first step would be to extend the work of Broutin
and Marckert [13] on plane trees; we believe that the family of so-called inhomogeneous continuum
random trees introduced in [6, 15] appears at the limit; one would then construct a family of random
maps from these trees, replacing the Brownian excursion e by their “exploration process” studied in [5].

This paper is organized as follows. In Section 2, we first introduce the notion of labeled one-type and
two-type trees and their encoding by functions, then we describe the Bouttier—Di Francesco—Guitter
and Janson—Stefansson bijections. In Section 3, we define the pair (e, Z) and the Brownian map and
we state our main results on the convergence of discrete paths. Section 4 is a technical section in which
we extend a “backbone decomposition” of Broutin and Marckert [13], the results are stated there and
proved in Appendix A. We prove the convergence of the pairs (C2, £7) and (H,, L,), which encode
the labeled trees (7,,¢,) and (7, l,) respectively, in Section 5. Then we prove Theorem 1 in section
6. Finally, we apply our results to Boltzmann random maps in Section 7.

2 | MAPS AND TREES

2.1 | Plane trees and their encoding with paths

Let N = {1,2,...} be the set of all positive integers, set N® = {&} and consider the set of words

U= JN"

n>0

For every u = (uy,...,u,) € U, we denote by |u| = n the length of u; if n > 1, we define its prefix
pr(w) = (uy,...,u,_1) and forv = (v,...,v,) € U,weletuv = (uy,...,u,,v1,...,vy) € U be the
concatenation of u and v. We endow U with the lexicographical order: given u,v € U, letw € U be
their longest common prefix, thatis u = w(uy,...,u,), v = w(vy,...,v,) and u; # v, then u < v if
u < vi.

A plane tree is a non-empty, finite subset T C U such that:

(i) geT
(i) if u € T with |u| > 1, then pr(u) € t;

(iii) if u € T, then there exists an integer k, > O such thatui € tifandonlyif 1 <i <k,.

We shall denote the set of plane trees by T. We will view each vertex u of a tree t as an individual
of a population for which T is the genealogical tree. The vertex & is called the root of the tree and for
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every u € T, k, is the number of children of u (if k, = 0, then u is called a leaf, otherwise, u is called
an internal vertex) and ul, . .., uk, are these children from left to right, |u| is its generation, pr(u) is
its parent and more generally, the vertices u, pr(u), pr o pr(u), . .., pr'"(u) = @ are its ancestors; the
longest common prefix of two elements is their last common ancestor. We shall denote by [u, v] the
unique non-crossing path between u and v.

Fix a tree T with N edges and let @ = uy < u; < --- < uy be its vertices, listed in lexicographical
order. We describe three discrete paths which each encode t. First, its Lukasiewiczpath W = (W (j); 0 <
j <N +1)isdefined by W(0) = 0 and forevery 0 <j <N,

WG +1) = WQ) +k, — 1.

One easily checks that W(j) > 0 forevery 0 < j < N but W(N 4 1) = —1. Next, we define the height
process H = (H(j);0 <j < N) by setting forevery 0 <j <N,

H(j) = |ul.
Finally, define the contour sequence (cy,cy,...,coy) of T as follows: ¢ = & and for each i €
{0,...,2N — 1}, ;4 is either the first child of ¢; which does not appear in the sequence (cy, . . ., ¢;), Or

the parent of ¢; if all its children already appear in this sequence. The lexicographical order on the tree
corresponds to the depth-first search order, whereas the contour order corresponds to “moving around
the tree in clockwise order”. The contour process C = (C(j);0 < j < 2N) is defined by setting for
every 0 <j < 2N,

C{H) = lgl.

Without further notice, throughout this work, every discrete path shall also be viewed as a
continuous function after interpolating linearly between integer times.

2.2 | Labeled plane trees and label processes
2.2.1 | Two-type trees

We will use the expression “two-type tree” for a plane tree in which we distinguish vertices at even and
odd generation; call the former white and the latter black, we denote by o(7") and e(7") the sets of white
and black vertices of a two-type tree 7. We denote by T, , the set of two-type trees. Let N be the number
of edges of such a tree 7, denote by (cy, . . . , coy) its contour sequence and C = (C(k);0 < k < 2N) its
contour process; forevery 0 < k < N, setc; = cy, the sequence (cj, . . ., cy) is called the white contour
sequence of T and we define its white contour process C° = (C°(k);0 < k < N) by C°(k) = |c}|/2 for
every 0 < k < N. One easily sees that sup, .y, [C(2Nt) — 2C°(Nt)| = 1 so C° encodes the geometry
of the tree up to a small error.

A labeling ¢ of a two-type tree 7 is a function defined on the set o(7) of its white vertices to Z
such that

o the root of 7 is labeled 0,

o for every black vertex, the increments of the labels of its white neighbors in clockwise
order are greater than or equal to —1.

We define the white label process L° = (L°(k);0 < k < N) of T by L°(k) = £(cy) for every
0 < k < N. The labeled tree (7, ¢) is, up to a small error, encoded by the pair (C°, £°), see Figure 1.
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FIGURE 1 A two-type labeled tree, its white contour process on top and its white label process below

2.2.2 | One-type trees

As opposed to two-type trees, plane trees in which vertices at even and odd generation play the same
role will be called “one-type trees” and not just “trees” to emphasize the difference. Recall that the
geometry of a one-type tree T is encoded by its height process H. A labeling | of such a tree is a
function defined on the set of vertices to Z such that

e the root of T is labeled 0,
e for every internal vertex, its right-most child carries the same label as itself,

e for every internal vertex, the label increment between itself and its first child is greater
than or equal to —1, and so are the increments between every two consecutive children
from left to right.

Define the label process L(k) = I(u;), where (uy,...,uy) is the sequence of vertices of T in
lexicographical order; the labeled tree is (exactly) encoded by the pair (H, L), see Figure 2.

2.2.3 | Notational remark

We use roman letters 7', [, H, L for one-type trees and calligraphic letters 7, ¢, C, L for two-type trees.
We stress also that we consider the contour order for two-type trees and the lexicographical order for
one-type trees.

FIGURE 2 A one-type labeled tree, its height process on top and its label process below
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FIGURE 3 The Bouttier—Di Francesco—Guitter bijection

2.3 | The Bouttier-Di Francesco—Guitter bijection

A map is said to be pointed if a vertex is distinguished. Given a sequence n of non-negative integers,
we denote by M*(n) the set of rooted and pointed planar maps with n; faces with degree 2i for every
i > 1. Let T, .(n) denote the set of two-type trees with n; black vertices with degree i for every i > 1;
note that such a tree has ny white vertices and N, edges, which are both defined in (1). Let further
LT, .(n) be the set of such labeled two-type trees.

Bouttier, Di Francesco, and Guitter [12] show that M*(n) and {—1, +1} x LT, . (n) are in bijection,
we shall refer to it as the BDG bijection. Let us only recall how a map is constructed from a labeled
two-type tree (7, £), as depicted by Figure 3. Let N be the number of edges of 7, we write (c§, . . ., cy)
for its white contour sequence and we adopt the convention that ¢, = ¢} forevery 0 <i < N. A
white corner is a sector around a white vertex delimited by two consecutive edges; there are N white
corners, corresponding to the vertices cj, ..., cy_,; for every 0 < i < 2N we denote by e; the corner
corresponding to ¢;. We add an extra vertex * outside the tree 7 and construct a map on the vertex-set
of 7 and by drawing edges as follows: forevery 0 <i <N — 1,

o if £(c) > ming<x<y—; £(c}), then we draw an edge between e; and e; where j =
min{k > i: £(c}) = £(c]) — 1},

o if £(c}) = ming<x<n—1 £(c}), then we draw an edge between e; and .

It is shown in [12] that this procedure indeed produces a planar map M, pointed at *, and rooted at the
first edge that we drew, for i = 0, oriented according to an external choice € € {—1,+1} and, further,
that this operation is invertible. Observe that M has N edges, as many as 7, and that the faces of
M correspond to the black vertices of 7; one can check that the degree of a face is twice that of the
corresponding black vertex, we conclude that the above procedure indeed realizes a bijection between
M*(n) and {—1,+1} x LT, ,(n). One may be concerned with the fact that the vertices of M different
from * are labeled, which seems at first sight to be an extra information; shift these labels by adding to
each the quantity 1 —min....7) £(c°®) and label O the vertex *, then the label of each vertex corresponds
to its graph distance in M to the origin *.

2.4 | The Janson-Stefansson bijection

Let T'(n) denote the set of one-type trees possessing n; vertices with i children for every i > 0; note that
such a tree has N, edges and that p,, defined in Section 1.2 is its empirical offspring distribution. Uniform
random trees in T'(n) have been studied by Addario-Berry [2] who obtained uniform sub-Gaussian tail
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FIGURE 4 The Janson—Stefdnsson bijection from two-type trees to one-type trees

bounds for their height and width and Broutin and Marckert [13] who showed that, properly rescaled,
under our assumption (H), they converge in distribution in the sense of Gromov—Hausdorff, toward
the celebrated Brownian tree, see (4) below.

Janson and Stefansson [21] show that T(n) and T, ,(n) are in bijection, we shall refer to it as the
JS bijection. In this bijection, the white vertices of the tree in T, ,(n) are mapped onto the leaves of the
tree in T(n) and the black vertices in the former, with degree k > 1, are mapped onto (internal) vertices
of the latter with & children. Let us recall the construction of this bijection in the two directions.

Let us start with a two-type tree 7; we construct a one-type tree T with the same vertex-set as
follows. First, if 7 = {@} is a singleton, then set T = {&}; otherwise, for every white vertex u € o(7),
do the following:

o if u is a leaf of 7, then draw an edge between u and pr(u);

e if u is an internal vertex, with k, > 1 children, then draw edges between any two
consecutive black children u1 and u2, u2 and u3, ..., u(k, — 1) and uk,, draw also an
edge between u and uk,;

o if furthermore u # &, then draw an edge between its first child u1 and its parent pr(u)
in the first corner at the left of the edge between u and pr(u).

We root the new tree T at the first child of the root of 7. See Figure 4 for an illustration.

Conversely, given a one-type tree T, we construct a two-type tree 7 as follows. Again, set 7 = {&}
whenever T = {J}; otherwise, for every leaf u of T, denote by u* its last ancestor whose last child is
not an ancestor of u; formally set

u* = sup {w € [@,u: wk, ¢]@,u]}.

The set on the right may be empty, in which case u* = @ by convention. Then draw an edge between u
and every vertex v € [u*, u[], in the first corner at the right of the edge between v and its only child which
belongs to Ju*, u]]. This yields a tree that we root at the last leaf of 7. See Figure 5 for an illustration.
One can check that the two procedures are the inverse of one another.

Let further LT(n) be the set of labeled one-type trees possessing n; vertices with i children for
every i > 0, the JS bijection extends to a bijection between LT(n) and LT, ,(n) if every black vertex
of a two-type tree is given the label of its white parent. Let us explain how this bijection translates in
terms of the processes encoding the labeled trees (one may look at Figures 1 and 2 for an illustration).
Fix (7,¢) a two-type labeled tree and denote by C° its white contour process and £° its white label
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FIGURE 5 The Janson—Stefdnsson bijection from one-type trees to two-type trees

process (in contour order). Fix also (7', /) a one-type labeled tree and denote by H its height process
and L its label process (in lexicographical order). Finally, introduce a modified version of the height
process: let N be the number of edges of T and (uy, . .., uy) be its vertices listed in lexicographical
order; for each integer j € {0,...,N}, we let H (7) denote the number of strict ancestors of u; whose
last child is not an ancestor of u;, that is,

H() =# {welo,ul: wk, ¢]2,u]}.
Lemma 1 If(T,]) and (T ,Y¢) are related by the JS bijection, then
L =L and C°=H.

Proof Letus first prove the equality of the label processes. We use the observation from
[23] that the lexicographical order on the vertices of T corresponds to the contour order
on the black corners of 7 which, by a shift, corresponds to the contour order on the white
corners of 7. Specifically, let N be the number of edges of both trees, fix j € {0,...,N}
and consider the j-th white corner of 7 it is a sector around a white vertex delimited by
two consecutive edges, whose other extremity is therefore black; consider the previous
black corner in contour order, in the construction of the JS bijection, an edge of T starts
from this corner and we claim that the other extremity of this edge is u; the j-th vertex of
T in lexicographical order. We refer to the proof of Proposition 2.1 and Figure 4 in [23].

It follows that if ¢; € o(7) is the white vertex of 7 visited at the j-th step in the white
contour sequence, then the image of u; by the JS bijection is

e cither c this is the case when c; is a leaf or when the white corner is the one between
the last child of ¢} and its parent;

e orachild of ¢}: precisely, its first child if the white corner is the one between the parent
of c]? and its first child, and its k-th child if the corner is the one between the k — 1st
and k-th children of .

Since a black vertex inherits the label of its white parent, we conclude that in both cases

we have L(j) = l(u;) = £(c]) = L°()).
Next, for every u € T, set

Hw) =#{w e [@,ul: wk, ¢]2,u]};
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if H(u) # 0, recall the definition

u* = sup {w € [@,u: wk, ¢]@,u]}.

Fix v € o(7) awhite vertex of 7 and w € e(7) one of its children, if it has any. Denote by
JS(v),JS(w) € T their image by the JS bijection, we argue that HJS(»v)) and H(S(w))
are both equal to half the generation of v in 7. Denote by u = JS(v); from the construction
of the JS bijection, if v is different from the root of 7', then its parent in 7 is mapped onto
u* and its children onto Ju*, u[], thus

HUSw)) = HUSM) = Hw) = Hw*) + 1 = HUS(pr())) + 1.

If v is the root of 7, then u is the right-most leaf of T and v and its children are mapped
onto the vertices of T for which H = 0. We conclude after an induction on the generation
of v that indeed, H JS(w)) and H (JS(v)) are equal, and their common value is given by
half the generation of vin 7.

