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Abstract We introduce and study the random non-compact metric space called the
Brownian plane, which is obtained as the scaling limit of the uniform infinite pla-
nar quadrangulation. Alternatively, the Brownian plane is identified as the Gromov—
Hausdorff tangent cone in distribution of the Brownian map at its root vertex, and it
also arises as the scaling limit of uniformly distributed (finite) planar quadrangulations
with n faces when the scaling factor tends to 0 less fast than n~ /%, We discuss various
properties of the Brownian plane. In particular, we prove that the Brownian plane is
homeomorphic to the plane, and we get detailed information about geodesic rays to
infinity.
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1 Introduction

A planar map is a finite connected (multi)graph drawn on the 2D sphere and viewed up
to orientation-preserving homeomorphisms of the sphere. The faces of a planar map
are the connected components of the complement of edges, and the degree of a face
counts the number of edges in its boundary, with the special convention that if both
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sides of an edge are incident to the same face then this edge is counted twice in the
degree of this face. Important special cases of planar maps are triangulations, where
all faces have degree three, and quadrangulations, where all faces have degree four. It
is usual to deal with rooted planar maps, meaning that there is a distinguished edge,
which is also oriented and whose origin is called the root vertex.

Much recent work has been devoted to understand the asymptotic properties of
large planar maps chosen uniformly at random in a particular class, e.g., the class of
all triangulations, or of all quadrangulations, with a fixed number n of faces tending
to infinity. There are two basic kinds of limit theorems giving information about large
random planar maps.

First, local limit theorems consider for every fixed integer » > 1 the combinatorial
ball of radius r in the planar map (this is the new planar map obtained by keeping only
those faces whose boundary contains at least one vertex whose graph distance from
the root vertex is smaller than r), and show that this ball converges in distribution
as the size of the map tends to infinity toward the corresponding ball in a random
infinite planar lattice. Such local limits were studied first in the case of triangulations
by Angel and Schramm [3,4] and the limiting object is called the uniform infinite
planar triangulation (UIPT). The analogous result for quadrangulations was obtained
later by Krikun [12] (see also Chassaing and Durhuus [7] and Ménard [20]), leading
to the uniform infinite planar quadrangulation (UIPQ).

Second, scaling limits consist in looking at the vertex set of a planar map with
n faces as a metric space for the graph distance rescaled by the factor n~!/4, and
studying the convergence of this metric space when n tends to infinity, in the sense of
the Gromov—Hausdorff distance familiar to geometers. The factor n~1/4 is chosen so
that the diameter of the rescaled planar map remains bounded in probability: It was first
noticed by Chassaing and Schaeffer [8] that the diameter of a random quadrangulation
with n faces is of order n!/4, and a similar result holds for much more general random
planar maps, including triangulations. The existence of a scaling limit for (uniformly
distributed) random quadrangulations was obtained recently in the papers [15,21],
leading to a limiting random compact metric space called the Brownian map. In [15],
it is also proved that the Brownian map is the universal scaling limit of more general
random planar maps including triangulations.

Our main goal in the present work is to provide a connection between the pre-
ceding limit theorems, by introducing a random (non-compact) metric space called
the Brownian plane, which can be viewed either as the scaling limit of the UIPQ or
as the Gromov—Hausdorff tangent cone in distribution of the Brownian map at its root.
The Brownian plane can also be obtained as the limit of rescaled random quadrangu-
lations with n faces if the graph distance is multiplied by a factor ¢, such that ¢, — 0
and g,n'/* > oo asn — oo.

Letus give a precise definition of the Brownian plane before stating our main results.
We consider two independent 3D Bessel processes R and R’ started from O (see e.g.
[22] for basic facts about Bessel processes). We then define a process X = (X;);er
indexed by the real line, by setting

(R ift=0,
X’_{R/_[ ift <0.
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Then, for every s, t € R, we set

T [s At,s V] if st >0,
T | (—oo, s At]U[s Vi, 00) ifst <O,

and

mx(s,t) = inf X,.
rest

We define a random pseudo-distance on R by
dX(S7 t) = XS + Xt - 2mX(S, t)

and put s ~x t if dx (s, t) = 0. The quotient space 7o, = R/ ~x equipped with dx
is a (non-compact) random real tree, which is sometimes called the infinite Brownian
tree. This tree corresponds to Process 2 in Aldous [1]. It can be verified that 7, is
the tangent cone in distribution of Aldous’ CRT at its root vertex, in a sense that will
be explained below (see Theorem 11 in [1] for a closely related result). We write
Poo : R —> T, for the canonical projection and set poo = poo(0), which plays the
role of the root of 7.

We next consider Brownian motion indexed by 74,. Formally, we consider a real-
valued process (Z;);cr such that, conditionally given the process X, Z is a centered
Gaussian process with covariance

E[Z;Z, | X] =mx(s,1)

so that we have Zy = 0 and E[(Z; — Z,)? | X] = dx(s,t). It is not hard to verify
that the process Z has a modification with continuous paths, and we consider this
modification from now on. Then a.s. we have Z; = Z, for every s, ¢ € R such that
dx (s, t) = 0, and thus we may (and sometimes will) view Z as indexed by 7.

For every s,t € R, we set

DS.(s.t)=Zs+Z—2 min Z,.

re[sat,svt]

We extend the definition of DZ, to 7o, X 7o by setting for a, b € T,
D2 (a,b) =min{DZ (s,1) : 5,1 € R, poo(s) =a, pso(t) = b}.

Finally, we set, for every a, b € Ty,

P
Duo(a, b) = inf bZ;Dgo(ai_l,ai)
=

ap=a,ai,...,ap=

where the infimum is over all choices of the integer p > 1 and of the finite sequence
ap,ai, ...,apin T+ such that ayp = a and ap = b. Itis not hard to verify that D
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is a pseudo-distance on 7o,. We put a = b if Dy (a, b) = 0 (as will be shown in
Proposition 11, this is equivalent to the property DZ,(a, b) = 0). The Brownian plane
is the quotient space P = 7,/ =, which is equipped with the metric induced by Dy
and with the distinguished point which is the equivalence class of po,. We simply
write pso for this equivalence class, and use the notation P = (P, Do, poo) for the
Brownian plane viewed as a pointed metric space (recall that a metric space (E, d) is
said to be pointed if there is a distinguished point « € E).

In order to state our first result, we introduce the notation (me,, D*) for the Brown-
ian map, as defined in the introduction of [15] or in [21] for instance. Recall that my,
is obtained as a quotient set of Aldous’ CRT [1,2], and that in this construction, the
Brownian map comes with a distinguished point, which is the equivalence class of the
root p of the CRT. We will abuse notation and also write p for the equivalence class
of p in meo. From our perspective, it will be important to view the Brownian map as a
triplet my, := (Moo, D*, p), which is a (random) pointed compact metric space. Note
that, in a sense that can be made precise, p is uniformly distributed over m.

For every ¢ > 0, let B.(P) be the closed ball of radius ¢ centered at po, in P, and
let B;(my) be the closed ball of radius ¢ centered at p in my,. Each of these balls is
pointed at its center and thus viewed as a pointed metric space.

Theorem 1 Forevery$ > 0, we can find ¢ > 0 and construct on the same probability
space copies of the Brownian plane P and of the Brownian map My, in such a
way that the balls B;(P) and B.(my,) are isometric with probability at least 1 — 6.
Furthermore, we have

(d)
(m007)"D*7 10) )Ljo)o (P7 DOOa pOO) (1)

in distribution for the local Gromov—Hausdorff topology.

Let us briefly discuss the local Gromov—Hausdorff topology (for more details see
Chap. 8.1 in [6] and Sect. 2). First recall that a metric space (E, d) is called a length
space if, for every a, b € E, the distance d(a, b) coincides with the infimum of the
lengths of continuous curves connecting a to b. We also say that (E, d) is bound-
edly compact if all closed balls are compact. Then a sequence (E,, d,,, ;) of pointed
boundedly compact length spaces is said to converge to (E, d, «) in the local Gromov—
Hausdorff topology if, for every r > 0, the closed ball of radius r centered at «;, in
E,, converges to the closed ball of radius r centered at « in E, for the usual Gromov—
Hausdorff distance between pointed compact metric spaces. The space of all pointed
boundedly compact length spaces (modulo isometries) can be equipped with a metric
which is compatible with the preceding notion of convergence, and is then separa-
ble and complete for this metric. The convergence in Theorem 1 is just the usual
convergence in distribution for random variables with values in a Polish space.

If (E, d) is a boundedly compact length space and o € E, the Gromov—Hausdorff
tangent cone of (E, d) at «, if it exists, is the limit in the local Gromov—Hausdorff
topology of the rescaled spaces (E, Ad, «) when A tends to infinity (see Sect. 8.2 in
[6]). The convergence (1) can thus be interpreted by saying that the Brownian plane is
the Gromov—Hausdorff tangent cone in distribution of the Brownian map at its root.
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Remark 1t follows from the convergence (1) that the Brownian plane is scale invari-
ant, meaning that, for every A > 0, (P, AD, poo) has the same distribution as
(P, Do, pso)- This can also be verified directly from the definition, using the similar
property for the infinite Brownian tree.

In order to state our second theorem, let us write Q, for the UIPQ and V (Q«o)
for the vertex set of Q. The root vertex of Q is denoted by p(s). Similarly, for
every integer n > 1, Q, stands for a uniformly distributed rooted quadrangulation
with n faces, V(Q,) is the vertex set of 9, and p(,) is the root vertex of Q. Finally
dgr denotes the graph distance on either V(Q,) or V(Q).

Theorem 2 We have
(d)
(V(Qo0), )\dgh p(oo)) :0) (P, Do, poo), 2)

in distribution for the local Gromov—Hausdorff topology. Furthermore, let (k,)n>0 be
a sequence of non-negative real numbers such that k, — oo and k, = o(n'/*) asn
tends to infinity. Then,

— (d)
(V(Qn). ky ' der, o) —— (P, Dog, poc) 3)

in distribution for the local Gromov—-Hausdorff topology.

The reader may have noticed that neither (V(Q), dgr) nor (V(Qp), dgr) is a
length space, so that the discussion following Theorem 1 does not seem to apply to the
convergences (2) and (3). However it is very easy to approximate (V (Qc), dgr) (resp.
(V(Qn), dgr)) by a pointed boundedly compact length space, in such a way that the
balls centered at the distinguished point in (V (Q«), dgr) and in this approximating
space are within Gromov—Hausdorff distance 1 (and a similar result holds for the balls
in (V(Qy), dgr)). The convergences (2) and (3) make sense, and will indeed be proved
for these approximating length spaces.

The convergences in Theorems 1 and 2, as well as the convergence of rescaled finite
quadrangulations to the Brownian map and the local convergence to the UIPQ, are
summarized in the diagram of Fig. 1.

The proofs of both Theorems 1 and 2 are based on coupling methods. The coupling
argument already appears in the first statement of Theorem 1, which is in fact much
stronger than the local Gromov—Hausdorff convergence (1). In the discrete setting,
we prove in Proposition 9 that we can couple Q, with O, so that the balls of radius
o(n'/*) are the same with high probability. This allows us to partially answer a question
of Krikun on separating cycles in the UIPQ (see Corollary 10).