Recall the notation ¢; € o(7) for the white vertex of 7 visited at the j-th step in the
white contour sequence and u; for the j-th vertex of T in lexicographical order. Since the
image of u; by the “,JV S bijection is either ¢; orone of its children (if {E has any), we conclude
in both cases that H(u;) is half the generation of c; in 7, that is, H(j) = C°(j). .

Recall the well-known identity between the height process H and the Lukasiewicz path W of a
one-type tree (see, eg, Le Gall and Le Jan [28]):

H(j):#{ie {0,....;i — 1} : W(@) fllinlf']W} foreach 0<j<N. 2)
i+1y

Indeed, for i < j, we have W(i) < infj;;,;; W if and only if u; is an ancestor of u;; moreover, the
inequality is an equality if and only if the last child of u; is also an ancestor of u;. A consequence of
Lemma 1 is therefore the identity

C"(i):#{ie{O,...,i—l}:W(i)<[jJr111f.]W} foreach 0<j<N. 3)
i+1,j

The latter was already observed by Abraham [1, Equation 5] without the formalism of the JS bijection,
where W (which corresponds to Y — 1 there) was defined directly from the two-type tree.

3 | THE BROWNIAN MAP

3.1 | The Brownian snake and the Brownian map

Denote by e = (e;; ¢ € [0, 1]) the standard Brownian excursion. For every s, ¢ € [0, 1], set

me(s,t) = min e, and d.(s, 1) = e, + € — 2m(s,1).
re[snt,svt]

One easily checks that d, is a random pseudo-metric on [0, 1], we then define an equivalence relation
on [0, 1] by setting s ~, ¢ whenever d,(s,7) = 0. Consider the quotient space 7, = [0, 1]/ ~., we let
1. be the canonical projection [0, 1] — .7; d, induces a metric on .7, that we still denote by d,. The
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space (7, d.) is a so-called compact real-tree, naturally rooted at 7t,(0) = 7t.(1), called the Brownian
tree coded by e, introduced by Aldous [4].

We construct next another process Z = (Z;;¢t € [0, 1]) on the same probability space as e which,
conditional on e, is a centred Gaussian process satisfying for every s, ¢ € [0, 1],

E[1Z,— Z|* | e] = de(s, 1) or,equivalently,  E[ZZ | e] = mc(s,1).

It is known (see, eg, Le Gall [24, Chapter IV.4] on a more general path-valued process called the
Brownian snake whose Z is only the “tip”) that the pair (e, Z) admits a continuous version and, without
further notice, we shall work throughout this paper with this version. Observe that, almost surely,
Zo = 0 and Z; = Z, whenever s ~, t so Z can be seen as a Brownian motion indexed by 7 by
setting Z,,y = Z, for every ¢ € [0, 1]. We interpret Z, as the label of an element x € ; the pair
(Ze, (Z;x € F,)) is a continuous analog of labeled plane trees and the construction of the Brownian
map from this pair, that we next recall, is somewhat an analog of the BDG bijection presented above.
Let us follow Le Gall [26] to which we refer for details. For every s, € [0, 1], define

v min{Z,.;r € [s,t]} ifs <t,
Z(s, 1) =
min{Z,;r € [s,1]U[0,¢]} otherwise,

and then
Dy(s,1) = Z, + Z, — 2 max{Z(s, 1); Z(t,5)}.

For every x,y € 7, set
DZ(an) = lnf {DZ(Sa t);s9t e [0’ 1]7~x = T[e(s) andy = T[e(t)}’

and finally

k
P(x,y) =inf Y Dzlair,a);k > 1,(x =ag,ar,...,a,ax=y) € T { .

i=1

The function Z is a pseudo-distance on .7, we define an equivalence relation by setting x &~ y whenever
P(x,y) = 0 for x,y € J,. The Brownian map is the quotient space .# = 7,/ ~ equipped with the
metric induced by 2, that we still denote by &. Note that Z can be seen as a pseudo-distance on [0, 1]
by setting Z(s, 1) = Z(7.(s), T(t)) for every s, € [0, 1], thus .# can be seen as a quotient space of
[0, 1].

The following observation shall be used later on. As a function on ﬂez, we clearly have 2 < D,
and in fact, Z is the largest pseudo-distance on .7 satisfying this property. Indeed, if D is another such
pseudo-distance, then for every x,y € 7, for every k > 1 and every ag,ay,...,aq_;,ax € J, with
ay = x and a; = y, by the triangle inequality D(x,y) < Zf:l D(a;_,a;) < Zf:l Dy (a;_y,a;) and so
D(x,y) < 2(x,y). Furthermore, if we view 2 as a function on [0, 1], then for all 5,7 € [0, 1] such
that d.(s,) = 0 we have T.(s) = T.(¢) and s0 Z(7.(s), W (t)) = 0. We deduce from the previous
maximality property that & is the largest pseudo-distance D on [0, 1] satisfying the following two
properties:

D <D, and de(s,t) =0 implies D(s,t) = 0.
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3.2 | Functional invariance principles

Let 7T, € T(n) be a one-type tree; ithas N, = Ziz | in; edges, we denote by W,,, H,, and C, respectively
its Lukasiewicz path, its height process and its contour process. The main result of Broutin and Marckert
[13] is the following: under (H), if 7, is sampled uniformly at random in T(n) for every n > 1, then
the following convergence in distribution holds in €’([0, 1], R?):

W,(Nat) H,(Nnt) C,(2Nyt) ) 2 2
2 2 12 — | 0p€, —e, —e . 4)
n Nn f refo,)] " O Op /e

Denote by L, the label process (in lexicographical order) of alabeled tree (7, /,) € LT (n). Consider
also a labeled two-type tree (7,,¢,) € LT,.(n); it has N, edges as well, we denote by C; its white
contour function and by L its label function (in contour order).

Theorem 2 I (T,,1,) and (7,,£,) are related by the JS bijection and have the uniform
distribution in LT (n) and LT, ,(n) respectively for every n > 1, then, under (H), the
following convergences in distribution hold jointly in € ([0, 1], R?):

5 12 1/4
% 1 H, (Nat) o | L,(Nat) D (e, 2) (5)
4 Nn n nt), 40_]2) Nn n n e ts £t )tel0,1]»

tel0,1]
and
2 1/4
o 1) 9 1

)4 o o (d)

— — Co(Npt), | —— L° (Nyt — (e,Z . 6
(4176 N, . (Nn?) 40§ N, o (Nnt) e (€1, Z) o1 6)
t€[0,1]

Remark 1  Denote by C, the contour function of 7,,. We have already observed in Section
2.2 that sup, (g 1, [C.(2Nat) — 2C; (Nat)| = 1, so (6) implies

o 1 12
(d)
< 16;% M) Ci(2Nyt) e (€)refo.1)-

t€[0,1]

Consequently, we have the joint convergences in the sense of Gromov—Hausdorff:

(T, Ny Pdy) - (z,@de>, and  (T,,N;"dy) 2> (2,3de>.

n—00 (o n—00 o,

Remark 2 By definition, if (7', [) is a labeled one-type tree and u is a vertex of T with
r > 1 children, then the sequence (0, [(u1) — [(u), ..., I{(ur) — (1)) belongs to the set of
bridges

B ={(xo,....x,) :xo=x,=0andx; —x;_; € {—=1,0,1,2,...} for 1 <j <r}. (7)

2r—11)’ it follows that a one-type tree T possesses

I1 (2]{"“__11) (8)

ueT:ky>1

Since the cardinal of B is (

r—
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possible labelings. Observe that this quantity is constant over T(n) so if we first sample
an unlabeled tree 7, uniformly at random in T (n) and if we then add labels uniformly at
random, in the sense that the sequences (0, [(ul) —I(u), . .., [(uk,) — (1)) seT, are sampled
independently and uniformly at random in B,j; respectively, then the labeled tree has the
uniform distribution in LT (n).

Let us comment on the constants in Theorem 2. The one in front of H,, is taken from (4). Next, the
label of a vertex u € T, is the sum of the increments of the labels between consecutive ancestors; there
are |u| such terms, which are independent and distributed, when an ancestor has i children and the one
on the path to u is the j-th one, as the j-th marginal of a uniform random bridge in Bi*, as defined in (7);
the latter is a centred random variable with variance 2j(i —j)/(i + 1). As we will see, there is typically
a proportion about p, (i) of such ancestors so L, (u) has variance about

Xj:umofaf)—ugjmfo M—.

i>1 j=1 i>1

If u is the vertex visited at time |N,7] in lexicographical order, then |u| ~ (4N, /0;)'/*e, so we expect
L, (Nnt), once rescaled by N!/4, to be asymptotically Gaussian with variance

1/2 1/2
4\ Lo (Y,
2 t —_— 1.
o, 3 9

Regarding the two-type tree, the proof of the convergence of C¢ relies on showing that, as n — 00, it
is close to poH,, when 7, and T, are related by the JS bijection. Finally, according to Lemma 1, when
7, and T, are related by the JS bijection, then the processes £° and L, are equal.

We next explain how Theorem 2 will follow from several results proved in Section 5.

Proof of Theorem 2 Recall from Lemma 1 that the processes L, and L are equal.
Appealing to this lemma, we shall also obtain in Proposition 1 below the joint convergence

02 | 1/2 02 1/2
L Hn Nnt, - CO Nnt (_d)) €€ :
(4M) Na). o) Gt > (e €icion)

t€[0,1]

In Proposition 4, we shall prove that, jointly with this convergence, for every k > 1, if
(U, ..., U;) are i.i.d. uniform random variables in [0, 1] independent of the trees, then
the convergence

1/4
9 1 (d)
—_— L,(N U, ...,L,(N,U Zy s Z 9
(40’[2) Nn) ( ( 1) ( k)) oo ( Uy Uk) ( )
holds in R¥, where the process Z is independent of (Uy, ..., Uy). Finally, in Proposition

7, we shall prove that the sequence

(N AL, (Nat)i 1 € [0, 11),,_,
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is tight in % ([0, 1], R). This ensures that the sequences on the left-hand side of (5) and (6)
are tight in 6’ ([0, 1], R?). Using the equicontinuity given by this tightness, as well as the
uniform continuity of the pair (e, Z), one may transpose (9) to a convergence for deter-
ministic times, by approximating them by i.i.d. uniform random times, see, for example,
Addario-Berry and Albenque [3, proof of Proposition 6.1] for a detailed argument; this
characterizes the sub-sequential limits of (5) and (6) in € ([0, 1], R?) as (e, Z). .

The proofs of the above intermediate results are deferred to Section 5, they rely on a precise
description of the branches from the root of 7, to i.i.d. vertices which is the content of the next section.

4 | SPINAL DECOMPOSITIONS

In this section, we describe the branches from the root to i.i.d. vertices in a tree 7,, sampled uniformly
at random in T(n), extending results due to Broutin and Marckert [13]. We only state the results, the
proofs are technical and are deferred to Appendix A for the sake of clarity.

4.1 | A one-point decomposition

For a given vertex u in a plane tree T, we denote by A;(«) its number of strict ancestors with i children:
Aiw) =#{ve[o,ul: k =i}.

We write A(u) = (A;(u);i > 1); note that |u| = |A(u)| = ZizlAi(u). The quantity A(u) is crucial
in order to control the label [, () of the vertex u € T, when (7, ,) is chosen uniformly at random in
LT(n). Indeed, one can write

W =Y L) = Lpre)),

ve].u]

and, conditional on 7, the random variables /,(v) — [,(pr(v)) are independent and their law depends
on the number of children of pr(v).
If m = (m;;i > 1) is a sequence of non-negative integers, then we set

LR@m) =1+ ) (i — Hm,.

i1
The notation comes from the fact that removal of the path [&, u[ produces a forest of LR(A (u)) trees,

so, in other words, LR(A (u)) is the number of vertices lying directly on the left or on the right of this
path (and the component “above”). For every x > 0 define the following set of “good” sequences:

Good(n,x) = {m € Z : LR(m) < xN,”> and |m| < xN,"*}.
Consider also the more restrictive set
Good" (n,x) = {m € Z} : LR(m) < xN,/* and x'N,”* < |m| < xN,"*}.

The following result has been obtained by Broutin and Marckert [13]; it is not written explicitly
there but the arguments that we recall in Appendix A can be found in Sections 3 and 5.2 there.
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Lemma 2 Forevery n > 1, sample T, uniformly at random in T(n) and then sample
a vertex u, uniformly at random in T,. For every ¢ > 0, there exists x > 0 such that,
under (H),

lim ilan (A(u) € Good(n, x) forallu T,,) >1—c¢,

and

lim inf P (A(4,) € Good" (n,x)) > 1 —e.

Furthermore, there exists a constant C > 0O (which depends on x) such that for every
sequence m € Good(n, x), setting h = |m|, we have

PA@,)=m)<C-N;'?.P(EY =m),

where EM = (Efi’,?;i > 1) has the multinomial distribution with parameters h and
(ini/Nyp;i > 1).

Observe that replacing A(u,) by such a multinomial sequence means that the random variables
(kprvy3 v €]9, u,]) are independent and distributed according to the size-biased law (in;/Ny;i > 1).
Also, clearly, conditional on (k,,,; v €], u,]), the random variables (x,; v €]@, u,]) are independent
and each one has the uniform distribution in {1, ..., k,.,} respectively.

The following corollary, which shall be used in Section 5.5, sheds some light on Lemma 2. The
argument used in the proof shall be used at several other occasions.

Corollary 3  Recall the notation X, € {1, ..., kyw} for the relative position of a vertex

40}

w € T, among its siblings. Letc =1 — 5

and h, = 1‘7—5 In N, and consider the event
0

#Hwel|lu,v]:x, =1
&, = { fw ]]’;]]v]] ]]X ) < cforeveryu,v € T, such that u € [@,v] and #]u,v] > hn}.
u,v
If T, is sampled uniformly at random in T (n), then under (H), we have P(E,) — 1 as
n— oQ.