The coupling result given in Theorem 1 makes it possible to derive several important
properties of the Brownian plane from known results about the Brownian map. In
Sect. 5, we prove that the Brownian plane has dimension 4 and is homeomorphic
to the plane. We also study geodesic rays in the Brownian plane (a geodesic ray
is a semi-infinite path converging to infinity whose restriction to any finite interval
is a geodesic). We prove in particular that any two geodesic rays coalesce in finite
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Uniform Brownian
Quadrangulations ap
Scaling .p,—1/4 .
(Qn dgr) " (mo, D¥)
Local %‘;1 >>po /4 Local
\i
(Qoovdgr) (’PvDoo)
Scaling -\ — 0
UIPQ Brownian
Plane

Fig. 1 Tllustration of Theorems 1 and 2

time, a property that is reminiscent of the results derived in [14] for the Brownian map
and in [9] for the UIPQ. As a corollary of our study of geodesics, we also show that
the “labels” Z, can be interpreted as measuring relative distances in P from the point
at infinity, in the sense that, a.s. for every a, b € 7,

Za = Zp = lim (Doo(a, x) — Doo(b, X))

where the limit holds when x tends to the point at infinity in the Alexandroff com-
pactification of P. This should be compared to Theorem 2 in [9]. At this point it is
worth mentioning that, even if the Brownian map and the Brownian plane share many
important properties, the Brownian plane enjoys the additional scale invariance prop-
erty, which may play a significant role in future investigations of these (still mysterious)
random objects.

Finally, we conjecture that the convergence (2) in Theorem 2 still holds if the
UIPQ Q« is replaced by the UIPT, and more generally that this convergence can be
extended to many infinite random lattices that are obtained as local limits of random
planar maps.

The paper is organized as follows. Section 2 gathers some preliminaries about the
local Gromov—Hausdorff topology and the convergence of rescaled finite quadrangu-
lations toward the Brownian map. Section 3 is devoted to the proof of Theorem 1.
Theorem 2 is proved in Sect. 4. Finally Sect. 5 studies properties of the Brownian
plane.

2 Preliminaries

2.1 Gromov—Hausdorff Convergence

In this subsection, we recall some basic notions from metric geometry. For more details
we refer to [6].

A pointed metric space E = (E, d, o) is a metric space given with a distinguished
pointa € E. We will generally use bold letters E, Q, . .. for pointed spaces. For every
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r > 0, we denote the closed ball of radius r centered at « by B, (E). We view B, (E)
as a pointed metric space (where obviously « is the distinguished point).

Recall that if X and Y are two compact subsets of a metric space (E, d), the
Hausdorff distance between X and Y is

dE(X,Y) :==infle >0: X C Y*and Y C X*},

where X := {x € E : d(x, X) < &} denotes the e-neighborhood of X. If E =
(E,d,a) and E' = (E’, d’, &) are two pointed compact metric spaces, the Gromov—
Hausdorff distance between E and E’ is

don(E, E) = inf {af @ (), ¢/ (E) v (@), ¢'@))],

where the infimum is taken over all choices of the metric space (F, §) and of the
isometric embeddings ¢ : E — F and ¢’ : E/ — F of E and E’ into F. The
Gromov—Hausdorff distance is indeed a metric on the space K of all isometry classes
of pointed compact metric spaces (see [6, Sect. 7.4] for more details), and the space
(K, dgp) is a Polish space, that is, a separable and complete metric space.

In order to extend the Gromov—Hausdorff convergence to the non-compact case,
we will restrict our attention to boundedly compact length spaces. This restriction is
not really necessary (see [6, Sect. 8.1]) but it will avoid certain technicalities, which
are not relevant to our purposes.

If (E, d) is a metric space and y : [0, T] — E is a continuous path in E, the
length of y is defined by

k—1

Liy)i= sup > dy),yw)),

O=ty<--<tx=T i=0

where the supremum is over all choices of the subdivision0) =ty <) <--- <ty =T
of [0, T']. The space (E, d) is called a length space if, for every x, y € E, the distance
d(x, y) coincides with the infimum of the lengths of continuous paths connecting x to
y. We say that (E, d) is boundedly compact if the closed balls in (E, d) are compact.
For a length space, this is equivalent to saying that (E, d) is complete and locally
compact [6, Proposition 2.5.22]. In a boundedly compact length space, a path with
minimal length (or geodesic) exists between any pair of points.

Let (E»)»>0 and E be pointed boundedly compact length spaces. We say that E,
converges toward E in the local Gromov—Hausdorff sense if, for every » > 0, we have

don(Br (En), B-(E)) —> 0.

This notion of convergence is compatible with the distance

diGu(Er, E2) = >~ 27" (dgu(Bi(E1), Br(E2)) A 1).
k=1
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As observed in [10, Proposition 3.3], the set Kj; of all isometry classes of pointed
boundedly compact length spaces endowed with di gy is a Polish space.

We will use the following easy consequence of the preceding considerations. If
(En)n>0 1s now a sequence of random variables with values in Kj;, this sequence
converges in distribution to E € K if and only if, for every r > 0, B, (E,) converges
in distribution to B, (E) in K. Furthermore, we may restrict our attention to integer
values of r.

Notation If E = (F, d, «) is a pointed metric space and A is a positive real number,
the notation A - E stands for the rescaled metric space (E, A - d, o). In particular for
any A, n > 0 we have A - B,(E) = By;(1 - E).

2.2 Convergence to the Brownian Map

In this subsection, we recall the definition of the Brownian map, and briefly discuss
the convergence of rescaled finite quadrangulations to this random metric space. The
construction of the Brownian map is very similar to that of the Brownian plane given in
the introduction, but the role of the process X is now played by a Brownian excursion.

We fix T > 0. For reasons that will become clear later, it is convenient to index
the processes that we will define by the parameter A = T'/4. Let (€})o<i<7 be a
Brownian excursion with duration 7 = A*. For the purposes of this subsection, it
would be sufficient to take 7 = A = 1, but later we will deal with scaled versions of
the Brownian map for which arbitrary values of 7" will be useful.

For every s,t € [0, T], we set

dy.(s,t) =e'+e —2 min e

sAt<r<svt "

and we set s ~ ¢ if and only if d,.(s, t) = 0. The tree coded by e* is the quotient
space Zg := [0, T']/ ~, which is equipped with the distance induced by d,:.. Note
that 7. is a scaled version of the CRT: We refer to Sect. 3 of [16] for basic facts about
the CRT and the coding of real trees by functions. We write pg. : [0, T] —> 7. for
the canonical projection, and we set p;, = pei(0) = per (T). To simplify notation, we
write p = pj.

Conditionally given e*, let Z* = (Z%)o<,<r be the centered Gaussian process with
covariance

E[Z}Z} e 1= min el
re[sat,svt]

The process (Z?)ofsz has a continuous modification, which we consider from now
on. Then, a.s. for every s € [0, T], Z? only depends on pe.(s) and so, for every
a € Ty, we may set Z,)i = Zg‘, where s is an arbitrary element of [0, T'] such that
De-(5) = a.
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For every s,t € [0, T] such that s < ¢, we set

D%(s.t) = D°(¢t, s) = Z* + Z — 2max | min Z*, min  Z).
1(5:1) 1(t:9) st (re[x,t] " rels, TIU0,s1 "

Furthermore, we set for a, b € 7,
D;(a,b) = min{D;(s,t) :5,t € [0, T], per(s) = a, pe.(t) = b},

and

P
Dj(a,b)= _ inf pzb;D;(ai_l,a»,

ap=a,ay,...,a

where the infimum is over all choices of the integer p > 1 and of the finite sequence
ap,ai, ..., apin Ty such thatag = a and a, = b.
Since clearly D5 (a, b) > |Z* — Z}|, it is immediate that we have also

Dj(a.b) > |2}, — Z}|

for every a, b € T,.. More precisely, the pseudo-distance Dj satisfies the so-called
“cactus bound”

Di(a,b) > Z* + 7} —2 min Z* )
c€lla,b]]

where [[a, b]] denotes the geodesic segment between a and b in 7. To see this,
first note that the cactus bound holds for D5 (a, b) instead of D;f (a, b): This is an
immediate consequence of the definition of Dy and the fact that, if pe.(s) = a and
Do (1) = b, the set pe. ([s At, sVt]) must contain [[a, b]]. Then, given a finite sequence

ap = a,ai,...,a, = b we observe that [[a, b]] is contained in the union of the
segments [[a;—1, a;]] for 1 <i < p. Hence, there must exist an index j € {1, ..., p}
such that

min Zi‘ > min sz
cella,bll c€llaj—1.a;ll

and it follows that
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A A A A . A
ZDA(a, 1al)>Z|Z -z} (zuj \+Z; —2 _min ]]zc)

cellaj—1.a;

Zk — 7k |>Z 47 —2 min ZM
+i§1| @ ZaalZ 2ot 2y =2 i,

Finally, we put a &, b if and only if D (a, b) = 0. Specializing now to the case

= 1, the Brownian map mq, is defined as the quotient space 7,1/ ~, which is
equipped with the distance induced by D}. We view my; as a pointed metric space
with distinguished point p (here and later we abuse notation and identify p with its
equivalence class in 7,1/ A1), and we write My, = (M, DY, p) for this pointed
metric space. With the notation introduced at the end of the preceding subsection, we
have, by a simple scaling argument,

d
roma L (T~ D5 pa) )

with the same abuse of notation for p,. This identity in distribution explains why we
considered an arbitrary value of 7 > 0 (and not only the case 7 = 1) in the preceding
discussion.

Let us recall the convergence of rescaled random quadrangulations toward the
Brownian map [15,21]. For every integer n > 1, let Q, and V(Q,) be as in the
introduction. We view V(Q,) as a metric space for the graph distance dg, which is
pointed at the root vertex p(,) of Q,. Then, we have

—1/4 () 8\ '/ *
(V(Qn),n dgr»P(n)) > | Moo, | = 12 P (6)
n— 00 9

in distribution in K.

3 The Brownian Plane as a Tangent Cone of the Brownian Map

In this section, we prove Theorem 1. To do so, we establish a coupling result (Propo-
sition 4) from which Theorem 1 easily follows. This lemma shows that we can couple
the realizations of the Brownian plane and of the Brownian map in such a way that the
balls of small radius centered at the distinguished point coincide with high probability.

3.1 Absolute Continuity Properties of Excursion Measures

The branching structures of the (scaled) CRT 7. and of the infinite Brownian tree
Too are encoded respectively in a Brownian excursion e* of duration 7 = A* and in
a pair (R, R’) of independent 3D Bessel processes. In the proof of the forthcoming
coupling result, it will be important to have information about the absolute continuity
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properties of the law of a pair of processes corresponding respectively to the initial
and the final part of e*, with respect to the law of (R, R’).

We fix T > 0 and set A = T''/* as previously. We also consider two reals o, 8 > 0
suchthata+ 8 < T.We will then consider the pair ((e?‘)ogfa, (e)f_t)ogf,g), whichis
viewed as a random element of the space C ([0, «], R1) x C([0, 8], Ry). The generic
element of the latter space will be denoted by (w, o).

Fort > Oand y € R, we let

() = L o (—y—z)

be the usual Brownian transition density. The transition density of Brownian motion
killed upon hitting 0 is

pix,y) = pi(y —x) = pi(y + x)
for x, y > 0. We also set
X
qr(x) = ?Pt(x)

for > 0 and x > 0. We recall that the transition density of the 3D Bessel process is
given by

[p?)(x,y) =2 pr,y)ifr > 0,x > 0,y > 0,
X
20, y) =2yq/(y) ift>0,y>0.