In words, this means that in 7}, there is no branch longer than some constant times In n along which
the proportion of individuals which are the left-most child of their parent is too large.

Proof Foreveryv e T,,forevery 1 <j < |v|, letus denote by a;(v) the unique element
of [@,v] such that #[a;(v),v] = j, then set X;(v) = 1 if x40 = 1 and X;(v) = 0
otherwise so

J
&= N {#{1sisj:x,-<v>=1}5c~j}=ﬂ N { Xf(v)f“f}'
i=1

veTn hn<j<|v| veTn hn<j<|v|

Letuy, . .., uy, be the vertices of T, listed in lexicographical order. Sample g, uniformly at
randomin {1,...,N,} and independently of T}, let v, = u,, and let (" denote a random
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sequence with the multinomial distribution with parameters & and (in;/N,;i > 1). Fix
e > 0, and let x > 0 and C > 0 as in Lemma 2. Then for n large enough,

P(&) e+ Z Z Z Z P <21:Xi(uq) > c-jand A(u,) = m)

1<q=<Nn hnS/Serl./z .fShS)ani/2 me(ﬁs‘o_d(n,x) =1

J
< &+ Cx*N2/* sup sup Z P (ZX,«(V,,) >c-j ) AW, = m) P(EY =m).

Jzh h2J e Good(nx)
|m|=h

i=1

Observe that conditional on the offsprings &, (v,)’s of the ancestors a;(v,)’s, the X;(v,)’s
are independent and have the Bernoulli distribution with parameter 1/k,, (v,) respectively.
We thus have

J Jj
> P(ZX,-(V,,) >c-j ‘ Ay =m>P(E§(’> =m) =P(ZY“,,- > c-j),
i=1

meGood(n,x) i=1
[m|=

where the Y, ;’s are independent and have the Bernoulli distribution with parameter

Zl rn,_1 ng — 1
r Nn_ N,

r>1

ny—1
Nn

Recall thatc =1 — ’%; fix n large enough so that, according to (H), > 3{770 and so

c—(1— %) = % — % > 2 The Chernoff bound then reads

J J 2
. Po . Po .
P Yni . <P Yni_E Yni > — - <ex _— .
(; ,>CJ>_ (2( ) 4J) p( 2 J)
so finally, for n large enough,
2

P (5,?) <e+ szNs/2 exp <—§0 ~hn> ,

which converges to € as n — oo from our choice of A,. .

4.2 | A multi-point decomposition

We next extend the previous decomposition according to several i.i.d. uniform random vertices. Let
us first introduce some notation. Fix a plane tree T and k distinct vertices uy, ..., of T and denote
by T'(uy,...,u) the tree T reduced to its root and these vertices:

Tuy,...,u) = U [9,u],

I<j<k

which naturally inherits a plane tree structure from 7. Denote by k' < k — 1 the number of branch-
points of T (uy, . ..,u) and by vy, ..., vy these branch-points. Let F'(u,, . .., u;) be the forest obtained
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from T (uy,...,u;) by removing the edges linking these branch-points to their children; note that
F(uy,...,u;) contains k + k' connected components which are only single paths, that is, each one
contains one root and only one leaf and the latter is either one of the u;’s or one of the v;’s. Let us rank
these connected components in increasing lexicographical order of their root and denote by &; and X;
respectively the root and the leaf of the j-th one. Forevery 1 <j < k 4+ k' and every i > 1, we set

Ay ow) =#z e [@ 0k = i),
where k, must be understood as the number of children in the original tree T of the vertex z. We set
A(I/tl, ey I/tk) = (A“)(ul, ey Mk), e ,A(k+k/)(1/t1, ey I/lk)) .

Fixn,k > 1, sample T, uniformly at random in T (n) and then sample i.i.d. uniform random vertices
Upi, - ..Uy in T,; denote by Bin, the following event: the reduced tree T, (14,1, . . . , 4, ) is binary, has
k leaves and its root has only one child. Note that on this event, the u,;’s are distinct and the number
of branch-points of the reduced tree is & = k — 1. Let us also denote by Bink+ = {maX,cr, |a| <
N34} N Bin,. The next result is proved in Appendix A.

Lemma 3 Foreveryn > 1, sample T, uniformly at random in T(n) and then sample
i.i.d. uniform random vertices u,, . . . ,u, in T,,. For every ¢ > 0, there exists x > 0 such
that, under (H),

2k—1
lim ilan <Bin,j N ﬂ {A(i)(un’l’ cesUpg) € Good+(n,x)}) >1—ce.

i=1

Furthermore, there exists C > 0 (which depends on x) such that for every sequences

m®, ... . m*D e Good(n,x), setting |m?| = h; for each 1 < j < 2k — 1, we have
2k—1 ,
_ . —(Qh— —~ ()
P (Al ty) = D, .m0 [ Bin) < € N2 TP ()" =m),
j=1
—~(hy) ) . . . Lo . .
where By = (E,;';i > 1) has the multinomial distribution with parameters h; and

(in;i/Nn3i = 1).

S | FUNCTIONAL INVARIANCE PRINCIPLES

We state and prove in this section the intermediate results used in the proof of Theorem 2. Let (7, ,)
be a uniform random labeled tree in LT (n) and let H, and L, denote its height and label processes.
Let also 7, be its associated two-type tree, which has the uniform distribution in T, ,(n), with white
contour process C;. Our aim is to show that, under (H), the three convergences

1/2
0,27 o . @ .
4 2N C”(Nnt),t € [09 1] (et’t € [O, 1]) (10)
po n n—oo
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as well as
5 12
o, 1 @
(ZZV) H,(Nnt);t € [0,1]1] —> (et €[0,1]) (I1)
and
1/4
9 1 (d)
— L,(Nnt);t €[0,11] — (Z;t €[0,1D), (12)
40"% Nu n—>00

hold jointly in €' ([0, 1], R). The second one is the main result of [13] recalled in (4). We prove (10)
in the next subsection. Then we prove the convergence of random finite-dimensional marginals of
N, 1/ 4Ln(Nn'))nzl in Section 5.3 and the tightness of this sequence in Section 5.5.

5.1 | Convergence of the contour

Let 7, have the uniform distribution in T(n) and let 7, be its associated two-type tree, which has the
uniform distribution in T, , (n).

Proposition 1  Under (H), we have the convergence in distribution in € ([0, 1], R?)

1/2 1/2
o2 1 o . @
Z]vn Hn(Nn[), m Cn (Nnt) r:c (ers et)te[O,l]-

t€[0,1]

The key observation is the identity from Lemma 1:
C; =H,

where ﬁ,, (j) is the number of strict ancestors of the j-th vertex of T, whose last child is not one of its
ancestors. We have seen in the previous section that for a “typical” vertex u of T, at generation |u/,
the number of ancestors having i children for i > 1 forms approximately a multinomial sequence with
parameters |u| and (in;/Ny,; i > 1); further, for each such ancestor, there is a probability 1 — 1/i that
its last child is not an ancestor of « and therefore contributes to C?. Since Y .., (1 — 1/i)(in;/Na) —
1 — (1 — po) = po, we conclude that, at a “typical” time, C; ~ poH,. B

Proof The convergence of the first marginal comes from (4); since, under (H), we have
po = lim,_, o (ng — 1)/N, it suffices then to prove that

~ —1
N2 sup |Hu(Nat) — 2~ H,(Nat)| —> 0.
0<t<l n n—00
Note that we may restrict ourselves to times ¢ of the form i/N, withi € {1,...,N,}. We
proceed as in the proof of Corollary 3. Let i, be a uniform random integer in {1, ..., Ny}

and u, the i,-th vertex of 7, in lexicographical order. Fix 8,& > 0 and choose x > 0 and
C > 0 as in Lemma 2. Then for n large enough,
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~ -1
P( sup |, (i) — " H, ()| > SN;/Z)
1<i<Nn n
3/2 7 (; o—1 12
<e+xN7? sup > PAw) =m)P(|H,G,) - h| > 3N | A(u,) =m ).
lshst,i/z meGood(n,x) "
Iim|=h
~ -1
<e+ CxN, sup P(EY =m)P <‘Hn(in) - nON h' SN.? | Au,) = )
lghﬁlell/z meGood(n,x) n
m|=h

Observe that conditional on the vector (k,; v € [&, u,[), the random variable I?n(i,l) is a
sum of independent Bernoulli random variables, with respective parameter (1 — &, ';v €
[2, u,[))- Note that

Zl 1 i}’li_no—l
: i) No Ny’

i>1

we let (Y,;;1 < i < h) be independent Bernoulli random variables with parameter
(ng — 1)/Ny. We then conclude, applying the Chernoff bound for the second inequality,
that for every n large enough,
> 3N,/ 2)

—1 .
H, ()

n

A, -2

ZYnt -

<e+ CxN, sup 2e_28 Nu/h

1<h<av)/?

P < sup > 8N5/2> <e+CxN, sup P (
1<i<Nn

1<h<xNM?

which converges to € as n — oo.

5.2 | Maximal displacement at a branch-point

Recall that for every vertex u, we denote by k, its number of children and these children by ul, .. ., uk,.

Proposition 2  For every n > 1, sample (T,,1,) uniformly at random in LT (n). Under
(H), we have the convergence in probability

N;'* max | max 1, (uj) — mm l wj)| = 0.
uely |1<j<ky n—o00

To prove this result, we shall need the following sub-Gaussian tail bound for the maximal gap in
arandom walk bridge. The proof is easy, we refer to Appendix B.

Lemmad4 Let (Si;k > 0) be a random walk such that Sy = 0 and (Siy1 — Si;k > 0)
are i.i.d. random variables, taking values in Z N [—b, 00) for some b > 0, centred and
with variance o> € (0, 00). There exists two constants ¢, C > 0 which only depend on b
and o such that for every r > 1 and x > 0, we have

P(max Sy — min S > x

O<k<r O<k<r

S, = 0> < CeIr,
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Proof of Proposition 2 Recall that conditional on T,, the sequences (0,[/,(ul) —
L(u), ..., 1, (uk,) — 1,(4)),er, are independent and distributed respectively uniformly at
random in B defined in (7), with r = k,, and that there are n, such vertices in T,. Con-
sider the random walk (S;;i > 0) such that Sp = 0 and (S;;; — S;;i > 0) are i.i.d. random
variables, distributed as a shifted geometric law: P (S; = k) = 2=**? for every k > —1.
Then it is easy to check that for every r > 1, on the event {S, = 0}, the path (S, ...,S,)
has the uniform distribution in 5. Therefore, according to Lemma 4, there exists two
universal constants ¢, C > 0 such that for every € > 0, for every n large enough,

5 = o)

max [,(ui) — mln l,l(uz)

1<i<ky

< 8N1/4> HP (max Si — min S; < eNM*

0<k=<r 0<k<r

P [ max
uely
An

> l—[ (1 — Cexp (—ce®Ny?/r))"

r=1

Zn Cexp (—ce?N)?/r)

> exp —Zn,

—1 1 —Cexp (—CSZNJ/Z/r>

An
> exp (—c > neexp (—ce®Ny2/r) (1 + 0(1))) ,

r=1

where we have used the bound In(1 —x) > — 1XTX forx < 1, jointly with the fact that, under
(H), we have sup, _,_, exp(—ce’N,/?/r) — 0 since A, = o(N,/?). Recall furthermore
that under (H), we have 2" r2n,/N, — o2 + 1 < 0o, we conclude that for every n
large enough, since x — x2e ' is decreasing on [2, 00),

,NJ/2 r’n, Ny ,NJ/2
anexp( ) < ZI: A X A—ﬁexp —ce A e 0,
and the claim follows. .
5.3 | Random finite-dimensional convergence
As in Section 4, in order to make the notation easier to follow, we first treat the one-dimensional case.

Proposition 3  For every n > 1, sample independently (T,, l,) uniformly at random in
LT(m) and U uniformly at random in [0, 1]. Under (H), the convergence in distribution

o 1\
@,
—— L,(NyU Z
<4GI%N,,) ( ) o oo U

holds jointly with (11), where the process Z is independent of U.

Proof The approach of the proof was described in Section 3.2 when explaining the
constant (9/(40;,))"/*. Note that the vertex u, visited at the time [N, U7 in lexicographical
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order has the uniform distribution in T},;> denote by I, (u,) = L,([N,U1) its label and by
lu,| = H,([N,U1) its height and observe that

Since, according to (11), the first term on the right converges in distribution toward ey, it
is equivalent to show that, jointly with (11), we have

! I} N OGI27 13
mn(un) = 3 ) (13)

where N(0, 07 /3) denotes the centred Gaussian distribution with variance o7 /3 and “="
is a slight abuse of notation to refer to the weak convergence of the law of the random
variable.

Recall that we denote by A;(u,) the number of strict ancestors of u, with i children:

Ai(u,) =# {v € [D,u,[: k, = i} ;

denote further by A, ;(u,) the number of strict ancestors of u,, with i children, among which
the j-th one is again an ancestor of u,:

Aiju,) =#{v € [@,u,[: k, = i and vj €]@, u,]} .

We have seen in Section 4 that when 7, is uniformly distributed in T (n) and u,, is uniformly
distributedin T,,, then A (u,,) = (A;(u,);i > 1) can be compared to a multinomial sequence
with parameters |u,| and (in;/N,;i > 1). Observe further that given the sequence A (u,),
the vectors (A;;(u,); 1 <j < i);> are independent and distributed respectively according
to the multinomial distribution with parameters A; (,) and (1,...,4).