Proposition 3 The law of the triplet

a<t<T-p

((e?)0<t<a’ (€} _)o<i<p, min e?‘)
is absolutely continuous with respect to the law of
((Rt)OStsou (R)o<i<g, inf R; A inf R;) ,
1za =]
with density given by the function At o g(w (), ' (B), z), where, foreveryx, y, z > 0,

Arop(X,y,2) =010, V) YT (@18 (X, Y, 2)
with

N2rT3
PT,0,8(x,y) = Ty PT—(a+p) x> Y)

and, for every s > 0,
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Q@ +y —22)/s) exp(—((x +y —22)% — (y — x)?)/2s) .
1,1 2 le<xAy}:
(1 —exp(-2xy/s)) (L+1 - &)

WS(xv yv Z) =

Moreover, for every x, y, z > 0 such that 7 < x Ay, we have
lim AT,a,ﬁ(x, y, Z) =1.
T—o00

Proof We first recall a well-known fact about the Brownian excursion with fixed
duration. If 0 < #; < b < --- < t, < T, the density of the law of the p-tuple

b AN
(e,l,...,e,p)ls

V27 T3 gy (X)) Py—yy (X1, X2) < Pf _y (Xpm1 Xp)gT—r, (Xp).

See e.g. Chap. XII of [22] for a proof. To simplify notation, we set, for0 < #; < --- <
tpand x1,...,xp >0,

Fll,...,tp(-xla L) -xp) = qtl (xl)p;‘;—tl (-xla x2) LU p;;_tpfl(xp—la x[})‘

Then fix0 < <--- <t, =aand0 < 1] <--- <1, = B. We see that the density

A Aok A . .
of (etl, e eT_té, R eT_t;) is the function
T
811 stput] et (X1, Xptg)

=2V2rT3 F, (1 xp) Fy

.......... 7 ('xp+qs ce ,xp+1) P?_(a.;.ﬁ) (xp, Xp+1)-

On the other hand, from the explicit formulas for the transition density of the 3D
Bessel process, we have

F; (x )c)—L )(Ox) (3 (x1,x2) -~ 3 (x Xp)
1oty (X15 ooy Xp o Dy VP~ X1, X2) == Py g, Xp—1, Xp
LG“) (x xp)
= 2xp Hyeons tp 1, sAp)s
where fo ,)...,tp is the density of (Ry,, ..., Ry,). Consequently, we have also
T
gtl tps tl/ t/ (xl’-n»xp-i-q)

=2V/22T3 G, ,(xl,...,xp)G(3) iy Eptgs oo Xp)

.....

o pT,(aJrﬁ)(xps Xp+1)

Axpxpi1
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It follows from this calculation that the density of the law of the pair

((61)o<r=a- (€F_o<i=p)
with respect to the law of

((R)o<r<a- (RDo<i<p) -
is given by the function @7 ¢ g(w(a), @' (B)).

We next consider the conditional density of the third component of each triplet in
the proposition, given its first two components. We note that, for every z > 0,

P |:inf Ry A t11>1/f3 R; >z ’ (R)o<t<as (R;)0<t<f5:|

t>a

_ P[infR, >z ‘ Ra] P[infR; >z ‘ R%}
[za >

_ (1R ([ ZA Ry
- R, Ry )

Hence the conditional density of

inf R; A inf R]
1o =

given (R;)o<;<« and (R;)Ogtsﬁ is

1 1 2z
hg, k(D) = L0 <Rr,nR)) Ro + R_}; - m :

Similarly, to get the conditional distribution of

min ef‘,
a<t<T—-p

we observe that, conditionally on (el*)oftsa and (e?_t)ostf g, the process
(ef; 1)0<t<T—(a+p) is a Brownian bridge of duration 7 — (a + ), starting from
e’ and ending at €} g» and conditioned not to hit 0.

Fix s > 0 and x > 0, and recall that for a standard Brownian motion B starting
from x the density of the pair (B, ming<,< B,) is the function g,(y, z) = 2¢gs(x +

¥ —22) 1{z<xny)- Hence, if we also fix y > 0, the conditional density of ming<,<s B;
knowing that By = y is

2qs(x +y —2z)

S @ =72 60

Lizcxny)-
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In particular,

XAY

. 2xy
P{ min B, >0 |B;=y]| = dz fsxy(@)=1—exp{——).
0<r<s S
0

We conclude from these calculations that the density of ming<;<7—g e? knowing

)L )\’ . .
(€;)o<r<« and (€7 _,)o<s<g is the function f;‘_(a+ﬂ)’e}we;7ﬁ (z), where, for s > 0 and

x,y,z2>0,

ft,x,y(z)

o ) 1{O<z<)c/\y}-

foxy@ = ;
1 —exp (_T

Set
. . /
My, g = tll’zlg R: A tlrzlg R,

to simplify notation. It follows that, for every non-negative measurable function I" on
C([Os Ol], R+) X C([Os :B]a R+) X R’

A A : A
E |:F ((et )Ostfou (eT_t)Oftf/Ss afltlél%l—ﬂ €; )i|

]

=E /dZ f;j—(a-i-ﬂ),e",e)}_ﬁ T ((e?\)0§t§av (e)f,,)0§t§ﬂ, Z)
LO

00
=E (pT,a,ﬂ(Raa R:‘})/dz f}kf(otJrﬁ),Ra,Rl’s () ((Rt)()ftsa’ (R;)Oftfﬂa Z)
0

[ o0

— £ | [ dzhi, i@ Ariap(Ras Ry )T (Rdzizas (Rozi=p.2)
L0

= E [Arap(Ras R 10 p) T ((Rora (RDozi2p. Mg |

In the second equality, we applied the first part of the proof, and in the third one, we
used the identity

/ /
(pT,Ol,ﬂ(ROH Rﬂ)fT*f(a+ﬂ),Rm,R;,} (Z) = hRa,R}; (Z) AT,O(,ﬂ (ROU Rﬂa Z)a
which follows from our definitions. The proof of the first assertion of the proposition is

now complete. The last assertion follows from the explicit expressions for 7 o g(x, y)
and WT—(a+;3) (-x’ y, Z) O
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3.2 Proof of Theorem 1

In this section, we prove Theorem 1. Recall the notation P = (P, Do, pso) for the
Brownian plane viewed as a pointed metric space.

Proposition 4 Let § > 0 and r > 0. There exists Ay > 0 such that, for every A > X,
we can construct copies of A - My, and P on the same probability space, in such a
way that the equality

B, (A - my) = B, (P) (N

holds with probability at least 1 — §.

Proposition 4 immediately implies that, for every r > 0,
(d)
By (& -ms) — B (P) ®)
A—00

in distribution in K. From the observations of the end of Sect. 2.1, this suffices to
get the convergence (1) in Theorem 1. The first assertion in Theorem 1 also readily
follows from Proposition 4 and the scale invariance of the Brownian plane.

Proof We will rely on the identity in distribution (5). To simplify notation, we write
Yr = T/ ~5. We also write Y* for the pointed space (Y*, D3, py), so that A - my,
has the same distribution as Y*.

We first choose A > 1 sufficiently large so that, if B = (B;)s>0 is a standard linear
Brownian motion, we have

P[{ min ﬂ,<—]0r}ﬂ{ min ﬂ,<—]0r}ﬂ{ min ﬂ,<—10r}] >1-5/8.

0<t<A A<i<A2 A2<t<A?
Next we choose o > 0 large enough so that the property
inf R, A inf R| > A*
>a >a

holds with probability at least 1 — §/8.

From Proposition 3 (especially the last assertion of this proposition) and standard
coupling arguments, we can find Lo > 0, such that Ag > 2w, and such that, for every
A > Ao, we can construct both processes e* and (R, R’) on the same probability space,
in such a way that the probability of the event

& = {etA = R; and e’;4_

t:R;,VISa}ﬂ{ min e?:inth/\infR;}

a<t<\—a 1za 1>a
is bounded below by 1 — §/2.
We fix A > Ao and we write 7 = A% as in Sect. 3.1. We suppose that e* and the

pair (R, R’) have been constructed so that P(&;) > 1 — §/2. We then observe that,
conditionally given e*, the process (W/*);c[—a.] given by
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W — {Z,* if7 € [0, «]
! Z},, ift € [—a,0]

is a Gaussian process whose covariance is a function of the triplet

A A : A
€ , (€7 , min e;]).
(( t)0§t§ot ( T ;)051501 w<t<T ;)

Similarly, conditionally given (R, R’), the process (Z;)re[—a.«] 1S also Gaussian with
covariance given by the same function of the triplet

((Rt)Ogtfou (R;)ngsou inf R; A inf R;) .
t>a >a

Note that &, is precisely the event where the latter two triplets of processes coincide.
It follows that we can construct the processes Z* and Z in such a way that, on the
event &£, we have also the identities

Zb=27,, 7} , =27, Vtel0 al
From now on, we assume that these identities hold on &;.

To simplify notation, we write 7,y = 7., and p(;) for the canonical projection
from [0, T'] onto 7(;). For every x € [0, e)%/z], we set

ya(x) =sup{r <T/2: e;\ =x}, mx)=inf{t >T/2: e? =x}.

Then p) (¥4 (x)) = pe.)(m;.(x)) is the vertex at distance x from the root in the ancestral
line of the vertex p)(7/2) in the tree 7(;). Similarly, we define, for every x > 0,

Voo(x) = sup{t = 0: Ry =x}, 1oo(x) =sup{t = 0: R} = x}.
With the notation of the introduction, we have poo(Yoo(X)) = pPoo(—noo(x)) for
every x > 0. Furthermore, the process (Zy,, (x))x>0 is distributed as a standard linear

Brownian motion.
Write JF;, for the intersection of £, with the event where we have both

inf R, A inf R > A*

t>a t>a

and

OE}EA Zyox) < —10r, A$i<n,42 Zyox) < —10r, A2r<nxir<1A4 Zyox) < —10r.

©))

By our choice of the constants A and «, we have P(F;) > 1 —§.
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On the event F;, we have

min  e* = inf R, A inf R| > A*

a<t<T—«a t>o t>o

and therefore, for every x € [0, A4, Y (X) = Voo (x) < dand T —ny (x) = neo(x) <
a. It follows that, for every x € [0, A4],

A A
Z}/)L(x) = Z)/oo(x) = Z_Tloo(x) = Zn)h(x)’

Before stating another lemma, we introduce one more piece of notation. Let s, ¢ €
[0, T']. If s and ¢ both belong to [0, T'/2] or if they both belong to [T /2, T'], we set

DS(s,t)=Z"+2Z—2 min Z

ue[snt,sVvi]

Otherwise we set

D(s,t) =Z*+ 7> -2 min VA
)“( ) § ! uel0,sAtlU[sVvt,T] u

Lemma 5 Suppose that F) holds.
(i) For every t € [y5.(A), m(A)],
D3 (o3, Py (1)) > r.

For every s,t € [0, y2(A)] U [n5.(A), T such that Di(ps, ppy(s)) < r and
D3 (px. poy(1)) < r, we have

D3 (pay(s), pay () = ZDA(z, 1 8) (10)

50,10,51, t1 Sp, tp

where the infimum is over all choices of the integer p > 0 and of the reals
505 815 .-+, Sp, t0, t1, ..., tp belonging to [0, Yi(AD] U 1 (A?), T such that
so =, tp =t, and poy(si) = poy(t;) foreveryi € {0, 1, ..., p}.