Let (X;jx;1 <j <i < Ap,k > 1) be a collection of independent random variables
which is also independent of A (u,), and such that X; ;; has the law of the j-th marginal of
a uniform random bridge in B;"; note that the latter is centred and has variance, say, cizx]..
Then let us write

An i Aijlun) K i Aijlun)
L) =Y > > X and @)=Y " Y Xy forK=1
i=1 j=1 k=1 i=1 j=1 k=1

The proof of (13) is divided into two steps: we first show that for every K > 1,
IX(u,) //Tu,| converges toward a limit which depends on K and which in turn converges
toward NV(0,07/3) as K — oo, and then we show that |1, (u,) — I} (,)|/+/Tu,| can be
made arbitrarily small uniformly for n large enough by choosing K large enough.
Let us first prove the convergence of [X (u,) as n — oo. For every h > 1, let 2/ =
Eilh,), i > 1) denote a random sequence with the multinomial distribution with parameters
h and (in;/Ny;i > 1) and fix e > 0, and letx > 0 and C > 0O as in Lemma 2.

3Precisely uy, has the uniform distribution in 7}, \ {&}, but we omit this detail for the sake of clarity.
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Fix i > 1 such that p(i) # 0. Since E,; has the binomial distribution with parameters
h and in;/N,, Lemma 2 and Markov 1nequa11ty yield for every 8§ > 0 and every n large
) <e+4+Cx sup | <

enough,
> 8)
N2 <h<an)/?

P<
Ny
<eg+4+Cx sup A8 <— — 1> ,

mn;
N2 el

H(h

Ny g0 _
hin; ™

Ai(u,) —

|Mn|l n;

which converges to ¢ as n — oo since in;/N, — ip(i) € (0,1). Given A;(u,), the
vector (A;;(u,); 1 < j < i) has the multinomial distribution with parameters A;(u,) and
(%, e, %) so for every 1 < j < i, we further have

Al/(un) _) 1.

[n |1

Since the random variables X, are independent, centred and have variance 01.2 o the central
limit theorem then reads, when p(i) # O,

z/(“n)

wak = N (0.p(i)o?,) - (14)

Iun

In the case p(i) = 0, we claim that

IJ (un)

1 1
«/Iu_; X_: Xijx % 0. (15)

Indeed, with the same argument as above, it suffices to show that for every § > 0, we
have

i M
nli)n;lo sup Z P (Eg’) = m)P ZZX,-M > sVh| = 0,
j=1 k=1

N2 <) =

where the vector (M;;;1 < j < i) has the multinomial distribution with parameters m;
and (%, cees %) and is independent of the X;;’s. For every sequence m, we have

i | m,
ZZXl/k > svh SBQhZE i) 0% @mT o

j=1 k=1 j=1

whence

i Mij i
> P(EY=m)P Zix,",»,k >wh| <) P(EY =m) LhmTZ

|m|=h j=1 k=1 |m|=h j=1



MARZOUK

ZLWILEY
=k [H(h)] S2h ;

5 2

oo|_

N

Under (H), we have n;/N, — p(i) = 0 as n — oo and (15) follows.
We conclude using (14), (15) and the independence of the X;;;’s as i and j vary that
for every K > 1, the convergence

ﬁlK(u,,) = N(O Zp(l)chu>

i=1 j=1

holds. Marckert and Miermont [33, page 1664]* have calculated the variance of the
random variables X x:
() U WP (G )
Vit ' 30

Consequently,

K i iGi—1) o2
. 2 . _r
Zp(z) ;oi,f = p( —— =3
which implies
K i o2
. 2 op
J\/(O,;p(l);cfw) = N(O, 3).
i= j=
It only remains to show that for every 8 > 0, we have
lim lim sup P (|l,,(u,,) — K )| = 3,/|un|) =0. (16)

Again, with the same notation as above, it is enough to show that for every x > 0 and
every 8 > 0, we have

An i Mij
l1m lim sup sup Z P (Eflh) P Xiji| = sWh| =o.
K—o0
n=>00 —INY2 ch<anl/? fmi=h =K j=1 k=1
By the same calculation as above,
An i Mij | Qoo
g0 — . 20— m) — il 2
SPES=mP (33 Y xu| = ovh] = Y PED=m) Y Yo
Im|= i=K j=1 k=1 Im|=h =K = j=1

4Note that they consider uniform random bridges in Bl !
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3’:/1 K : E [HW] ch

An

_ 1 n,- l(l
82 i= K
Under (H), we have
An
Z —z(z - — Zp(l)l(l - — 0
i=K i>K
This concludes the proof of (16). .

We next give a multi-dimensional extension of Proposition 3. The proof of the latter relied on
Lemma 2, the proof of its extension appeals to Lemma 3.

Proposition 4  For every n > 1, sample independently (T,,1,) uniformly at random
in LT(n) and Uy, ..., Uy uniformly at random in [0, 1]. Under (H), the convergence in
distribution

1/4
9 1 @
v (Ln(NnUl)’~-~sLn(NnUk)) 3@

12N, (Zv,s ... Zy,)
P

holds jointly with (11), where the process Z is independent of (U, ..., Uy).

Proof As for Lemma 3, we focus on the case k = 2 and comment on the general case at
the end. Let u,, and v, be independent uniform random vertices of 7,, and w, be their most
recent common ancestor, let further &, and v, be the children of w, which are respectively
an ancestor of u, and v,. We write:

ln(un) = ln(wn) + (ln(iln) - ln(wn)) + (ln(un) - ln(ﬁn))v

and we have a similar decomposition for v,. The point is that, conditional on 7}, u,, and v,,
the random variables I, (w,), I, (u,) — I, (it,) and L, (v,)) — L, (,) are independent. Moreover,
according to Proposition 2, with high probability, I, (i) — I,(w,) and ,(¥,) — I,(w,) are
both small compared to N}/4.

According to (11), we have

o 1 12
~ ~ ()
(fﬁ) (|Wn|7 |un| - |un|9 |Vn| - |Vn|) nj) (me(U V) €y — me(U V) €y — me(U V))

where U and V are i.i.d uniform random variables on [0, 1] independent of e. We shall
prove that, jointly with (11),

3 ln (Wn) ln(un) - ln (ﬁn) l (Vn) l (971) (d)
- ) — (G1,Gy,Gy), 17
Vo (¢|wn| Vil = laal /vl = 5] ) e (G102 )
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where G|, G,, G5 are i.i.d. standard Gaussian random variables. Proposition 2 and (17)
then imply that, jointly with (11), the pair

1/4
21 (L (), L, (Vi)
40_2 Nn n n’s *n n

n>1

converges in distribution toward

(V@ VIG1 + Vew =m0, V)Go. V(U V)G + ey —me(U,V)Gs ) = (Zu,: Zay).

The proof of (17) is mutatis mutandis the same as that of Proposition 3: consider the
three branches [, w,], [it,, #,], and [V,, v, ], we use Lemma 3 to compare the number of
elements in each branch which have i children and among which the j-th one belongs to
the branch to independent multinomial distributions; then we may use the arguments of
the proof of Proposition 3 to each branch independently which yields (17).

The general case k£ > 2 hides no difficulty. Sample i.i.d. uniform random vertices
Uy, -- -, Uyy of T,; appealing to Proposition 2, we neglect the contribution of the branch-
points of the reduced tree 7, («,, 1, - . - , U, ;) and we decompose the labels of each vertex u,,;
as the sum of the increments over all the branches of the forest F),(u,, 1, . . . , #,;); Lemma
3 then yields the generalization of (17). .

5.4 | Concentration results for discrete excursions

In this subsection, we shall prove two concentration inequalities for the Lukasiewicz path of 7,. The
first one shall be used to derive the tightness of the label process in the next subsection, and the second
one in Section 6 in the proof of Theorem 1.

Proposition 5  Assume that (H) holds and let W, be the tukasiewicz path of a tree

sampled uniformly at random in T(n). There exists a constant C > 0 such that, uniformly
fort >0, neNand0 <j <k <N,+ lwithk —j <N,/2,

2
P (Wn(j) —jrglir}( W, () > t) < exp <_#—1)> .

Consequently, for every r > 0, if C(r) = T'(1 + %) - C"/?, then the bound

E [(Wn(i) — min Wn(i)> } <C(r)- (k="
jsis
holds uniformly forn € Nand 0 <j <k < N, + 1 such thatk —j < N,/2.

This result follows from Section 3 of Addario-Berry [2]. Fix m = (mg, m, m,, . ..) a sequence of
non-negative integers with finite sum satisfying

M=) "m, di—-Dm=-1 and =) (—1)’m,

i=0 i=0 =0
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and define
B(m) = {x = (x,...,xy) :#{j :x; =i — 1} = m; forevery i > 0} .

Given x € B(m), we consider the walk S, defined by S,(0) = 0 and S,(k) = x; + --- + x; for
1 < k < M. A careful reading of [2, Section 3] which focuses on the case k = |[M /2], and which
relies on a concentration inequality similar to Lemma 4 applied to the martingale (S, (k) +1)/(M — k),
yields the following result.

Lemma 5 (Addario-Berry [2])  If x is sampled uniformly at random in B(m), then

2
P <— min S, (i) > t) <exp|-—
Osizk (165 + 8(1 — L)k

foreveryl <k < |M/2] and every t > 0.
Observe that S, (M) = —1 for every x € B(m); we define further
Em) ={x e B(m) : S,(k) > Oforevery |l <k <M —1}.

The sets E(m) and T(m) are in one-to-one correspondence: each path S, with x in E(m) is the
Eukasiewicz path of a tree in T(m). For x € B(m) and j € {1,...,M}, denote by x € B(m) the j-th
cyclic shift of x defined by

)
x,i’ = Xk+j mod M> 1<k<M.

It is well-known that, given x € B(m), we have x € E(m) if and only if j is the least time at which
the walk S, achieves its minimum overall value:

j:inf{l §k§M:SX(k)=linfMSx(i)}. (18)

Given x € B(m), we let x* be the unique cyclic shift of x in E(m). It is a standard fact that if x has the
uniform distribution in B(m), then the time j satisfying (18) has the uniform distribution on {1, ..., M}
and furthermore x* = x is uniformly distributed in E(m) and is independent of ;.

Proof of Proposition 5 According to the previous remark, we know that W, is distributed
as S+ where x has the uniform distribution in B(n). With the previous notation, M = N,+1
and

2

2= (Np + Do + N —N,+1= (N, + Do +
n n Nn+1 n n n

Ny, +1°
We then apply Lemma 5 to S,+: for every t > 1, forevery | <k —j < [Nyn/2],
P <Sx* (j) — min S« (i) > t) =P (— min S, (i) > t)
j<i<k 0<i<k—j

t2

< _

Nn+1

—C —j)) ’
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which corresponds to the first claim, with C = sup,,>1{16(c +ya +1)+ (1 — +1)} < 00;
the second claim follows by integrating this tail bound applied to 7!/, .

We next show that the vertices of 7, with a given offspring are in some sense uniformly distributed
for large n. If T € T is a tree and uy, . . ., uy are its vertices listed in lexicographical order, then for
every set A C Z, and every integer 1 <i < N + 1, we let

Ar,i(A)=#{0§j§i—1:kujeA}

be the number of vertices of T amongst the first i which have a number of children in A. The next result
shows that this quantity grows roughly linearly with i.

Proposition 6  Assume that (H) holds and sample T, uniformly at random in T(n) for
everyn > 1. Then for every A C Z,,

P( max |Az,;(A) — pa(A)i] >Nj/4> — 0.
1<i<Np+1 n—o00

Proof Foreveryy € B(n),everyA C Z, andevery 1 <i <N, + 1, set
)\y,t(A) 2#{1 Skflyk'i‘ 1 EA}

Note that \y y,11(A) = (Nn + 1)pn(A). As previously discussed, the Lukasiewicz path of
T, has the law of S, where x is uniformly distributed in E(n), so

P (1 max |AT,1,(A) pa(A)i] > Nﬁ“) =P <lm_a§ Ihei(A) — pu(A)i] > le/“) .

Let us first consider y uniformly distributed in B(n). For each 1 < i < N, + 1 fixed,
Ay i(A) = 22:1 1y, +1e4) is the sum of i dependent Bernoulli random variables, which
arise from a sampling without replacement in an urn with initial configuration of ) ,_, n;
“good” balls and N, + 1 — ), _, n; “bad” balls. It is well-known that the expected value
of any continuous convex function of \;(A) is bounded above by the corresponding
quantity for the sum of 7 i.i.d. Bernoulli random variables with parameter p,(A), which
arise from sampling with replacement, see, for example, Hoeffding’s seminal paper [18,
Theorem 4]. In particular, the Chernoff bound for binomial random variables still holds
and yields

P (é‘}?ﬁn [hi(A) — pa(A)i] > Nj/“) = N max P ([hi(4) —pa(A)i| > Ny7)

32
< 2N, max. exp (—2N,/?/i)

= 0(Nn_l).

Next, letj be as in (18) and recall that j is uniformly distributed in {1, ..., N, + 1} and
that x = y* = y¥ is uniformly distributed in E(n) and independent of j. If j = N, + 1,
then x = y and our claim follows from the above bound. We then implicitly condition j
to be less than N,, + 1, in which case it has the uniform distribution in {1, ..., N,} and itis
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independent of x. Observe that NV, + 1 —j also has the uniform distribution in {1, ..., N,}
and is independent of x, so

P <1ma1§ [hasA4) = pu(A)i] > N,?/“) < NaP ([haips1(A) = pa(A) Vo + 1 =] > ).
Furthermore, in our coupling, Ay, +1-j(A) =#{1 <k <Ny +1—j:x +1€A}isalso
equal to#{l <k <N, +1—j:yn,+20-« + 1 € A}. By time-reversal, we have the identity

(Orgs2is L Sk S Na+ DiNa+ 1)) 2 (031 <k < Na + D3)),

where j' = sup{0 < k < N, : S,(k) = max;<;<y,+1 Sx([)}. We conclude that

P ( max | A7, (A) — pa(A)i] > Ng/“) < NoP (|0 (A) — paQ)j| > NJ*) + P (=N, + 1),

I<i<Nn+

which converges to 0 as n — o0. .

5.5 | Tightness of the label process

Let us prove the tightness of the label process; jointly with Proposition 4, this will end the proof of
Theorem 2.

Proposition 7  For every n > 1, sample (T,, l,) uniformly at random in LT (n). Under
(H), the sequence
(N L, (Nat): 1 € [0.1])

n>1

is tight in € ([0, 1], R).

In the remainder of this section, we shall use the notation C(gq) for a positive constant which depends
only on a real number g and, implicitly, on the sequences n, and which will often differ from one line
to another.

We shall prove that, for some sequence of events &, satisfying P(£,) — 1 as n — oo (those
from Corollary 3), for every g > 4, for every p € (0,q/4 — 1), for every n large enough, for every
i,j €{0,..., Ny},

P

. 19)

E[IL.() — L.()|" | £] < C(g) - N&/* -

Set Ly (1) = N V4L, (Nat) for n € N and ¢ € [0, 1], then the previous display reads
E[|Lay () = Ly®[" [ &] < Clg) - 1s — 11",

whenever s,f € [0, 1] are such that N,s and N,t are both integers. Since L, is defined by linear
interpolation between such times, this bound then holds for every s, ¢ € [0, 1] (possibly with a different
constant C(q)). Since g can be chosen arbitrarily large, the standard Kolmogorov criterion then implies
the following bound for the Holder norm of L,: for every a € (0, 1/4),

im limsup P

1
K—oo o

sup
0<s#r=<l1 ls —]*

( |y (s) — Lny (1) oK ‘ 5) — 0
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since P(£,) — 1 as n — 00, we obtain

Liy(s) — Ly (2
im limsupP( sup M>K)=O,

1
K=o 5,00 O=s#t=1 |s —z]*

and the sequence (L,;n > 1) is tight in €' ([0, 1], R).

The proof of (19) relies on the coding of T, by its Lukasiewicz path. The next lemma, whose proof
is left as an exercise, gathers some deterministic results that we shall need (we refer to eg, Le Gall
[25] for a thorough discussion of such results). In order to simplify the notation, we identify for the
remainder of this section the vertices of a one-type tree with their index in the lexicographic order: if
u and v’ are the i-th and 7'-th vertices of T,,, we write u < K if i < K, W, (u) for W, (i) and |u — u'| for
|i — i'|, the lexicographic distance between u and u'. Recall also that uj is the j-th child of a vertex u.

Lemma 6 Let T be a one-type plane tree and W be its Lukasiewicz path. Fix a vertex
ueT, then

Wk = W), W)= inf W and j —j=Wuj)— W)

[uj.uj’]
foreveryl <j<j <k,

In the course of the proof of (19), we shall need the following two ingredients. First, a consequence
of the so-called Marcinkiewicz—Zygmund inequality, see, for example, Gut [17, Theorem 8.1]: fix
g > 2 and consider independent and centred random variables Yi, ..., Y, which admit a finite g-th

moment, then there exists C(g) € (0, 0o) such that
q m q/2
} <C(g)-E (Z |Y,~|2>

1 m q/2
-  .E Yi|? E
@ (Z| |) < [ >

i=1

m

>y

i=1

Consider the right-most term, and raise it temporarily to the power 2/g in order to apply the triangle
inequality for the L%/?-norm, the second inequality thus yields the following bound:

|

>
i=1

q/2

q m
} <C(g)- (ZE [|Yl-|‘f]2”) . 20)
i=1

Second, for every r > 1, consider X a uniform random bridge in B}, defined in (7); Le Gall and
Miermont [29, Lemma 1] have shown that for every ¢ > 2 and every i,j € {0,...,r},

d

Proof of Proposition 7 Recall that we identify the vertices of T, with their index in the
lexicographic order. Fix ¢ > 4, € (0,q/4 — 1), n large enough so that &, defined in
Corollary 3 has probability larger than 1/2, and two integers 0 < u < v < N, + 1 with
v —u < |N,/2]; we aim at showing

X"~ Xj(”

] < Clg) - li— 17> @1)

1+
u—v P

E[lL - Lol | &] = Cl@) NI - | —
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Let u A v, be the most recent common ancestor of # and v in T,, and further z and v be the
children of u A v which are respectively ancestor of u and v. We stress that u and v are
deterministic times, whereas u A v, it, and ¥ are random and measurable with respect to
T,. We write:

L) = L) = Y L) = Lerow) | + @G — L)+ [ D Lerom) = Lmw)
welit,u] we]vv]

Recall the notation 1 < x; < ¥; < kyn, for the relative position of & and ¥ among the
children of u A v. By construction of the labels on 7,,, the bound (21) reads in our context:

E([[L@ — LD | T.] < C@) - 6 — xa)”*.

Next, fix w €]lit, u], since I,(pr(w)) = L,(pr(w)k,rqv), as previously, the bound (21)
gives:

E [|ln(w) - ln(Pr(W))|q | Tn] =< C(f]) N (kpr(w) - Xw)q/2~
Similarly, for every w €]v, v], we have
E [|L.(pr(w)) — L,w)|? | T,] < C(g) - x¥*.

According to the inequality (20), we thus have

q/2
E[1L@) =L | T]<C@ | Y Kooy — X + Ko —Xad + D Yoo
weli,u] welv,v]
q/2 q/2
=C@- Z Kprowy = Xw) + o —xa) |+ Z Xw
welit,u] welv,v]
(22)
Let us first consider the first term in (22). Appealing to Lemma 6, we have
Xo — Xa = ‘/Vn(i/\l) - ‘/Vll({>)9
and similarly, for every w €], u],
kpr(w) — Xw = Wn(w) - Wn(pr(w)kpr(w)) - Wn(Wkw) - Wn(pr(w)kpr(w))’
SO
D Ko = Xo) + O = i) = W) = Wa9) = Wa(u) — inf W,
weliu] '
Proposition 5 then yields
q/2 Y
El Y (o — %)+ O — xa) £ | =C@) lu—v"" < Clg) - N+ | ——

we]iu]
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We next focus on the second term in (22). We would like to proceed symmetrically
but there is a technical issue: on the branch ], u], we strongly used the fact that [, (wk,,) =
I,(w) and this does no hold on v, v]: we do not have I,(wl) = [,(w) in general. Let T
be the “mirror image” of T, that is, the tree obtained from 7,, by flipping the order of the
children of every vertex; let us write w~ € T, for the mirror image of a vertex w € T,;
make the following observations:

e T~ has the same law as 7, so in particular, its Lukasiewicz path has the same law as
that of 7),;

o forevery w €]V, v], the quantity x,, — 1 in 7, corresponds to the quantity k,,,,—) — X
inT,;

o the lexicographical distance between the last descendant in T, of respectively ¥~ and
v~ is smaller than the lexicographical distance between v and v in T, (the elements of
[9,v] =]v~, v~] are missing).

With theses observations, the previous argument used to control the branch ||i, u] shows
that

q/2

we]v,v]

1+
u—v p

Ny

Since ¥, < 2(x, — 1) whenever yx,, > 2, it only remains to show that

1+p

E[#{w €]d,v] : x = 1}7? | £,] < Clg) - N2 - ‘Q

n

Let C and h, be as in Corollary 3. On the one hand, since h, is small compared to any
positive power of N,,, we have for n large enough,

1+
u—v b

E [#{W E]]ﬁ, V]] e = I}Q/zl{#]]g’v]]fhn}] < ]’l:i/z < Nz/4 . N
n

On the other hand, if #]V, v] > hy, then on the event &,, we know that

#Hw el i xw =1} <C-#welpv] i % =2<C D (xw— D).

welv,v]
We then conclude from the previous bound. .

Remark 3 It is possible that the following stronger bound than (19) holds: for every
g>4andevery0 <u<v<N,+1,

E[IL,() — L,()I] < C(q) - lu — v]*/*. (23)
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Indeed, the only missing point in the previous proof is the last bound on the moments of
#{w €]v,v] : x,» = 1 and k() > 2}.° Observe that

#w €], v] : xw = land kypgyy > 2} < # {w € [u,v[: W,(w) < ]1nf] Wn}

(2# {w €l0,v —ul] : S,(w) > supSn}
[0,w]

< sup S,(w),

0<w<v—u

where S, is a uniform random bridge in B(n), as defined in Section 5.4; it is obtained by
first taking the v-th cyclic shift of W, and then going backward in time and space.

Under the stronger assumption that A, is uniformly bounded (which is the case for
eg, uniform random 2k-angulations), Proposition 5 shows that for every r > 0,

E[(mm &wﬂ}scu»m—w“,
O<w<v—u

uniformly forn € Nand 0 < u < v < N, + 1 such that [u — v| < [N,/2], which
yields (23).
On another model, Miermont [38, Proof of Proposition 8], obtained the bound

E [(#{w €l0,v—ul]:Sw) = supS}) i| <C®)-|lu—vI"?,

[0,w]

where S is a centred random walk with finite variance. The argument used in the proof of
Lemma 4 enables us to extend it to such a walk conditioned to be at —1 at time N, + 1.
This case corresponds to Boltzmann random maps (with generic critical weight sequence)
studied in Section 7, for which (23) therefore holds.

6 | CONVERGENCE OF RANDOM MAPS

In this short section we deduce Theorem 1 from Theorem 2, following the argument of Le Gall [27,
Section 8.3] and [26, Section 3]. First, observe that every map in M(n) has ny + 1 vertices so, if M,
has the uniform distribution in M(n) and M is a pointed map obtained by distinguishing a vertex of
M,, uniformly at random, then M has the uniform distribution in M*(n). It is therefore sufficient to
prove Theorem 1 with M,, replaced by M.

Let M be a (deterministic) pointed and rooted planar map in M*(n) and denote by  its origin; let
(7, £,) be its associated two-type labeled tree via the BDG bijection and let (¢, . . ., cy,) be the white
contour sequence of the latter. Recall that the vertices ¢; are identified to the vertices of M,, different
from *. For every i,j € {0, ..., N,}, we set

do(i,) = dg(c2,2),

where d,, is the graph distance of M,. We then extend d, to a continuous function on [0, N,]* by
“bilinear interpolation” on each square of the form [i,i + 1] x [j,j + 1] as in [27, Section 2.5]. Recall

SNote that we did not include the condition kprowy = 2 in the previous proof but the increment of label is zero if &,y = 1.
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the convention Cgti = € for every 0 < i < N, and the interpretation, at the very end of Section 2.3,

of the labels as distances from x in M,,: for every 0 < i < N,

d(x,¢}) = L) — 021,5\1/ L)+ 1.

(24)

Then, using the triangle inequality at a point where a geodesic from ¢; to » and a geodesic from ¢} to

* merge, Le Gall [27, Equation 4] obtains the bound

d,(i,j) < L) + L;(j) — 2 max {_mkin_,C;(k); min EZ(k)} + 2.
iksj

J<k<Nn+i

See also Lemma 3.1 in [26] for a detailed proof in a slightly different context.
Define for every ¢ € [0, 1]:

9 1

) | 1/2 1/4
Con(t) = (1 6;2 17) C.(2Nat), and L7, (1) = (E F) L, (Nnt),
0-'n pi'n

and for every s,¢ € [0, 1]:

1/4
9 1
diy(s,t) = (EF) dy(Nys, Nat),
p n

Des (5:0) = £5,(5) + £, (1) — 2max | £, 9): £5, 0]

where Lviz’n) is defined in a similar way as Z in Section 3.1.

Proposition 8  Ler (7,,£,) have the uniform distribution in LT, ,(n) for every n > 1.
Under (H), the convergence in distribution of continuous paths

° (d)
(C(n) (t)9 E(n) (t)’ d(n) (S, l))s,IE[O,I] 130 (ets Zts @(S, t))s,ZE[O,lJ’

holds, where 9 is defined in Section 3.1.

Proof The convergence (6), jointly with Remark 1 yields the convergence in distribution

o (d)
(C(n) (1), L5, (@), D‘C?n) (s, l)) —> (€1, 21, Dz(5,1))s.e10,11-

s,t€[0,1] n—>o0

The bound (25) implies further the tightness of (d(,; n > 1), see Proposition 3.2 in [26]
for a proof in a similar context. Therefore, from every sequence of integers converging
to 0o, we can extract a subsequence along which we have

o @)
(C(n) (1), L3, (@), d iy (s, f))_me[o,l] e (e, Z;, D(s,1))sse10.115
where (D(s,1);0 < s, < 1) depends a priori on the subsequence. We claim that

D=9 almost surely.

(25)

(26)
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From the bound (25), D is bounded above by D, also (see Proposition 3.3 in [26]),
one can check that D is a pseudo-metric on [0, 1] which satisfies D(s,t) = 0 as soon as
de(s,t) = 0. It thus follows from the maximality property discussed in section 3.1 that
D < 2 almost surely. Our aim is to show the following: let X, Y be i.i.d. uniform random
variables on [0, 1] such that the pair (X, Y) is independent of everything else, then

DX.Y) € DGs..Y) = Zy—7Z,, 27)

where s, is the (a.s. unique [31]) point at which Z attains its minimum. The second equality
is a continuous analog of (24) which can be obtained from the latter by letting n — oo
along the same subsequence as in (26). Le Gall [27, Corollary 7.3] has proved that (27)
holds true when D is replaced by 2. In particular, if (27) holds, then D(X, Y) is distributed
as Z(X,Y). Since we know that D < & almost surely, this implies D(X,Y) = Z(X,Y)
almost surely which, by a density argument, implies D = 2 almost surely.