(ii) For every t' € (=00, =10o(A)] U [Yoo(A), 00),

Do (oo Poo(t/)) >r.

For every s',1" € [—Noc(A), Yoo(A)] such that Deo(poo, Poo(s’)) < r and
Doo(Poos Poo(t’)) < r, we have

Doo(poo(s)), poo(t)) = | inf ZD° (1. 57) (1)
Ot()sl tl “pt]/)i 1
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where the infimum is over all choices of the integer p > 0 and of the reals
50s ST e s;), 79 A t[’, belonging 10 [—10o(A?), Yoo (A?)] such that s, =
st =1, and peo(s]) = poo(t]) foreveryi € {0,1, ..., p}.

Proof We argue on the event F, and prove (i). We observe that, for every t €
[¥1(A), n:.(A)], we have

Di(pr, poo®) > 2> =2 min  Z'>— min  Z'>10r
ALPA PG) b T cellon,poy 1 € cellp.poy® €

The first inequality is the cactus bound (4), and the last one follows from the fact that
if t € [ya(A), n,(A)], the ancestral line of p(;)(¢) contains all vertices of the form
Py (ya(x)) for x € [0, A], and we use the equality Z}A/A(x) = Zy..(x) (which holds for
these values of x on F)), together with the first bound in (9).

We next turn to the proof of the second assertion in (i). Let s,¢ € [0, ya(A)] U
[7:.(A), T]such that D*(p;, po)(s)) < rand D*(px, pi)(t)) < r.Note that we have
then

A A
| Zo| <r, |Z}| <7

by the cactus bound. Furthermore, we have by definition

p
* _ : o . .
Dipoys)poy@) = _ - inf ZI; DS (1. ) (12)
1=

where the infimum is over all choices of the integer p > 0 and of the reals
505815 +--»Sp,to, t1, ..., 1pin [0, T] such that so = s, 1, =t and p,(si) = poy (i)
foreveryi € {0, 1, ..., p}.

Since D (p)(s), po)(t)) < 2r, we can obviously restrict our attention to reals
50,81, - .., tp such that

P
> D51, si) < 5r/2. (13)

i=1

We next claim that in the infimum in the right-hand side of (12), we can further-
more limit ourselves to choices of si,...,sp,%0,11,...,,—1 such that, for every
i €{0,1,..., p}, both s; and #; belong to [0, y,.(A>)] U [,.(A%), T1.

Indeed, suppose that, for some i € {0, 1,..., p}, t; (or s;) does not belong to
[0, yA(AZ)] U [nA(AZ), T]. From (13), we have D} (p(.)(s), po)(t;)) < 5r/2. On the
other hand, by the cactus bound and the property Z* > —r, we have

D5 (poy(s), poy(ti)) = —r — min zZ} > or
cellppy(s),poy )1l

because the fact that s € [0, ya(A)]U [n1(A), T]1and 1; ¢ [O, y;L(Az)] U [m(A2), T]
ensures that the geodesic segment [[ p(;)(s), p(.) (#)]] contains all vertices of the form
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Py (ya(x)) forx € [A, A?], and we use the equality Z;A(x) = Zy(x) (for these values
of x), together with the second bound in (9). This contradiction proves our claim.

In order to establish formula (10), we still need to justify the fact that we can
replace D3 by l~)§ in (12). So let 5o, t1, ..., t, be reals in [0, y)L(Az)] U [m(Az), T]
such that s9 = s,7, = t and (13) holds. Consider first the case where i €
{1,..., p}issuch that ;_; € [0, y,(A%)] and 5; € [, (A?), T]. Using (13) we have
D;\"(p(k)(s), P (ti—1)) < 5r/2, hence Z,);_l > Zﬁ\ — 5r/2 > —7r/2, and similarly
Z}. = —Tr/2. We have also

— min Z) > 10r
u€lti—1,sil

because the interval [¢;_1, s;] must contain all . (x) for x € [A2, A%], and we use
the third bound of (9). Then

5¢/2 > DO(ti_1.8;) = Z* Z» — 2 max min  Z%*, min z*
/ a(fi-1.51) T2 ( “ uel0,61)ULs;, 71 "

fi
i1 uelti—1,sil

> —Tr — 2max( min Z* min ZA>

welti—1,si1 " uel0,4-1100s;, 71

and the previous two displays can hold only if

max( min Z;‘, min Z;‘): min Z;‘,
uelti—y,sil uel0,4;—1]ULs;, T uel0,4;—1]ULs;, T]

which means that 5; (ti—1,8;) = D7 (ti—1, s;). Next consider the case where both #; _;
and s; belong to [0, y,.(A%)]. Then, by the same argument as previously, we have

— min Z,); > 10r
u€lti—1vs;,T]

and it again follows that 5;3 (ti—1, 5i) = D5 (ti—1, s;). The other cases are treated in a
similar way. This completes the proof of assertion (i).

The proof of assertion (ii) is similar. Just note that a version of the cactus bound
(4) where Dy is replaced by D, and Z* by Z holds for a, b € Ty, with exactly the
same proof. We omit the details. O

The next lemma is a simple corollary of Lemma 5.

Lemma 6 Assume that F, holds. Let s,t € [0, y3(A)] U [ni(A), T). Set s’ = s
ifs € [0,y,(A)] and s" = s — T if s € [n,(A), T, and similarly t' = t ift €
[0, vo(A)]andt' =t — T if t € [n,(A), T]. Then we have DI(,O;H Pn($)) <rand

D;\_((IO)\J Poy () = rifand only if Deo (oo, Poo(s")) < r and Doo(poc, Poo(t’)) < r.
Furthermore, if these conditions hold, we have also

D3 (P ($), P (1) = Do (pos(s’), poo(t)).

@ Springer



1268 J Theor Probab (2014) 27:1249-1291

Proof First notice that the condition s, ¢ € [0, 2 (A)] U [n,(A), T] is equivalent to
saying that s, 1" € [—100(A), Yoo (A)] (recall that yso(A) = yi(A) and 1o (A) =
T — 15 (A) on Fy).

Then let 5,¢ € [0, y5(A)] U [11(A), T] such that D (px, piy(s)) < r and
Di(px, poy(t)) < r. By Lemma 5, D} (p.)(s), pi)(1)) is given by formula (10).
We claim that the right-hand side of this formula coincides with the right-hand side
of formula (11). To see this, let s, 9, 51, 1, ..., Sp, tp € [0, T] such that sp = s and
tp =t.Foreveryi € {0, 1,..., p},sets] =s;if s; < T/2ands. =s; — T otherwise,
and define ti’ analogously. Then sg, 51, ...,1, € [0, y» (AHU [n;L(A2), T1]if and only
if 50,81, ..., 1), € [=1100(A%), Yoo (A?)]. Assume that this condition holds. Then, one
immediately checks that, for every i € {0, 1, ..., p}, we have puy(s;) = poy () if
and only if poo(s)) = poo(t]). Finally, we have also 5; (ti—1.81) = D (t]_,, s}) for
every i € {0,1,..., p} (at this point it is crucial that 5; appears instead of D} in
(10)). Our claim follows.

We cannot immediately infer that the right-hand side of (11) coincides with
Do (Poo(s), Poo(t)) since we do not know yet that Doo(000, Poo(s)) < r and
Doo(poo, Po(t)) < r. However, the right-hand side of (11) is clearly an upper
bound for Deo(poo(s), pso(t)), and thus, by considering the special cases s = 0
or t = 0, we deduce from the equality between the right-hand sides of (10) and (11)
that Do (000, Poo(s)) < 1 and Doo (oo, Poo(f)) < 1.

From a symmetric argument, we obtain that the latter conditions imply D} (o5, p()
(s)) <rand D;‘ (px, poy(t)) < r. Finally, the equality between the right-hand sides
of (10) and (11) gives the identity D} (p(;,)(s), poy(®)) = Doo(Poo(s), poo(®’)). O

To complete the proof of Proposition 4, we verify that the identity (7) holds on F; .
Write p,) for the composition of p() with the canonical projection from 7, onto
Y*, and similarly write ps, for the composition of p, with the canonical projection
from 74 onto P. Assuming that F holds, we construct an isometry Z from B, (YY)
onto B, (P), which maps p;, to pso, in the following way. An arbitrary point of B, (Y*)
is of the form p(;)(s), where s has to belong to [0, ¥, (A)] U [1,(A), T] (by the first
assertion in Lemma 5 (i)). We then define

Z(Poy(s) = Poo(s)

where s’ = s if s € [0, 5 (A)] and s’ = s — T if s € [, (A), T], as previously. The
last assertion of Lemma 6 shows that this definition does not depend on the choice of
s, and then that 7 is an isometry. Finally, using the first assertion of Lemma 5 (ii), we
easily get that 7 maps B, (Y?) onto B, (P), and it is also immediate that Z(03) = poo-
We conclude that the pointed spaces B, (Y?) and B, (‘P) are isometric on the event F;,.
Since A -mq, has the same distribution as Y*, this completes the proof of Proposition 4
and of Theorem 1.

4 The Brownian Plane as the Limit of Discrete Quadrangulations

In this section, we prove Theorem 2, which shows that the Brownian plane also arises
as a scaling limit of discrete quadrangulations. Let us briefly discuss the strategy of
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the proof, which is, roughly speaking, the same as in the proof of Theorem 1. After
recalling the constructions of discrete quadrangulations from labeled trees, we estab-
lish in Proposition 7 a comparison lemma for these trees, which plays the same role as
Proposition 3 in the continuous setting. Using this lemma, we show in Proposition 9
that we can couple the realizations of Q, and of Q. in such a way that the balls of
radius o(n'/4) centered at the origin are the same in Q,, and Q. with large probability
(this is the discrete counterpart to Proposition 4). We then use the convergence toward
the Brownian map (6) and Proposition 4 to complete the proof.

4.1 Discrete Quadrangulations

As in the introduction, we let O, be uniformly distributed over the set of all rooted
quadrangulations with n faces. Let us recall the definition of the UIPQ. More details
can be found in [9,12,20].

If m is a rooted planar map and r > 0, we define the “combinatorial ball” Ball, (1)
as the submap of m obtained by keeping only those edges and vertices of m that are
incident to (at least) one face of m having a vertex whose graph distance from the root
vertex is smaller than or equal to r. Independently of the embedding chosen for m,
this defines a planar map Ball, (), which by convention has the same root as m.

Krikun [12] proved that there exists a random infinite (rooted) planar quadrangula-
tion O such that, for every r > 0, we have the following convergence in distribution

Ball, (Q,) —“=> Ball,(Q). (14)

We refer to [9] for a discussion and a precise definition of infinite planar maps. The
random infinite quadrangulation Q  is called the uniform infinite planar quadrangu-
lation or UIPQ. Notice that a similar object has been defined earlier in the context of
triangulations by Angel and Schramm, see [3,4].

An alternative approach to the preceding convergence can be found in [20], where
it is also proved that O, coincides with the random infinite quadrangulation that had
been constructed by Chassaing and Durhuus [7] from a random infinite well-labeled
tree—a different but related version of this construction, due to [9], will be presented
below.