Let us prove (27). We adapt the argument of Bettinelli and Miermont [11, Lemma 32].
Recall that the white contour sequence of 7, is denoted by (cg, . . ., c;,n) andletvy,..., v,
be its white vertices listed in the order of their last visit in the contour sequence; for
example the root is V- For 1 < i < ng, letg(@) € {1,..., Ny} be the index such that cgm
is the last visit of v;. Observe that (cg(l), e, c;(no)) = (V1,...,Vy,) is an enumeration of
the white vertices of 7, without redundancies. We then set g(0) = 0 and extend g linearly
to a continuous function on [0, ny]. Let us prove that

(g(;—w) ;1elo, 1]> = (1€ [0.1]). 9

n

Let A(0) =0 and for every 1 <j < N,, let
A() :#{1 <i<ny:v; € {c(‘;,...,c}’} and v; ¢ {C;H,...,c}’vn}},

denote the number of vertices fully explored at time j in the white contour exploration.
Then (28) is equivalent to

<A(111an);t € [0, 1]) L (nr € 10,1)).
0 n—0o0

Let T, be the image of 7, by the JS bijection; it can be checked along the same line as
the proof of Lemma 1 that for every 1 < j < N,, A(j) denotes the number Ay, ;(0) of
leaves among the first j vertices of T, in lexicographical order. The above convergence
of A thus follows from Proposition 6.

Fix X, Y i.i.d. uniform random variables on [0, 1] such that the pair (X,Y) is inde-
pendent of everything else, and set x = ¢, x7) and y = ¢y, y7)- Note that x and y are
uniform random white vertices of 7,,, they can therefore be coupled with two independent
uniform random vertices x” and y’ of M in such a way that the conditional probability
given M that (x,y) # (x',y) is at most 2(np + 1)~! — 0 as n — oo; we implicitly
assume in the sequel that (x,y) = (x’,y’). Since « is also a uniform random vertex of M

*
n’

we obtain that

de(x,y) L dy(,y). (29)
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By definition,
dy:(x,y) = d,(8([noX 1), g([no Y1),

and, according to (24),
dg(x,y) = L(g(TnoY 1)) — ,min L,()+ 1.
We obtain (27) by lettingn — oo in (29) along the same subsequence as in (26), appealing
also to (28). .
The proof of Theorem 1 is then routine.
Proof of Theorem 1 We aim at showing the convergence of metric spaces

o,

9 1 1/4
( ) de | - (. D), (30)

for the Gromov—Hausdorff topology. Recall (see, eg, [14, Chapter 7.3]) that a correspon-
dence between two metric spaces (X,dy) and (Y,dy) is aset R C X x Y such that for
every x € X, there exists y € Y such that (x,y) € R and vice-versa. The distortion of R is
defined as

dis(R) = sup {|dx(x,x) — dy(v,)")

s (), (,y) € R}

Finally, the Gromov—Hausdorff distance between (X, dx) and (Y, dy) is given by ([14,
Theorem 7.3.25])

. .
5 I%f dis(R),

where the infimum is taken over all correspondences R between (X, dx) and (Y, dy).

The proof is deterministic: we show that the convergence (30) holds whenever that in
Proposition 8 does. Indeed, let (M \ {x}, d,) be the metric space given by the vertices
of M different from * and their graph distance in M}, and observe that the Gromov—
Hausdorff distance between (M}, d,) and (M, \ {*},dy) is bounded by one. Recall
that the vertices of M different from * are in bijection with the white vertices of its
associated two-type tree 7,, which are given (with redundancies) by the white contour
sequence (cg, - - ., ¢y, ). Let IT be the canonical projection 7, — .# = ./ ~, then the
set

Ry = {(C(ENntj7 H(ne(t))) ;t € [0, 1]} .

is a correspondence between (M \ {x}, (é )4dy) and (4, ) and its distortion is
> Nn

given by
sup |dgy ([ Nas|/Na, |Nat]/Nn) — D (s, 1)

s,te[0,1]

>

which tends to 0 whenever the convergence in Proposition 8 holds. This concludes the
proof. .
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7 | BOLTZMANN RANDOM MAPS

In this last section, we state and prove the results alluded in Section 1.3 on Boltzmann random maps.
Let us make a preliminary remark: we shall divide by real numbers which depend on an integer n,
and consider conditional probabilities with respect to events which depend on n; we shall therefore, if
necessary, implicitly restrict ourselves to those values of n for which such quantities are well-defined
and statements such as “as n — o0 should be understood along the appropriate sequence of integers.
Let us fix a sequence of non-negative real numbers q = (g;; i > 0) which, in order to avoid trivialities,
satisfies ¢; > O for at least one i > 2.

7.1 | Rooted and pointed Boltzmann maps

Let M* be the set of all rooted and pointed bipartite maps, that we shall view as pairs (M, x), where
M € M is a rooted bipartite map, and « is a vertex of M. We adapt the distributions described in
Section 1.3 to such maps by setting

WM, ) =WIM) =[] e (M%) €M,

feFaces(M)

where Faces(M) is the set of faces of M and deg(f) is the degree of such a face f. We set Z; =
W (M).

Definition 1  The sequence q is called admissible when Z; is finite.®

If q is admissible, we set

1
P () = W ().
q

*

Forevery integern > 2,let Mj,_ , Mj,_, and M}._, be the subsets of M* of those maps with respectively
n— 1 edges, n+ 1 vertices (these shifts by one will simplify the statements) and n faces. More generally,
forevery A C N, let My ,_, be the subset of M* of those maps with n faces whose degree belongs to
2A (and possibly other faces, but with a degree in 2N \ 24). For every S = {E,V,F} U [, «{F,A}
and every n > 2, we define
P (M%) = PU (M) | (M0 € MG, (M%) € My,
the law of a rooted and pointed Boltzmann map conditioned to have size n.
Given the sequence q, set

2k —1
gy =1 and q, = (k l)qk for k>1, (€2))
and define the power series
g(r) =Y ¥, x=0. (32)

k>0

6In Section 1.3, we considered unpointed maps and denoted the total mass by Zy. Clearly, if Z§ is finite, then so is Zg. It can
be shown that the converse implication holds, see, for example, [9], so the notion of admissibility is the same for pointed and
unpointed maps.
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Denote by R, its radius of convergence, note that g, is convex, strictly increasing and continuous on
[0,Ry] and gq(0) = 1. In particular, it has at most two fixed points, necessarily in (1, Ry]; in fact, we
have the following exclusive four cases:

(i) There are no fixed points.
(ii) There are two fixed points 1 < x; < x; < Ry, moreover g, (x;) < 1 and g (x2) > 1.
(iii) There is a unique fixed point 1 < x < Ry, with g:l x) < 1.

(iv) There is a unique fixed point 1 < x < Ry, with g;(x) =1.

Marckert and Miermont [33] have defined another power series fy, such that gq(x) = 1 4 xfq(x)
for every x > 0. Proposition 1 in [33] reads as follows with our notation.

Proposition 9 (Marckert and Miermont [33])  The sequence q is admissible if and only
if 8q has at least one fixed point. In this case, Z is the fixed point satisfying gil(Z;) <1

The proof in [33] is based on the BDG bijection, we shall present a short adaption in Section
7.3 using the composition of the BDG and the JS bijections. Following [33] let us introduce more
terminology.

Definition 2 An admissible sequence q is called crifical when Z is the unique fixed
point of g4 and satisfies moreover g, (Z;) = 1. It is called generic critical when it is
admissible, critical, and gg(Z;) < 00, and regular critical when moreover Z; < R,.

Note that an admissible sequence q induces a probability measure on Z, with mean smaller than
or equal to one:

2k —1

Pak) = @)*! ( 1

>ka k= 0. (33)

Indeed,

Z)
qu(k)zg“ L =1, and ) kpy(k) =g,(Z) < 1.

Z*
k=0 q k>0

This distribution has mean 1 if and only if q is critical, and in this case, its variance is

d
%= (Z kzpq(k)) ~1= (a g;(x)>

k=0

—1=Zgi(Z), G4

o
x=Zq

which is finite if and only if q is generic critical. In terms of the function f, from [33], we have
23 =2+ (Z;)3f(;/ (Z3))/Z;. The argument of [33, Proposition 7] show that if q is regular critical, then
Dq admits small exponential moments.

Theorem 3  Suppose q is generic critical, define pq by (33) and Ei by (34) and for
every subset A C N, define

q q l q l q
Ci=1 Cl=pO=_. Cl=l-pO=1-—_. Cl,=p@).
q q
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Fix S € {E,V,F}U |J,n{F.A)} and for every n > 2, sample M, from P¢_,, then the
convergence in distribution

1/4

9Ci1 e

M,, ——S—> dy | — (A, D),
(4 Zﬁ n n—00

holds in the sense of Gromov—Hausdorff.

Note that the Boltzmann laws in this statement are not the pointed versions. We shall prove first
that it holds under the pointed version P§” | relying on the composition of the BDG and JS bijections
to check that (H) is fulfilled with the probability p, given by (33). Then we will show that P§”* and
P‘Slzn are close as n — 00; the argument of the latter will closely follow that of Bettinelli and Miermont

[11, Section 7.2], see also Abraham [1, Section 6], and Bettinelli, Jacob, and Miermont [10, Section 3].
Remark 4  Le Gall [27, Theorem 9.1] obtained this result in the case S = V, when
q is supposed to be regular critical, not only generic critical. Bettinelli and Miermont
[11, Theorem 5] also obtained similar convergences in the three cases S = E, V, F for
Boltzmann maps with a boundary, associated with regular critical weights. Theorem 3

completes (and improves since we only assume q to be generic critical) their Remark 2.

Note that Mg_, is finite for every n > 2 so the Boltzmann distribution P{_, makes sense even if
Z4 = 00. The proof of Theorem 3 shows that we do not need q to be admissible in this case.

Theorem 4  Suppose there exists x > 0 (necessarily unique) such that
gqx) <00,  xg,(x) =gq(x), and  xgy(x) < oo.

Then if M, is sampled from P}_, for every n > 2, the convergence in distribution

1/4
9 gqx) 1 @
Mna (4x2g:1/(x) n) dgr YH—O:/ (<%, @)’

holds in the sense of Gromov—Hausdorff.

If q is generic critical, then the assumptions are fulfilled by x = Z;: we have g4(Z;) = Z; so
X8, (x) = gq(x) is equivalent to g, (Z;) = 1 and then

g0 _ 1 1 _c

Xgu(x)  Zigu(Zy ¥z %Y
so Theorem 4 recovers Theorem 3.

As an application of Theorem 4, consider the case g, = 1 for every k > 1, then szn is the uniform
distribution in Mg_,. In this case, g4 has a radius of convergence equal to 1/4 and is given by

2% —1\ 1+4/T—4x
gq(x)=1+2xk( )z—, 0<x<1/4
~" k-1 2T —4x
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Furthermore,

3 3/16 9
xg, (x) = gq(x) ifandonlyif x=—, and then M =,
q 16 (3/16)%gy(3/16) 2
so Theorem 4 yields Corollary 2.
The proofs of Theorems 3 and 4 use the notion of simply generated trees that we next recall.

7.2 | Simply generated trees

Let us define a measure on the set of finite one-type tree T by

o) =][wk). TeT.

uel

Let Y4 = ©9(T), if the latter is finite, we define a probability measure on T by

1
490y = —EI(
SG'() T@)‘]‘()-

q

A random tree sampled according to SGY is called a simply generated tree. Such distributions have
been introduced by Meir and Moon [37] and studied in great detail by Janson [19] on the set of trees
with a given number of vertices. A particular case is when the weight sequence q is a probability
measure on Z, with mean less than or equal to one: in this case, Y, = 1 and SG* = ©1 is the law
of a subcritical Galton—-Watson tree with offspring distribution q; we denote it by GWY. When the
expectation of q is exactly equal to one, we say that q (as well as any random tree sampled from GW9)
is critical.

Note that we may define simply generated trees with n vertices even if Y is infinite by rescaling
the measure ®1 restricted to this finite set by its total mass.

Lemma 7 Let us denote by #T the number of vertices of atree T € T.
(i) Fixc > 0and set g, = c*~'q; for every k > 0. Then Yg < 00 if and only if T < 00
and in this case, the laws SG and SG* coincide.

(ii) Fix a,b > 0 and set §; = ab*q, for every k > 0. Then the conditional laws SGﬁ(~ |
#T = n) and SGY(- | #T = n) coincide for alln > 1.

Proof Note that forevery tree T € T, one has )
—1; it follows that

k,=#T'—1landso ) . (k,—1) =

ueT

Oi(1) =[] g, = clOUD).

ueT

s0 Yg = ¢~ 'Y and the first claim follows. Similarly,

O4(1) = [ [ab'*qi, = a"" b ' 0U(T),

ueT

0 ®I{T € T : #T = n}) = a*b"'OI({T € T : #T = n}) and the second claim
follows. .
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We shall use Lemma 7 with sequences ¢ or q which are probability measures with mean 1 so,
in the first case, SGY = GWHI is the law of a critical Galton—Watson tree, and in the second case,
SGQ(- | #T = n) = GWI(. | #T = n) is the law of such a tree conditioned to have n vertices.

We close this section with two results on size-conditioned critical Galton—Watson; the proofs
are deferred to Section 7.4. We first claim that the empirical degree sequence of a Galton—Watson
tree conditioned to be large satisfies (H). For a plane tree T and an integer i > 0, let us denote by
ny(i) = #{u € T : k, = i} the number of vertices of T with i children. For any subset A C Z,, set
nr(A) =Y ,., n:(T); note that ny(Z.) is the total number of vertices of 7', nr(0) is its number of leaves
and nr(N) its number of internal vertices. Consider the empirical offspring distribution of 7" and its

variance, given by

nr (i) . nr(Z,) —
prl)= 7 for iz0 and =D Epr(i) — ( ) )

>0

and finally set Ay = max{i > 0 : ny(i) > 0}.

Proposition 10  Let | be a critical distribution in Z, with variance o* € (0, 00) and
fix A C Z.; under GW" (- | np(A) = n), the convergence

(pr, 0'%, nT(Z+)7l/2A7) ano)o (M, 02, O)a

holds in probability.

This result was obtained by Broutin and Marckert [13, Lemma 11] in the case A = Z, . Their proof
extends to the general case using arguments due to Kortchemski [22].

Finally, we claim that the inverse of the number of leaves, normalized to have expectation 1,
converges to 1 in L!.

Lemma 8 Let | be a critical distribution in Z.,. with variance 6* € (0, 00). For every
A CZ,, we have

1 1
~1
n7(0) GW" [ | nr(A4) = n]

lim GW" [

nr(A) = n:| =0.

7.3 | Convergence of Boltzmann random maps

We first prove the convergence of rooted and pointed Boltzmann maps, using the BDG and the JS
bijections, and next compare the pointed and non pointed Boltzmann laws to deduce Theorems 3
and 4.

Proposition 11  Theorems 3 and 4 hold under their respective assumptions when the
measures P§_, are replaced by their pointed version P2~

The main idea is to observe that for everyn > 2and S € {E,V,F}UJ .o tF, A}, the composition
of the BDG and the JS bijections maps the set M§_, onto the subset of T of those trees T satisfying
nr(Bs) = n, where for every A C N,

BE == Z+, BV == {0}, BF == N and BF,A = A (35)
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Proof Fix arooted and pointed map (M, x) € M* and let (7, [) be its associated labeled
one-type tree after the BDG and then the JS bijections. Recall that the faces of M are in
bijection with the internal vertices of 7', whereas the vertices of M different from * are in
bijection with the leaves of T'; in particular, with the notation of the previous subsection,
for every i > 1, the number of faces of M of degree 2i is given by nr (i), and its number
of vertices minus one by n7(0). Thereby,

W (M, %)) = 1_[ Gdeg(f))2 = 1—[ Gry -

f€Faces(M) ueT ky>1

Recall also from (8) the number of possible labelings of a given plane tree. The measure
W%* on M* thus induces a measure on T, where each T' € T is given the weight

Zku_
[1 (k l)qk,,—caqm

ueT:ky>1 u

where q is given by (31). This shows that if (M, x) has the law P%* and (7', ) its associated
labeled one-type tree after the BDG and then the JS bijections, then 7 has the law SGY.
Similarly, for every n > 2 and S € {E, V,F} U |J,n{F,A}, if (M, %) has the law P{” ,
then T has the law SGY(- | ny(Bs) = n), where Bg is given by (35). Furthermore, in
both cases, conditional on the tree T, the labeling / is uniformly distributed amongst all
possibilities.

Let us now prove that Theorem 4 holds for the pointed maps sampled from P3*
Suppose that x > 0 is such that

8q(x) < 00, xgy (X) = gq(x), and xgy (x) < oo.
Define a probability measure on Z, similar to (33) where Z; is replaced by x:

k_
X'qy

gq(x)

., k>0. (36)

g (k) =

Note that pq has expectation

xg, )
kpg (k) = =4 1,
; 4 gq(¥)

and variance

2.1

’ 2,
S Kpgk) — 1 = R LT
pps 8q(x) 8q()

According to Lemma 7(ii), the tree T has the law GW"4(- | n;(Z,) = n), Proposition
10 and Skorohod’s representation Theorem ensure then that, on some probability space,
(H) is fulfilled almost surely with p = |14 and we conclude from Theorem 1.
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The proof of the fact that Theorem 3 holds for the pointed maps sampled from P’ is
similar. If q is generic critical, then Z; satisfies the above assumptions on x and furthermore
84(Z3y) = Z; 0 4 is the probability pq given by (33):

e (k) = pa(k) = (Z)*'q, k= 0.

According to Lemma 7(i), the tree 7 has the law GW"(- | ny(Bs) = n). Again,
Proposition 10 ensures then that (H) is fulfilled with p = pq and the claim follows. .

We have seen all the ingredients to prove Proposition 9. The proof is inspired from [33].

Proof of Proposition 9 Letqbe given by (31). According to the previous proof, we have

Zi= ) WE(M) =) 0T =Ty

(M, x)eM* TeT

Suppose that this quantity is finite, we next decompose the second sum according to the
degree of the root of T'. If the latter is &, then T is made of k trees, say T4, . . ., T}, attached
to a common root; this leads to the following equation:

Y eoun=>g >, f[ OUT) =g, (Z @qm)k,

TeT k=0 T1,...T €T i=1 k=0 TeT

inother words Z; = g4(Z;). Letus prove furthermore that g, (Z3) < 1.Since Z; = gq(Z;),
the sequence pq defined by pq(k) = (Z;)"~'g, for every k > 01is a probability and g (Z;)
is its mean. According to Lemma 7(i), the law SGY coincides with SG”* so

> SGM(T) = % > o) =1.

TeT 4 7er

We conclude that SG"* = GW?"4 is the law of a sub-critical Galton—Watson tree with
offspring distribution p,, which has therefore mean gil (Z(;) < 1.

Conversely, suppose that gq has at least one fixed point and let us prove that Z; is
finite. Recall that one of the fixed points, say, x > 0, must satisfy g:l(x) < 1; we set
g (k) = x*71g, for every k > 0, the previous calculations show that 4 is a probability
measure with mean g (x) < 1. According to (the proof of) Lemma 7(i), we have

1 1 1 _
-7 = - wax , = - OYT) = O"'(T) =1.
2 > (M) = -3 ONT) = 0"(T)
(M x)eM* TeT TeT
We conclude that Z; = x is indeed finite. .

Finally, we show that the pointed and non pointed Boltzmann laws are close to each other, following
arguments from [1, 10, 11]. Theorems 3 and 4 follow from Propositions 11 and 12.
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Proposition 12 Fix S € {E,V,F} U |J, n{F.A} and let q satisfy the assumptions of
Theorem 3 or of Theorem 4 if S = E. Let ¢ : M* — M : (M, ) > M and let $,P§”, be
the push-forward measure induced on M by P§” | then

HPlSl=n - ¢*Pg:n ”TV — 0,

where || - ||7v refers to the total variation norm.
Proof For each pointed map (M, x) € M*, let V(M) be the number of vertices of M.
If T is the one-type tree associated with (M, ), then V(M) = ny(0) — 1. Notice that

PJ” is absolutely continuous with respect to P§_ : for every measurable and bounded
function f : M — R, we have

EL, [f(M)] = EL, [VIM) ] ELE, [VIM)™'f 0 ¢((M.%)].

Let pq be given by (33) or (36) in the case S = E and let By be given by (35). We have

- (])*Pg;n

1
v =7 SUP |EL_, [f(M)] — ESZ, [f o d((M,#))]|
—1=<f<1

1
o

—l=f=l1

(B, VOO T vy = 1) £ o p(M. )]

q.x
= ES:n [

ES [V vyt — 1‘]
= GW" [|GW"[(n7(0) — )" | ny(Bs) = n] ™ (n7(0) — 1)~ — 1| | ny(Bs) = n].

Lemma 8 states that the last quantity above tends to zero as n — oo, which concludes
the proof. .

7.4 | On Galton—Watson trees conditioned to be large

It remains to prove Proposition 10 and Lemma 8. The proof of the former result relies on the coding of
a tree by its Lukasiewicz path which, in the case of Galton—Watson trees is an excursion of a certain
random walk. Our proofs use many results from [22] (see in particular sections 6 and 7 there), written
explicitly for A = {0} but which hold true in general, mutatis mutandis, as explained in Section 8§ there.

Proof of Proposition 10  Fix ¢ > 0 and consider the event

_ nr(-) Y nr (i) Ar 2
He = {d (<nr<z+)’z(’ V@ ”T(Z+)1/2> (oo ’0)> ” 8}’

i~0

where d is a metric on the product space of probability measures on Z., and R?, compatible
with the product topology. We aim at showing

GWH(E) | nr(A) =n) —> 0.
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Let us denote by (X;;k > 1) a sequence of i.i.d. random variables with distribution
W@+ 1)yi>—-—Dand K,(i)) =#{1l <k <n:Xy=i—1}foreveryn > 1andi > 0.
Consider the event

g Ko 0:K,(i) > 0
FM@):[d(( Ka) 5 Rl maxliz0: K, m>>})xuﬁ{®)>8}’

i>0

Broutin and Marckert [13] have shown that

P(F(n,e)) —> O.

n—oQ

Asin Section 5.4, given apathx = (xy,...,x,) € Z"suchthatx; +---4+x, = —1, we
denote by S, (k) = x; + - - - +x; forevery 1 < k < nandby x* = (x{,...,x;) the unique
cyclic shift of x satisfying furthermore S,+(k) > O forevery 1 <k <n — 1. Let¢,(A) =
inf{k > 1: K;(A) = |r]} for every r > 1. Kortchemski [22, Proposition 6.5] shows that
for every integer n > 1, the path (Sy«(k);0 < k < ¢,(A)) under P(- | Sx(¢,(A)) = —1)
has the law of the f.ukasiewicz path of a tree T under GW" (- | ny(A) = n). Since F(n, ¢)
is invariant under cyclic shift, it follows that

GWH(E(e) | nr(A) = n) = P(F(5,(A), e) | Sx(5,(A)) = —1).

Using a time-reversibility property of (X, ..., X)) under P(- | Sx(¢,(A)) = —1), see
[22, Proposition 6.8], it suffices to show that

P (F(,2(A).9) | Sx(6,(4) = —1) — 0.

As in the proof of [22, Theorem 7.1], for any a > 0, the event F(g,,(A), ¢) is included in
the union of the following three events:

() F2(A),8) N {ISx(Gn2(A)] < 0y/0n/ QAN N {[8,2(A) — 75| < n¥/H),

(i) {ISx@n2(A)] > ay/on/(2(A)},

(iii) {[6,2(4) — 251 > /%),

By [22, Lemmas 6.10 & 6.11] (argument similar to the one we use in the proof of Lemma
4, based on a local limit theorem), there exists a constant C > 0 independent of a such
that for every n large enough, the conditional probability P(- | Sx(¢,(A)) = —1) of the
first event is bounded above by

n3/4>

Cc-P (F(Cn/z(A) e) and |g,2(A) —

Next, according to [22, Equation 44],

lim lim P <‘SX(§11/2(A))‘ > OL\/W ’ Sy (€, (A) = — ) =0,

oA—>00 n—> 00
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and, by [22, Lemma 6.2(i)],

n
n2(A) — ——
Cn2(A) )

- n3/4

lim P( Sx (6. (A)) = —1) =0.

We conclude that there exists a constant C > 0 such that

lim sup P (F (5, 2(A), 8) | Sx(t(A)) = —1)

n—00

< ClimsupP (F((,,/Z(A), ) and (G,2(A) —

n— o0

< n3/4> )

o
n(A)

On the event [g,2(A) — | < n**, we have forevery i > 0,

_n_
n(A)

K jay—n3/a (D) - K, @) (@) - Ky /4 (1)
n/wA) + ¥4 7 g nA) T on/u(A) —nd

and the claim from the fact that P(F(n,g)) — 0 asn — oo. .

We next turn to the proof of Lemma 8. We shall need the following concentration result. For a
sequence (x,;n > 1) of non-negative real numbers and 8§ > 0, we write x, = oe;s(n) if there exist
c1, ¢, > 0Osuch that x, < ¢; exp(—c,n®) forevery n > 1.

Lemma 9 Let | be a critical distribution in Z., with variance o> € (0,00) and fix
A C Z,; there exists 8 > 0 such that

0 0
GW* ( nTT() _ :’:E_A; >¢e|nr(Ad) = n) = oes(n).
Proof We bound
n7 (0)p(A) (4)
i . GW ( [0y —1‘ > U | np(Zy) = n
qu T()_& > € n(A):ﬂ <
n ) ! B GW" (nr(4) = n) '

According to [22, Theorem 8.1], there exists an explicit constant C > 0 which depends
only on  and A (see [22, Theorem 3.1]) such that GW" (n;(A) = n) ~ C - n=%? as
n — o0o. Moreover, from [22, Corollary 2.6],

GW" (‘ L CUN

. —1/4
w(O)nr(Zy)

>n

nr(Zy) > n) = oey(n).

Indeed, taking # = 1 in [22, Corollary 2.6], we read ny(0) = A7 (¢(7)). This result holds
also when 0 is replaced by A; it follows that

GW* (

and the proof is complete. .

nr(Op@) 1‘ (A

—_— > ——¢
nr(A)p(0) 1 (0)

nr(Zy) > n) = oey»(n),
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Proof of Lemma 8 Fix ¢ € (0, 1) and observe that, since n;(0)~! < 1,

W wOn ' _ }
¢ H A © || =
w(O)n n(O)n _
§8+<M(A)+1)GW“<'M—1 > € nT(A)—I’l).

Next, the probability on the right-hand side is bounded above by

nr(0) 1 p(0) n@O)  nr(0)f e p(0)
ew ("2 < SBT ) =n) + oW - ¢ A)=n),
( n S 2ua | ”>+ (‘M(A) n '>2M(A) ) ”)
which is oe; () for some 8 > 0 according to Lemma 9. This yields
0
lim GW" [ IO/ 1’ np(A) = n] —0,
n—>00 r(A)nr(0)
. prOn [ 1 i|
andso lim GW" nr(A)=n|=1.
n=o |L(A) O
The claim now follows from these two limits. .
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APPENDIX A: PROOF OF THE SPINAL DECOMPOSITIONS

In this section, we prove Lemma 2 and its extension Lemma 3.