As we already mentioned after the statement of Theorem 2, it will be convenient to
see discrete planar maps as length spaces: If Q is a (finite or infinite) quadrangulation,
we associate with Q a pointed (boundedly compact) length space, denoted by Q,
which is obtained by replacing every edge of Q by a unit length Euclidean segment
and pointing the resulting metric space at the root vertex of Q. More precisely, Q is
the union of a (finite or infinite) collection of copies of the interval [0, 1] and two of
these copies may intersect only at their endpoints if the associated edges of Q share
one or two vertices. Obviously, the distance between two points of Q is the length
of a shortest path between them. If Q is finite, it is straightforward to verify that
doa(V(Q), Q) < 1 (here and later, we view V (Q) as a pointed metric space, for the
graph distance and with the root vertex of Q as distinguished point). More generally,
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both in the finite and the infinite case, we have dgg (B, (V(Q)), B, (Q)) < 1 for every
r>0.

We write Q,,, resp. Qoo for the pointed length space associated with Q,,, resp. with
Ooo-

4.2 Constructing Quadrangulations from Discrete Trees

In this section we briefly recall the construction of discrete quadrangulations from
labeled trees. The finite case is presented in Sect. 5 of [16] and its extension to the
infinite case can be found in [9] (note that a different version of the construction in
the infinite case had appeared earlier in [7]). The reader may consult the preceding
references for more details.

4.2.1 Labeled Trees

We start by recalling the standard formalism for plane trees. Let

o0
U= JN,
n=0

where N = {1,2,...} and N° = {&} by convention. An element u of { is thus a
(possibly empty) word made of positive integers, and |u| > 0 stands for the length of u,
sometimes also called the height of u. If u, v € U, uv denotes the concatenation of u
and v. If v € U\{D} we can write v = uj, where u € U and j € N, and we say that
u is the parent of v or that v is a child of u. More generally, if v is of the form uw,
for u, w € U, we say that u is an ancestor of v or that v is a descendant of u. A plane
tree t is a (finite or infinite) subset of ¢/ such that

1. @ € t (& is called the root of 1);

2. if v € T and v # @, the parent of v belongs to 7;

3. foreveryu € U there exists anintegerk, (t) > Osuchthat,forevery j e N, uj e t
if and only if j < k, (7).

If the plane tree 7 is finite, |t| = #(t) — 1 denotes the number of edges of 7 and is
called the size of t.

A ray of an infinite plane tree T is an infinite sequence uq, u1, Uz, . . . in T such that
ug = @ and u; is the parent of u; | for every i > 0. If an infinite tree t has a unique
ray, we call it the spine of t and denote it by S; (0), S; (1), S (2), .. ..

In what follows, we say tree rather than plane tree. For every integer n > 0, we let
T, denote the set of all trees with size n. The cardinality of T, is the Catalan number

of order n,
1 2n
Cat(n) = —— .
n+1\n

For every n > 0, we let T, be uniformly distributed over T),.
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Fig. 2 Construction of 7. The trees that are grafted on the spine are independent Galton—Watson trees
with geometric offspring distribution with parameter 1/2

The uniform infinite tree 7,,. We now introduce the infinite “local limit” of the
random trees 7,, as n — oo. If 7 is a plane tree and k € {0, 1,2, ...}, we let [t] :=
{v € T : |v] < k} be the plane tree obtained from 7 by keeping only its first k
generations. It follows from the work of Kesten [11] (see also [18]) that there exists
an infinite random tree 7, with only one spine such that, for every k > 0, we have

[Tk —> [Took. (15)
n—od

The tree T, is known as the critical geometric Galton—Watson tree conditioned to
survive. It can be described informally as follows (a rigorous presentation using the
preceding formalism for trees can be found in [9]): Start with a semi-infinite line of
vertices that will be the spine of T, and graft to the left and to the right of each vertex
of the spine independent critical geometric Galton—Watson trees (with parameter 1/2).
The root of T, is obviously the first vertex of the spine. See Fig. 2.
Labeled trees. A labeled tree is a pair 0 = (t, (£(u)),e) that consists of a tree t
and a collection of integer labels assigned to the vertices of t, such that £(&) = 0
and |€(u) — £(v)| < 1 whenever u, v € T are neighbors (meaning that u is either the
parent or a child of v). We denote the size of 6 by |6]| = |7|. We let 7 stand for the set
of all finite labeled trees and we let . be the set of all infinite labeled trees 6 = (t, £)
such that 7 has only one spine and inf; > £(S; (i)) = —ooc.

If 7 is a (finite or infinite) tree, we can assign labels to its vertices in a uniform way:
Write E. for the set of all edges of T and consider a collection (7, )<k, of independent
random variables uniformly distributed over {—1, 0, 41}. For any vertex u € t, the
(random) label £(u) of u is then defined as the sum of the variables 7, over all edges
e € E; belonging to the geodesic path from the root to u. In particular £(&) = 0.
The resulting random labeled tree 6 = (t, ) is called the uniform labeling of 7. If
T is random, we can still consider its uniform labeling by applying the preceding
construction after conditioning on t. This applies in particular to the random tree 7,,,
and the resulting random labeled tree ®,, = (T, £,) is uniformly distributed over the
set

T, =10 eT:0|=n).
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Fig. 3 Construction of a rooted
and pointed quadrangulation
from a labeled tree

If we apply the construction to T, the resulting labeled tree Ox = (Too, £oo) 18
called the uniform infinite labeled tree. Notice that ®, € .% almost surely.

4.2.2 The Construction in the Finite Case

We will describe Schaeffer’s bijection between 7, x {0, 1} and the set of all rooted
and pointed quadrangulations with n faces. See Sect. 5 of [16] for more details.

A rooted and pointed quadrangulation is a pair (g, d) consisting of a rooted quad-
rangulation g together with a distinguished vertex d of g. We start from a finite labeled
tree 0 = (t,£) € 7, and write min £ for the minimal label on the tree. In order to
associate a rooted and pointed quadrangulation with 6, we first embed the tree 7 in the
plane, in the way suggested by Fig. 3 (on this figure the edges of 7 are the dotted lines,
the figures are the labels of vertices, the root vertex is obviously at the bottom and
the lexicographical order between children of a given vertex corresponds to listing the
edges from the left to the right). We also add an extra vertex (outside the embedded
tree) denoted by d. A corner ¢ of the (embedded) tree is an angular sector between
two adjacent edges. The label €(c) of the corner c is the label of the associated vertex
V(c). Corners of the tree have a cyclic ordering given by the clockwise contour of the
tree in the plane (if we imagine a particle that moves around the embedded tree along
its edges in clockwise order, it will visit every corner exactly once before coming back
to the corner it started from).

To obtain the edges of the quadrangulation g associated with 6, we proceed as
follows. For every corner ¢ of the tree such that £(c) > min#, we draw an edge
between ¢ and the first corner after ¢ with label £(c) — 1. This corner is called the
successor of ¢ and denoted by S(c). If £(c) = min £ (so that the definition of S(c)
does not make sense), we draw an edge between ¢ and 9. This construction can be
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made in such a way that the edges do not cross each other and do not cross the edges
of the tree 7 (see Fig. 3). After erasing the embedding of the tree, the resulting map
q is a quadrangulation with n faces and whose vertices are exactly the vertices of t
plus the extra vertex d. Furthermore, the labeling has the following interpretation: For
every u € T, we have

dgr (0, 1) = £(u) — min € + 1, (16)

where dg, stands for the graph distance in the quadrangulation.

The quadrangulation ¢ is pointed at the vertex d and its root edge is the edge of
q which is drawn from the root corner ¢ of 7 (the root corner is the corner “below”
the root @ of 7). In order to specify the orientation of the root edge, we need an extra
variable € € {0, 1}: The origin of the root edge is the vertex & if ¢ = 0 and the other
end of the root edge if € = 1.

Call ® (0, €) the rooted and pointed quadrangulation that is obtained by the pre-
ceding construction. Then @ is a bijection between 7, x {0, 1} and the set of all
rooted and pointed quadrangulations with n faces. Consequently, if ®,, is a uniform
labeled tree with n edges and 7 is an independent Bernoulli variable of parameter 1/2,
then the random rooted quadrangulation derived from ®(®,, ) by “forgetting” the
distinguished vertex has the same distribution as Q,,.

4.2.3 The Construction in the Infinite Case

The preceding construction can easily be extended to the case when the tree 0 = (z, £)
is an infinite labeled tree in .. We first embed the infinite tree properly in the plane
and then draw an edge between each corner c of the tree and the first corner with label
£(c) — 1 following c in the clockwise contour order. We again denote this corner by
S(c) and call it the successor of c. Because of our assumption 8 € ., there is no
vertex of minimal label and thus unlike the finite case there is no need to add an extra
vertex d. The construction should be clear from Fig. 4. The resulting planar map in an
infinite quadrangulation, see [9]. We root this quadrangulation at the edge connecting
the root corner of 7 to its successor. As in the finite case, the orientation of this edge is
given by an extra variable € € {0, 1}. This infinite rooted quadrangulation is denoted
by @'(0, €). Note that the vertex set of ®'(8, €) is precisely the vertex set of .

Finally, from [9, Theorem 1] we know that if ®, is a uniform infinite labeled tree
and 7 is an independent Bernoulli variable of parameter 1/2 then

d
D' (O ) L Qe

4.3 Comparison Lemmas
4.3.1 Comparison of Trees

One of the key ingredients in the proof of Theorem 2 is an improvement of the conver-
gence (15). Roughly speaking, we will see that the fixed integer k > 0 in (15) can be
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Fig. 4 Construction of a rooted infinite quadrangulation from a tree of .

replaced by a sequence k = k(n) as soon as k(n) = o(y/n) as n — oo. For technical
reasons, it is more convenient to deal with pointed trees.

A (finite) pointed tree is a pair T = (tr,&) where 7 is a finite tree and & is a
distinguished vertex of 7. Let T = (7, &) be a pointed tree. For every integer & such
that 0 < h < |&], we let & (t, h) stand for the subtree of 7 consisting of all vertices
u € t such that the height of the most recent common ancestor of « and & is strictly
less than h, together with the ancestor of & at height exactly %, which is denoted by
[£]. We furthermore point this tree at [£];. See Fig. 5. By convention when / > |£],
we declare that Z(t, h) = ({2}, 2).

If 7 is an infinite tree with only one spine (denoted as above by S; (0), S; (1), ...),
we can extend the former definition by considering 7 as pointed at infinity. Formally,
for every integer i > 0, we let & (t, h) be the subtree of 7 consisting of the vertices
S:(0), ..., S;(h) of the spine, together with the subtrees grafted to the left and the
right of S; (i) for 0 <i < h — 1. We point this tree at S; (h).

If T is a pointed tree, and £, i’ are integers such that 0 < h < H/, then one
immediately checks that

P(P(x,h), h) = P(z,h). (17)

The same property holds if we replace 7 by an infinite tree having only one spine.

In what follows, T, = (T, &,) is uniformly distributed over the set of all pointed
trees with size n. This is consistent with our previous notation, since 7, is then uni-
formly distributed over T),. Note that, conditionally on 7, the vertex &, is uniformly
distributed over the vertex set of 7},. In particular if 7y is a fixed pointed tree with size
n, we have

1 1

P(Tn = TO) = m N (2nn)
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%] %]
Fig. 5 A pointed tree T = (7, £) and the resulting pruned tree & (z, h) at height &

Recall that 7, denotes the uniform infinite tree. The following proposition relates T,
10 To.