A.1 | The one-point decomposition

Proof of Lemma 2  First, concerning the first good event, consider the “mirror image”
T of T,, that is, the tree obtained from 7, by flipping the order of the children of every

n

vertex. Denote by W, the Lukasiewicz path of 7, . Observe that 7,7 and T, have the

same law therefore W~ and W, as well. Furthermore, from Lemma 6, we have for all
ief{0,...,Nu},

LR(A(u(@)) = W,() + W, () + ku),
where i~ is the index in T, of the image of the i-th vertex of T,. The convergence of W,

and H,, in (4) then yields

lim lim sup P (max || > xN;/2> = lim limsup P <ma}x LR(A(u)) > lei/2> =0.
uelp

xX—>00 n>1 ueTy x—>00 n>1

Regarding the second good event, let U be uniformly distributed in [0, 1] and independent
of e, then (4) implies similarly that for every x > 0, we have

limsupP(Nn’l/2|u,,| < l/x) < P(Zeu/cp < l/x),

n—00

which then converges to 0 as x — 00.

Let us next turn to the comparison between A (u,) conditioned on being in Good(x, x)
and a multinomial sequence. Recall that we denote by Y, the relative position of a vertex
u among its siblings. Define next for every vertex u the content of the branch [, u[ as

Cont(w) = ((kprws %v) 3 v €]2,u]) (A37)

where the elements v €]@,u] are sorted in increasing order of their height. For any
sequence m € Zﬁ, denote by I'(m) the set of possible vectors Cont(x) when A (1) = m
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and note that

jm|
#I'(m) = ((m[_;i N 1)) [T

i>1

The removal of the branch [, u from T produces a plane forest of LR(A (1)) trees and
there is a one-to-one correspondence between the pair (T, u) on the one hand and this
forest and Cont(u) on the other hand. For any sequence q = (g;;i > 0) of non-negative
integers with finite sum, let F(q) be the set of plane forests having exactly g; vertices
with i children for every i > 0; such a forest possesses r = Y, ,(1 — i)g; roots and it is
well-known that B

_r lq]
@ =1 ((q,»;i > 0>)'

Sample T, uniformly at random in T(n) = F(n) and u,, uniformly at random in 7,,, the
previous bijection readily implies that for any sequence m satisfying my = 0 and m; < n;
for every i > 1 and for any vector C € I'(m), we have

#F(n — m) #F(n — m)

Consequently, if we set & = |m|, we have

h LR(m) ( Nn+1.—h )
P (A(u,) = m) =< : ) e =
(mizi > 1) 1_1[ (Vo + Dt (onts)
_ LR@m) h! in; \™ l—[ ;! (Na + 1 — h)IN"
S N+ 1—h [loymd 10 \Na ) LA — my)! (Na+ D!

Note that

h! in; \"
20 _ m) — i
P (Y = m) an<N)

Next, observe that n;! < n;"" (n; — m;)! for every i > 1; finally, using the inequality
(1 —x)~! < exp(2x) for |x| < 1/2, we have as soon as i < N,/2,

h—1 1
2
<||+——F= <™.

(Ny + 1 — h)IN"
(N + 1!

i=0

Putting things together, we obtain that if 7 < N, /2, then

LR(m) 2
P(A(,) = /M p(ED = m).
(A(uy) m)SNn —7 ¢ (B )

If m € Good(n, x), then LR(m) and /4 are both bounded above by xN!/2, so the proof is
complete. .
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A.2 | The multi-point decomposition
We next extend the previous decomposition according to several i.i.d. uniform random vertices.

Proof of Lemma 3 First, the fact that the probability of Bin;" tends to 1 can be seen as a
consequence of (4) and the fact that such a property holds almost surely for the Brownian
tree. The rest of the event is similar to the previous proof and we omit the details to
focus on the bound on the law of A(u,, 1, . . ., u,x). Precisely, we shall prove that for every
sequences m", ..., m*~Y € Good(n,x), if h; = |m"| for each 1 < j < 2k — 1 and
h= ]’ll “+ - +h2k,1, then

Bin,j)

(k= DA, + Y LRm?) P+ 2hk =D\ 1T o (=t )
52(?) N (Np —h— k£ 2) eXp<N—n>EP<D" =m?) @0

Since A,, each h; and each LR(m?) is at most of order N\/2, the claim follows.

We treat in detail the case k = 2 and comment on the general case at the end. Fix r > 2
and three sequences of non-negative integers m®, m®, m® with m{" = m = m{’ =0
and set |mi(/)| = h; foreachj € {1,2,3}. For every i > 0, set

P <A(un,lr ) un,k) - (m(l), cees m(Zk_l))

m, _m(1)+m(2)+m 3)

and 7 =m; + 1.

Given T, we say that a pair of vertices (u, v) is “good” if the reduced tree T, (u, v) satisfies
Bin,. Observe that on the event {max,cr, |a| < N2/*}, there are more than N> — o(N2) >
N2/2 good pairs. If u, and v, are independent uniform random vertices of 7, then the
conditional probability given {max,cr, la| < N>/*} that this pair is good tends to 1, and
then on this event, (u,,v,) has the uniform distribution in the set of good pairs. In the
remainder of this proof, we thus assume that (u,, v, is a good pair sampled uniformly at
random. Let w, be the most recent common ancestor of u, and v,,. Let i, be the child of
w, which is an ancestor of u, and define similarly ¥, so this distribution. Let w, be the
most recent common ancestor of u, and v,. Let i, be the child of w, which is an ancestor
of u, and define similarly ¥, so

Fy(un,vi) = ([D, wa], [, n]], [Vns vi])-

Let Cont(u,, v,) be the triplet of contents of these branches, defined in a similar way as
in (A37). Let '(mY, m®, m®) be the set of possible such triplets when A(u,,v,) =
m®Y, m? m®); as previously,

3
h; 0
#F(m(l) m(Z) m(3)) _ < ) J ) i
E (mi> 1) 1_1[

Nh] +hy+h3

3 j in,- m'-(j)
A U <<m“> i> 1)) H <17>

Observe that LR(m) = 1+ 3 . (i — Dm; =2+ (r —2) + )., (i — 1)m, denotes
the number of trees in the forest obtained from 7, by removing the reduced tree 7,,(u,, v,,)
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when A(u,,v,) = MY, m®, m®) and k,,, = r: there are i — 1 components for each of
the m; elements of [&, w,,[U[it,, u, [U[Vy, v, [ with i children, as well as » — 2 components
corresponding to the children of w, different from i, and v,,, and the two components above
u, and v,. As previously, the triplet (7, u,, v,) is characterized by the forest obtained by
removing the reduced tree T, (u,,v,) and the content of the latter, which is Cont(u,, v,)
plus the information (k,,,, Xa,, X#,) about the branch-point. We therefore have for every
C e I'mY, m®,m®) and every B € {(r,i,j);1 <i<j<r},

2. #F(n — m)
N2 - #F(n)
2 LR(@m) ( [n—m| )

[n—m| \(n;—m;;i>1)
2 1 ( Nn+1 )
0 Np+1 \(njziz 1)

P (Cont(u,,v,) = C and (ky,. X4, Xs,) = B | Bin) <

2 LR@m) (|n—ﬁ|)!l-[ n;!
C NaNan—m| N L —mp!

Since [n| =N, + land [ m| = h; + hy, + hs + 1 = h + 1, it follows that

P (A(u,.v,) = m®. m? m®) and k,, = r | Bin})

=D 0 @ m®) . 2 LR (|n—m|)zl_[ ni!

-#I(m —
NoNan—m|  No! L1 — 7))
— 3 . mg)
_r(r—=1Dn, LR(m) (Na — h)IN" 1—[ n;! 1—[ ( h; ) 1—[ <m,-) i
B Nn Nn(Nn_h) Nn' i>1 nlm’(nl—n_h)' =1 (ml(]),lz 1) i>1 Nn .

First, under (H),

r>2

Also, note that we must have r < A, and so
3 3
LR@) =7+ Y (i— Dm;=(—3)+ Y LRm?) < A, + > LRm?).
i1 j=1 j=1
Then, as previously, we have
3 h n; i (h) n'
7 i i
. P( ) , d W o,
E((m,@;iz 1))1_!( ) H S | e

as well as, as soon as h < N, /2,

(N, —h)wh e

T < exp (hZ/N,,) .
i=0 n

This concludes the case k = 2.
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In the general case, the same argument applies. First, on the event {max,cr, |a| <
N34}, for every n large enough, the number of k-tuples of vertices such that the associ-
ated reduced tree satisfies Bin, is larger than N*(1 —o0(1)) > N¥ /2. Next, if u,1, . . ., tty is
such a k-tuple sampled uniformly at random, then we may still decompose the tree accord-
ing to the reduced tree T, (4,1, - - . , U, ) to Obtain an explicit expression of the joint law of
AUy, ..., u,,) and the number of children of all the branch-points of T, (u,.1, . . . , Uns)-
Specifically, denote by v,,...,v,_; these branch-points, fix m”), ...,m%D and
FiyeosTil < Ay, set hy = |m(f)| forl <j<2k—1landh = h + -+ hy_, as
well as m; = sz : (’) +Z 0 1(, ,}forz > 1,s0 |m| = h+ k — 1. Then, we have [

P (A(un,l, v ttyy) = mP, . m@®* V) and kw =rforeveryl <j<k-—1 | Bin,:r)
i—[ ri(ry = Dny, - LR(m) Nat 1= (it k= )N
g Na Na(Np+1—=(h+k—1)) Ny!
| o h; in \""
x !:1[ nm’(n, —m)' Jl_,[ ((m,w;i > 1)) !;[ <]7n>
Nota that

l)n ( 1) k—1 02 k—1
nn — Dny r(r — Dn,
-2 = (%)

l—122 j=1 r>2

as well as, for h < N, /2,

(Na+1— (h+k — 1)IN"
N,! - l_[

k=3 h—1
—l

Hl—(H—k 2)/Ny

1+ o0(1) <h2+2h(k—2))
< —eXxp| —— ).
Nk 2 N,

The rest of the proof is adapted verbatim. .

APPENDIX B: ON THE MAXIMAL GAP IN A RANDOM WALK
BRIDGE

Our aim in this section is to prove Lemma 4. Recall that for r > 1, a discrete bridge of length r is a
vector (By,...,B,) satisfying By = B, = 0 and By, — By € Z forevery 0 < k < r — 1. A random
bridge is said to be exchangeable if the law of its increments (B, B, — By, ..., B, — B,_;) is invariant
under permutation.

Lemma 10 Fixr > 1 and let B = (By,...,B,) be a discrete bridge. For every x > 0
fixed, if

max By — min B, > 3x,

O<k<r O<k<r
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then at least one of the following quantities must be smaller than or equal to —x:

min By, min (B — Brk),
Osk=rr/a ¢ OSkSFr/ﬂ( 7721 1+

min (B —B R min (B, — B,_;).
0<k=[r/2] ( [r/21+k ]'r/2'\) 0<k=[r/2] ( r r k)

Consequently, if B is a random exchangeable bridge, then for every x > 0, we have

P(maka—mian23x)§4-P< min Bk<—x>.

O<k<r O<k<r O<k<[r/2] =~
Proof Letus write /2 instead of [r/2] and set

M, = max By, m; = min By, M, = max By, m, = min B;.
0<k<r/2 0<k<r/2 r/2<k<r r/2<k<r

Suppose that the four minima in the statement are (strictly) larger than —x, then, since
B, =0,

m; > —Xx, Br/2 —M1 > —X, my _Br/2 > —X, —M2 > —X.
It follows that

M, —m; < (B,p+x)+x <my+3x < 3x,
My —my < (Byp+x) — By — x) = 2x,
M2 —_m < Z.X,

M, —my <x— (Byjp—x) <2x—m < 3x,

We conclude that maxo<;<, By — ming<;<, By = sup{M,, M,} — inf{m,,m,} < 3x.
The last claim follows after observing that if B is exchangeable, then the three
processes

(B)'/Z —Bp ;0 <k =< 7’/2), (Br/2+k —B,;0<k< r/2), B, —B,_;0 <k <r/2)

are distributed as (B;;0 <k < r/2). .

Proof of Lemma 4  Firstnote thaton the event {S, = 0}, maxo<<, Sy —ming<<, Sy cannot
exceed br. Moreover, on the event {S, = 0}, the path (S, . . ., S,) isan exchangeable bridge
so0, according to Lemma 10, it suffices to show that there exists two constants ¢, C > 0
which only depend on b and ¢ such that for every r > 1 and 0 < x < br,

P( min S, < —x
0<k<[r/2]

S, = o) < Ce=r,

For every k > 1 and every x € Z, let us set 6;(x) = P (S; = —x). According to the local
limit theorem, for every k > 1 and x € Z,

VI8 (x) = g(x/Vk) + :(x),
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where g(x) = (2716%)"2e=*/@") and lim,_, . Sup, .z lex(x)| = 0. It follows that

C:= sup S _ sup | —— 8(=x/Vr = r/2D) + &™) _
ez 6,00 eV = (/2] 2(0) + £,(0) '

Using the Markov property at time [r/27], we have thereby

S =0 P (min()skswﬂ Sy < —xand S, = 0)
T B P(S, =0)

P( min S < —x
0<k<[r/2]

0r—1r/21(Sr21)
=E |:1{min0<k<!'r/21 ST g0y

§C~P< min Skf—x).
0<k<[r/2]

Finally, since —S§ is a random walk with step distribution bounded above by b, centred and
with variance o2, we have the following concentration inequality (see, eg, Mc Diarmid
[36], Theorem 2.7 and the remark at the end of Section 2 there): for every n > 1 and
every x > 0,

x2
P -5, > < _ .
(&% L= x) = AP ( 2070 + 2bx/3>

We conclude that for every » > 1 and every 0 < x < br, we have

P < min S < —x
0<k<[r/2]

2 2
S, =0) <Cexp|— o < Cexp S S s
26%[r/2] + 2bx/3 (202 4 2b%/3)r

and the proof is complete. .