Proposition 7 For every ¢ > 0, there exists 5 > 0 such that, for every sufficiently

large integer n, the bound

58’

'P (9@ (T,,, Lénl/zj) c A) _p (,@ (Too, LSnl/zj) c A)

holds for any set A of pointed trees. Consequently, if k,, is a sequence of positive
integers such that k, = o(nt/ 2) as n — o9, then the total variation distance between
the law of P (T, k) and that of P (T, ky) tends to 0 as n goes to oo.

Remark 1tis easy to see that Proposition 7 does imply (15) and is in fact much stronger.
A similar result has been proved by Aldous [1, Theorem 2] for Poisson Galton—Watson
trees.

Proof Let h > 0 be an integer. We first identify the distribution of &2 (T, h). Recall
that & (To, h) consists of the fragment of the spine of T, up to height /4, together
with the subtrees grafted to the left and to the right of the spine up to height 7 — 1,
and that this tree is pointed at S (h). The subtrees grafted on the spine of T, are
independent Galton—Watson trees with geometric offspring distribution of parameter
1/2. If Qgw stands for the distribution of one of these trees, a standard formula for
Galton—Watson trees gives, for every finite tree 7,
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1
Qow(r) = [ 2701 =221 _ Ly )

Uet

Let 9 = (70, &) be a pointed tree, such that £ is a vertex of 7y at height # with no
child. Write 7;y, 0 <i < h — 1, resp. r(’l.), 0 <i < h — 1, for the successive subtrees
that branch from the left side, resp. from the right side, of the ancestral line of £ in 7.
It follows from the previous observations that

h—1

P(P (T, h) =10) = [ | (%4_%‘)') (%4"6)') = 4717l (19)

i=0

We also notice that the size of the random pointed tree &? (T, h) can be written in
the form

h—1
| P (Too )| = h + > (Nip +Nip),
i=0

where the random variables N; ¢, N; ,, for 0 < i < h — 1 are independent and
distributed according to the size of a Galton—Watson tree with geometric offspring
distribution of parameter 1/2. For every integer n > 0, (18) gives

1 B n—3/2
P (NO,Z = n) = zCat(n)4 n n:oo ﬁ

Standard facts about domains of attraction (see for example [5, pp. 343-350]) thus
imply thatn 2| 2 (T, n)| converges in distribution toward a stable law with parameter
1/2 (we could also derive this from the fact that 2Ng ¢ + 1 is distributed as the hitting
time of 1 for simple random walk on Z started from 0). In particular, if ¢ € (0, 1) is
fixed, there exists a constant ¢, > 1 such that for every integer k > 0 we have

P (12T < cck?) 2 1. (20)

We now compute the distribution of &2(T,, h). Let the pointed tree 79 = (70, &)
be as previously, with || = h. The event {F(T,,, h) = Ty} holds if and only if the
tree 7, is obtained from the tree 7o by grafting at & a subtree t having n — |7p| edges
and if furthermore the distinguished point &, of 7, is in t but is different from its root.
Hence a direct counting argument shows that

(n — |mo)Cat(n — |tol)

PP ) = 70) = Ywen =~ 5500

Recall that we have fixed ¢ € (0, 1). Using asymptotics for Catalan numbers, we
can find an integer N, > 1, which does not depend on % nor on the choice of the
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pointed tree T9 = (79, &) satisfying the preceding properties, such that, for every
integer n > |19| + Nog,

—1/2 ~1)2
(=eya 0! (1= 20) <P e m=r) < e a o (12 10)
n n

and therefore, using (19),

lol\"/* P (P(Ty, h) = 10) lool\ /2

Recall the constant ¢, from (20). We choose § > 0 small enough so that 8% < 1/2
and (1 — ¢82)~12 < 1 4+ . We apply (21) with h = [8n'/?], and we get that, for
every n > 2N, and for every pointed tree T9p = (79, &) with |79| < ce8%n, such that
|€] = |8n'/?] and & has no child,

P (P (Ty, 16n'?)) = 7o)
P (2 (Two, [6n1/2]) = 709)

l—¢< < (1+e¢)?

By (20), we have P (L@(Too, L5n1/2j)| < c582n) > 1 — ¢, and it then follows from
the preceding bounds that, for every n > 2N,,

P (|@(T,,, 18n'72])| < c€82n) > (1—¢)2
Finally, if n > 2N, and A is any set of pointed trees,
‘P (9’ (T,,, Lﬁnl/zj) c A) o (ﬂ (Too, LSnl/ZJ) c A) ’

<P (\gZ(Too, 15n' 72| > 688211) Ty (\gz(Tn, 18n' )] > c882n)

+ > P(,@ (Too, Lénl/zj)zro)

€A, |T0|<c:82n
<e+(I—(—e)H++e)? -1

< Se.

P (P (T,. [8n'?]) = 19)

P (2 (T 0P = 70)

This completes the proof of the first assertion of the proposition. The second assertion
easily follows from the first one by using the composition property (17). O

4.3.2 Comparison of Maps
In this section we use Proposition 7 to derive a version of the convergence (14) where

the radius r can tend to infinity with n. Recall that if Q is a (finite or infinite) rooted
quadrangulation, the vertex set V(Q) of Q is viewed as a pointed metric space. To
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simplify notation, we write B,(Q) = B,(V(Q)). Note that B,(Q) is again a metric
space pointed at the root vertex of Q.

Lemma 8 Ler 0 = (t, £) be a finite labeled tree and let 0’ = (', £') be an infinite
labeled tree in 7. Let n € {0, 1} and let Q = ®(0, 1), resp. Q' = ®'(6', ), be the
rooted quadrangulation, resp. the rooted infinite quadrangulation, constructed from
the pair (8, n), resp. from the pair (0', n), via Schaeffer’s bijection. Assume that there
exist§ € T and aninteger h > 1 such that 2 ((z, &), h) = 2 (t/, h) and £(u) = £'(u)
for everyu € 2((t, &), h). Set

= — min £(Sp (i) > 0.
r o?félh Sv @) =

Assume that r > 3 and setr’ = %(r — 3). Then,

By (Q) = By (Q).

Remark The conclusion of the lemma should be understood in the sense that B, (Q)
and B,/ (Q’) are isometric as pointed metric spaces.

Proof We use the notation der, resp. der/ for the graph distance on V (Q), resp. on
V(Q’). Recall that V(Q) can be identified with the tree T (plus an extra vertex that
plays no role in this proof) and similarly V (Q’) is identified with t". If u, v € 7, write
[[u, v]] for the geodesic path between u and v in the tree t. A simple consequence
of the construction of edges in Schaeffer’s bijection is the discrete cactus bound (see
formula (4) in [9] and compare with (4) above) stating that

der(u, v) > l(u) +£(v) —2 Hllin HZ(w).

[u,v

The same bound holds for der/ (u, v) when u, v € 7/, replacing £ by ¢'.
Letk € {0, 1, ..., h} be such that

Sy (k) = Orsnl_i;lh £(S (D).

Note that we have also Z((z, &), k) = Z2(z/, k) by our assumption and (17). We then
observe that, if u € t\ (1, k), the ancestral line of u coincides with the ancestral
line of £ at least up to level k, and thus must contain the vertex S,/ (k) (which belongs
to the latter ancestral line by our assumption 2 ((z, §), h) = Z2(t', h)). The cactus
bound then gives

d2@.u) = — min L(w) = —£(Sy (k) =r.
wel[D,ull

If u € T/\Z(/, k), the same argument gives

a2 @, u) > r.
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Nowletu € Z((1,§), k) = P (7', k) such that der(Q, u) < r—1.Then any vertex

v that belongs to a geodesic path from @ to u in Q must satisfy der(Q, v) <r—1
and therefore also belong to Z((t, §), k). We claim that any edge of Q that appears
on this geodesic path must correspond to an edge of Q' with the same endpoints. This
follows from the construction of edges in Schaeffer’s bijection (both in the finite and
in the infinite case), except that we must rule out the possibility of an edge starting
from the left side of the ancestral line of [£]; = S;/(k) in L ((, §), k) and ending
on the right side of this ancestral line (obviously such edges do not appear in Q).
However, such an edge would start from a corner ¢ and end at a corner ¢’ such that the
set of all corners between ¢ and ¢’ (in cyclic ordering) would contain a corner of the
vertex S/ (k). But then the label of both endpoints of the edge would be smaller than
£(S;/(k)) = —r. This is absurd since labels on the geodesic path from & to u must be
greater than or equal to —r + 1 since der(Q, u)y<r—1.

The preceding discussion entails that if u € 2((z, &), k) = (7', k) is such that
der(z, u) <r —1then der,(@, u) < der(Q, u). But the same argument (in fact easier
since we do not have to rule out the possibility of edges going from the left side of the
spine to its right side) also shows that if u € £ (7, k) is such that der,(Q, u)y<r—1

then der(Q ,u) < der/(Q , u). Hence vertices that are at distance less than » — 1 from
& are the same in Q and in Q’.

We next observe that, if u and v are two vertices of Z((t, &), k) such that
d$@,uw) < Lo — D and d§(@, v) < L — 1), we have

d2(u, v) = d< (u, v). (22)

Indeed, any vertex w on a geodesic path from u to v in Q must be at der-distance

at most %(r — 1) from either u or v, and thus at der—distance at most r — 1 from @.
By the same argument as previously, any edge on a geodesic path from u to v in Q
corresponds to an edge in Q’, and the converse also holds. The equality (22) follows.

Finally (22) and the preceding considerations show that the ball of radius %(r -1
centered at @ in Q is isometric to the same ball in Q’. Since the root vertex of both
Q and Q' is either @ (if n = 0) or the successor of the first corner of &, which is at
graph distance 1 from &, the conclusion of the lemma follows. O

Recall that Q,, is uniformly distributed over the set of all rooted quadrangulations
with n edges and that Q , is the UIPQ.

Proposition 9 For every ¢ > 0, there exists o > 0 such that, for every sufficiently
large integer n and everym € {n+1,n+2, ...}, we can construct Qpn, Qm and Qo
on the same probability space, in such a way that the equalities

B174(0n) = By,1/4(Qm) = By (Qoo)

hold with probability at least 1 — ¢.

Proof Let ¢ > 0. From the first assertion of Proposition 7, we can find § > 0 and an
integer ng > 0 such that the following holds. If n > npandm € {n+1,n+2, ...} are
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fixed, we can construct on the same probability space a uniformly distributed pointed
labeled tree with n edges (7, &,, £,), a uniformly distributed pointed labeled tree with
m edges (Ty,, &m, £m), and a uniform infinite labeled tree ®y, = (Too, £0), in such a
way that the event

Enn = [%Tw, 16n' %)) = P(Ty, Em), 812 ]) = P((Ty, £n), L60'%)) |

= Zm = En
P (Too, [601/2]) P (T &m). 1801/2]) P (Ty.&n)18n1/2])

oo

holds with probability at least 1 — &/2. Set

M, = — min Lo (St (@)).
0<i<|énl/?]

Since M, is distributed as the maximal value of a random walk started at 0 with
increments uniformly distributed over {—1, 0, +1} and stopped after [8n'/?] steps,
Donsker’s invariance principle shows that there exists a constant ' > 0, which does
not depend on 7, such that the event F,, := {M, > §'n'/4} holds with probability at
least 1 — ¢/2.

Let n be a Bernoulli variable of parameter 1/2 independent of the triplet (®,,
Om, Ox). We set O, = O(Ty,€,),1n), Om = P((Ty,Lm),n) and QO =
@' (Op0, 17). By Lemma 8, the equalities

B%(l_é’nl/4j—3)(Q”) = B%(Lg/nl/ﬂ_j;)(Qoo) = B%(Lg/nl/ﬂ_j,)(Qm)

hold on the event E,, , N F,, whose probability is at least I — . We just have to take
a = §'/4 to complete the proof. O

4.4 Proof of Theorem 2

Let (k;),>1 be a sequence of non-negative real numbers converging to oo such that
k, = o(nl/ 4) as n — o0o. We will prove simultaneously that, for every r > 0,

B, (k" Q) = B.(P), 23)
B, (k" Quo) = BA(P), 24)

where the convergence holds in distribution in K. Both assertions of Theorem 2 fol-
low from these convergences (see also the comments following the statement of the
theorem).

We take r = 1 to simplify notation. We first notice that when proving (23), we
may replace By (k,; 1.Qp by k,; L. By, (Qn), simply because the Gromov—Hausdorff
distance between B (k,; 1.Q,) = k, L. By, (Qp) and k,; L By, (Q,) is bounded above
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by 1/k, — see the beginning of this section. Similarly, when proving (24), we may
replace B (kn_1 - Qo) by kn_l - By, (Ooo)-

Lete > 0. By Proposition 4, we may find a constant Ag > 0 such that, for every A >
Ao, we can construct the Brownian plane P and the Brownian map my, simultaneously
on the same probability space, in such a way that the equality

Bi(A -my) = B1(P) (25)

holds with probability at least 1 — ¢.

Then choose @ > 0 such that the conclusion of Proposition 9 holds. We may
assume that o < (219)~!. Without loss of generality we may also assume that k,, <
a|n'/*] for every n. We set m, = [~ 'k,1*. Notice that m, < n and k,, < am,11/4
Using Proposition 9 (with n replaced by m,, and m replaced by n) and the notation
of this proposition, we can for every sufficiently large n construct Q,, O, and QO
simultaneously on the same probability space, in such a way that the equalities

By, (Qn) = Bk, (Qcc) = B, (Om,)s (26)

hold with probability at least 1 — e. From the convergence of uniform quadrangulations
toward the Brownian map (6), we have

_ _ d 8 1/4
(V(Qm), (@ i) e, ) —2 (-) M.

n— 00 9

where 0, is the root vertex of Q,,, as in (6). This implies

— (d)
ki B, (Qm,) ——> Bi (- mo0) . @7

4 . .
where A = (%)1/ a~!. Notice that & > Aq since & < (210)~'. Hence, as already

noted, we can construct the Brownian plane P and the Brownian map mg, simulta-
neously on the same probability space in such a way that (25) holds with probability
at least 1 — ¢. Thus, for any bounded continuous function F : K — R, we have

E[|F (6" By 0) - F 1P|
< E[|F (k" Bu0n) — F (k' B (2u,)]

+E[|F (5" B, (Qn)) = F (B1G-moo))]]

+E[|F (Bi1(2 - moo)) — F (Bi(P))I].
By (26) and (25), the first and the third terms in the right-hand side of the last display
are bounded by 2¢ sup | F|, whereas the convergence (27) entails that the second term

tends to 0 as n — o0o. We have proved that k- L By, (Q,) — B1(P) in distribution in
the Gromov—Hausdorff sense, and as noted at the beginning of the proof, this suffices
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to get (23). The proof of (24) is similar: just replace By, (Q,) by Bk, (Qco) in the last
display, still using (26). This completes the proof of the theorem. O

4.5 An Application to Separating Cycles

Proposition 9 can be used to relate the large scale properties of the UIPQ to those of
random quadrangulations and of the Brownian map. The sphericity of the Brownian
map was already applied in [17] to prove the non-existence of small bottlenecks in
large uniform quadrangulations. We present here a similar property of the UTPQ, which
partially answers a question raised by Krikun [12].

Recall from Sect. 4.1 our notation Ball, (Q) for the “combinatorial ball” of radius
r associated with a finite or infinite quadrangulation Q. Notice that Ball,(Q) does
not determine the metric ball B, (Q) (and the converse does not hold either) because
the knowledge of Ball, (Q) does not determine distances between vertices of B, (Q).
However, a minor modification in the proof of Lemma 8 shows that the assumptions
of this lemma also imply that Ball,-(Q) = Ball,»(Q’) — just notice that all edges of
the submap Ball,»(Q) will start and end at a corner of the pruned tree & ((z, &), h).
Hence the statement of Proposition 9 also remains valid if we replace the metric balls
B, 14(0n), Byy1/4(Qm) and By, 14(Qx) by the combinatorial balls of the same
radius.

Let Q be a finite or infinite rooted quadrangulation. Let p > 2, let ey, ..., e,
be oriented edges of Q and let x1, ..., x, be the respective origins of ey, ..., e).
Also set xp 1 = x1. We say that (e1, ..., e)) is an injective cycle of Q of length p if
X1, ..., xparedistinct and if x; | is the target of ¢;, forevery 1 <i < p. When p = 2,
we also exclude the case when e; is the same edge as e with reverse orientation. If
C = (e1, ..., ep) is an injective cycle of Q, the concatenation of ey, ..., e, gives a
closed loop on the sphere, whose complement has exactly two connected components
by Jordan’s theorem. Suppose that Q is infinite. We say that the cycle C separates the
origin from infinity if the root vertex of Q is not a vertex of C and if the connected
component containing the root vertex contains finitely many vertices of Q. In what
follows, we say cycle instead of injective cycle.

Consider the special case when Q is the UIPQ Q. For every integer n > 2, Krikun
[12, Sect. 3.5] constructs a cycle C, separating the origin from infinity in Q o, which
is contained in B2, (0x0)\ B, (0Q), and such that its expected length grows linearly
inn when n — oo. Krikun [12, Conjecture 1] also conjectures that the minimal length
of a cycle contained in the complement of B, (Q) and separating the origin from
infinity must grow linearly in n, a.s. The following corollary is a first step toward this
conjecture.

Corollary 10 Let k > 1 be an integer and let f : N — R be a function such that
f(n) = o(n) as n — oo. The probability that there exists an injective cycle of Qo
with length less than f (n), which separates the origin from infinity and whose vertices
belong to By (Qo0)\Bn(Qco), tends to 0 as n — oo.

Proof Fix e > 0, and choose o > 0 small enough so that the conclusion of Proposition
9 (or rather of the variant of this proposition for combinatorial balls, as explained
above) holds for every sufficiently large n. Set
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’7 ( 2kn )4—‘
m = —
o
and notice that am '/* > 2xn. If n is sufficiently large, we can then construct the UIPQ

0 and a uniform rooted quadrangulation Q,, with m faces, in such a way that the
equality

1/4

Ballp, (Qoo) = Balloin (On) (28)

holds with probability at least 1 — ¢. If the event considered in the proposition holds,
there exists a cycle C of O with length less than f(n) and whose vertices belong
to B, (Qoo)\Brn(Qx), and a vertex v of QO at graph distance 2km from the root
vertex, such that v and the root vertex of O belong to distinct components of the
complement of the cycle (choose v such that there exists a path from v to infinity that
stays outside Boen—1(0Qo0)). Assuming that the identity (28) holds, we see that on the
event of the proposition there exists a cycle C’ of Q,,, with length less than f(n) and
whose vertices belong t0 By, (Q)\Bn(Qm), and a vertex v at graph distance 2«xm
from the root vertex of Q,,, such that v" and the root vertex of Q,, belong to distinct
components of the complement of the cycle C’. Now note that the set of all vertices of
O, lying in the connected component containing v’ must have diameter at least «n for
the graph distance, whereas the set of all vertices lying in the connected component of
the root vertex must have diameter at least n. By Corollary 1.2 in [17], we get that the
probability that both (28) and the event of the proposition hold tends to 0 as n — oo.
This completes the proof. O

5 Properties of the Brownian Plane
5.1 Topology and Hausdorff Dimension of the Brownian Plane

The following proposition is analogous to a result of [13]. It gives a more explicit form
to the definition of the equivalence relation & in Sect. 1.

Proposition 11 Almost surely, for every a, b € T, the property a =~ b holds if and
only if D3 (a, b) = 0.

Proof By definition,a ~ bifandonly if Do (a, b) = 0.Since Do (a, b) < D (a, b),
it is obvious that the property D2 (a,b) = 0 implies a ~ b. We need to prove the
converse. We fixr > O and § € (0, 1). It will be enough to prove that, with probability
at least 1 — 8, for every a, b € 7 such that Do (0s0, a) < r and Doo(poo, b) < 1,
the property Do (a, b) = 0 implies D2 (a, b) = 0.

To this end, we rely on the coupling argument of Proposition 4, and we use the
notation of the proof of this proposition. In particular, we fix A > Ao, and we argue
on the event F, (recall that the probability of this event is bounded below by 1 — §).
We also use the notation T = A*. Let a,b € T such that Doo(poo,a) < r and
Doo(poo, b) < r, and assume that Do (a, b) = 0. Write a = poo(s’) and b = poo(t)
for some s’, ¢ € R. By Lemma 5 (ii), we must have s', t' € (=100 (A), Yoo (A)). Set
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s=s"ifs’ >0ands = T + s’ if s’ < 0 and define ¢ similarly from ¢'. Note that
s,t €10,y (A) U @r(A), T]. By Lemma 6,

D (p3)(5), P(o (1) = Doo(poo(s), poo(t)) = 0.

By [13, Theorem 3.4], the condition D} (p(,)(s), pp)(t)) =0implies D5 (pi)(s), pir)

1) =0.
Consider first the case when p(,)(s) = p)(¢), meaning that

e)} = e? = min e;\.
h SAt<r=<svt

Since s, 1 € [0, y3(A)) U (na(A), T] C [0, 2] U[T — «, T], and we know that

min ! = inf R, A inf R, > A*,
a<r<T—ua r=o r>oa

it easily follows that Xy = Xy = mx(s’,t’), and consequently a = poo(s’) =
Poo(t’) = b, so that obviously D2_(a, b) = 0.

Consider then the case when p(y)(s) # p) (t). Then, the fact that D7 (p) (s), py)
(t)) = 0 implies that p(;)(s) and p()(¢) are both leaves of 7(;) (see Lemma 3.2 in
[17]). It follows that

D3 (s, 1) = D; (puy(s), poy () = 0.
Hence we have

min 7} =7} =27} (29)

re[sat,svt]

or

min zZh =7} =7} (30)
rel0,sAtlU[svt,T]

Suppose first that s, ¢ € [0, 5 (A)). Then since

min ~ Z} < —10r
relyr(A),m.(A)]

and Zﬁ‘ = Zy > —r (because Do (00, a) < r), it is obvious that (30) cannot hold,
so that (29) holds. Similarly, if s, € (n.(A), T], we get that (29) holds. Finally, if
s € [0, y.(A)) and t € (ny(A), T] (or conversely), we obtain that (30) holds.

In all three cases, we can now verify that

min Z,=Zyg=2Zp

re[s'At’,s'vt']

so that D2_(s’, t") = 0, and D2, (a, b) = 0. This completes the proof. O
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Proposition 12 The Hausdor{f dimension of P is almost surely equal to 4.

This statement immediately follows from Proposition 4, together with the fact that
the Hausdorff dimension of the Brownian map, or of any nontrivial ball in the Brownian
map, is equal to 4, see Theorem 6.1 in [13]. We leave the details to the reader.

Proposition 13 Almost surely, the space P is homeomorphic to the plane.

Proof We adapt the arguments of [17] to our setting. We write P for the Alexandroff
compactification of P. We will prove that P is almost surely homeomorphic to the
sphere S?. Recall the definition of the equivalence relation ~ in the first section, and
with a slight abuse of notation, define the relation &~ on R by setting s & ¢ if and only
if

Zy=7Z,= min Z,

relsat,svt]

or equivalently if D (s, t) = 0. Note that ~ is also an equivalence relation on R.
Furthermore, it follows from Lemma 3.2 in [17] (and the coupling argument of the
proof of Proposition 4) that, almost surely for every s, ¢, u € R, the properties s ~x ¢
and s &~ u may hold simultaneously only if s = 7 or s = u. It follows that, outside a set
of probability zero which we discard from now on, we can define another equivalence
relation >~ on R by setting s >~ ¢ if and only if s ~x f or s ~ 1.

Write R = R U {oo} for the Alexandroff compactification of R, and extend both
equivalence relations ~y and =~ to R by declaring that the equivalence class of co
is a singleton. Equip @/ ~x with the quotient topology (clearly the resulting space
is the Alexandroff compactification of 74,). Let IT : R/ ~x= Too — P be the
canonical projection, and extend it to a projection from R/ ~x onto P by mapping
the equivalence class of co to the point at infinity in P. Then I is continuous. The
only point to check is the continuity at oo, which follows from the easy fact that

[1-'(B,(P)) is a compact subset of f 7oo, for every r > 0. The projection IT then
factorizes through a bijection from R/ ~ onto P, which is also continuous hence
provides a homeomorphism from R /> onto P.

We then use Proposition 2.4 in [17] to see that the quotient space @/ 2~ is a.s.
homeomorphic to the sphere S?. Our setting is slightly different since [17] deals with a
quotient space of the circle S!. This makes no real difference since Ris homeomorphic
toS'. Another difference is the fact that the random functions X and Z used to define the
equivalence relations ~x and =~ are not defined at the point co, whereas [17] considers
functions that are (continuous and) defined everywhere on the circle. Nonetheless one
can easily check that the arguments of the proof of Proposition 2.4 in [17] go through
without change, provided we can verify that the local minima of X, respectively of Z,
are distinct. In the case of X, this is a standard fact that follows from the connections
between linear Brownian motion and the 3D Bessel process. The case of Z is treated
by arguments similar to the proof of Lemma 3.1 in [17].

We can now conclude that P is (almost surely) homeomorphic to S?, and the
statement of the proposition follows. O
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5.2 Geodesic Rays in the Brownian Plane

The results of this section are analogous to the discrete results proved in [9, Sect. 3.2]
for the UIPQ, and are also closely related to the study of geodesics in the Brownian
map [14].

Let x € P. A geodesic ray from x is an infinite continuous path w : [0, c0) —> P
such that w(0) = x and Do (@ (s), (1)) = |t — 5| for every s, t > 0.

Recall our notation p, for the canonical projection from R onto P. Fix x € P and
let t € R such that po () = x. For every r > 0, set

y(ry=inf{s >t:Zs=27Z; —r}.
It is clear that y, (r) < oo for every r > 0, a.s. Then set w; (r) = poo(y:(r)), for every
r>0.

Proposition 14 For every x € P and t € R such that pso(t) = X, w; is a geodesic
ray from x. Such a geodesic ray will be called a simple geodesic ray.

Proof 1t is obvious that y;(0) = ¢ and thus w;(0) = x. Then, by definition Z,, ) =

Z; — r, for every r > 0. It follows that, for every r, s > 0,

Do (@i (r), 01(8)) = | Zy,(r) = Zyys)| = Ir — 5.

On the other hand, it is also immediate from the definition of y;(r), that, for every
r,s =0,

D3, (i (r), yi(s)) = |r —s|.

The equality Doo(w;(r), w;(s)) = |r — s| now follows. O
Proposition 15 Almost surely, wg is the unique geodesic ray from peo.

Proof By Proposition 4, for every § > 0, we can find A > 0 large enough so that,
with probability at least 1 — &, the ball By (P) is isometric to the ball By (A - my,). By
Corollary 7.7 in [14] (and the invariance of the Brownian map under re-rooting, see
Theorem 8.1 in [14]), we can find a (random) ¢ > 0 such that all geodesic paths from
p to a point outside B(A - my;) coincide over the interval [0, e]. Now, let R be the
set of all geodesic rays from poo, and set

t=inf{t > 0:3w e R : w() # wo(t)}.

By the previous considerations, T > 0 a.s. However, the scaling invariance of P
guarantees that 7 has the same distribution as At, for every A > 0. It follows that
T = 00 a.s., which completes the proof. O

Our goal is to prove that all geodesic rays in P are simple geodesic rays. We will
rely on the preceding proposition and on the following invariance property of the
Brownian plane under re-rooting.
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Proposition 16 Lett € R. The pointed space (P, Do, Poo(t)) has the same distrib-
ution as P = (P, Do, Poo)-

Proof Suppose that t > 0 for the definiteness. Define two processes R and R’ by
setting, for every s > 0,

R =R+ Riys —2 min R,

t<r=<t-+s
and
R+ R,y —2 min R, ifs <t,
k’/ _ t—s<r<t
ST R, +R -2 min X, ifs>t.

re(—oo,t—s]U[t,00)

With the notation of Sect. 1, we have ﬁs =dx(t,t +s) and E; =dx(t,t — ) for
every s > 0.

We also set Z; = Zi4+s — Z; for every s € R. Then, we claim that the two triplets
(ﬁ , R , V4 )and (R, R’, Z) have the same distribution. In the case when 7 is replaced
by the CRT, a similar “re-rooting invariance” identity can be found as Corollary 4.9
in Marckert and Mokkadem [19], and our claim then follows from a suitable passage
to the limit: Just apply the Marckert—-Mokkadem result to the (scaled) CRT coded by
a Brownian excursion of duration 7" and let 7" tend to oo in the spirit of Sect. 3 above.
Alternatively, the reader who is familiar with properties of the 3D Bessel process will
be able to verify that the pairs (R, R’) and (R, R’) have the same distribution, from
which our claim also follows in a straightforward manner. Notice that, in the same
way as we defined 7 in Sect. 1, we can associate a random tree Too with the pair
(R, R"), and To is easily identified to 7o, “re-rooted” at poo (7).

To complete the proof, just note that the pointed space (P, Do, Poo(f)) can be
obtained from the triplet (R, R, Z) by the same construction that we used to obtain
(P, Doo, pso) from (R, R', Z). O

Remark By combining the last proposition with the preceding one, we obtain that
almost surely for every rational ¢ the simple geodesic ray w; is the unique geodesic
ray from poo(?). This will be useful in the proof of Theorem 18 below.

The next proposition shows that the quantities Z,, a € 7 can be interpreted as
measuring the relative distances from the point at infinity in the Brownian plane. Recall
that IT stands for the canonical projection from 7, onto P. The following proposition
should be compared to [9, Theorem 1].

Proposition 17 Almost surely, for every a, b € Ty,

Zq = Zp = lim (Doo(I1(a), x) — Doo(I1(D), X))

where the limit holds when x tends to the point at infinity in the Alexandroff compact-
ification of P. Consequently, if w is any geodesic ray in P, we have

Zory =Zo©) =T

for everyr > 0.
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Proof We fix s,t € R and take a = pxo(s) and b = poo (). To simplify notation, we
set

mz(s,t) = min Z,.
re[sat,svt]

From our construction, it is clear that the simple geodesic rays w; and w; coalesce in
finite time. More precisely, we have for every r > 0,

ws(Zs —mz(s,t) +r) = w(Z —mz(s, 1) +r). (€29
For every integer n > 1, set
Sp(a) ={x € P: Dx(Il(a), x) = n}.
Let Geo, (a) be the set of all geodesic paths from IT(a) to a point of S, (a), and
(@) =inf{r > 0: 3w, @’ € Geo,(a) : w(r) # &' (r)).
By combining the invariance of the Brownian plane under re-rooting (Proposition 16)
with the argument already used in the proof of Proposition 15, we get that n,(a) > 0
a.s. On the other hand, the sequence (1,(a)),>1 is clearly increasing and if oo (a)
denotes its limit, the scale invariance of the Brownian plane implies that Ans(a) has
the same distribution as 7. (a), for every A > 0. It follows that 7. (a) = oo a.s.
Consequently, we can choose n sufficiently large so that ,(a) > Z; — mz(s, t).
Then, let x € P such that Dy (I1(a), x) > n, and let @ be any geodesic path from
I1(a) to x (such a geodesic exists because the Brownian plane is a boundedly compact
length space, see Sect. 2.1). By the definition of 7, (a), we have o(r) = w;(r) for

every r € [0, n,(a)]. Recalling (31), we can construct a continuous path ' from IT(b)
to x by concatenating the paths

(0 (r),0=r =Zi —mz(s,1))
and
(W(Zs —mz(s, 1) +71),0 =r < Do(Il(a), x) — (Zs —mz(s,1))).
The length of the path ' is
Zy —mz(s, 1) + (Doo(Il(a), x) — (Zs —mz(s, 1)) = Doo(Il(a), x) + (Z; — Zs)
and so we have obtained the bound

Doo(IT(D), x) = Doo(Il(a), x) + (Z; — Zy)
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which holds for any x € P such that Dy (I1(a), x) > n. It follows that

liminf(Doo(IT(a), x) — Doo(I(b), X)) = Zs — Z; = Za — Zp.
X—>00

We can now interchange the roles of a and b and we get that the convergence of the
proposition holds for this particular choice of a and b, almost surely.

Finally, the convergence of the proposition holds outside a set of probability zero
for all a, b of the form @ = poo(s) and b = peo(t) with 5, ¢ € Q. A simple density
argument now completes the proof of the first assertion.

The last assertion of the proposition is then immediate: If w is any geodesic ray, we
have forevery 0 < r < r/,

Deo(@(r), 0(r") = Dog(@(0), w(r")) = —r

and w(r’) —> oo as r’ — 00, so that we just need to apply the first assertion. O

Remark The preceding proof shows that, if a = pso(s) and b = po(¢) for some fixed
s,t € R, we have indeed Do (I1(a), x) — Doo(I1(b), x) = Z, — Zp, for all x € P
such that D(po, x) is sufficiently large, almost surely.

Theorem 18 All geodesic rays in P are simple geodesic rays.
In particular, this implies that any pair of geodesic rays coalesces in finite time.

Proof Let x € P, and let w be a geodesic ray from x. We first assume that x = I1(a)
where a is a leaf of 74, (the case when a is not a leaf will be treated at the end of the
proof). Then, there is a unique ¢ € R such that a = poo(f). Fix u > 0. We will prove
that w (1) = w;(u). Recall the notation

yi(w) =inf{s >t:2Zy =7Z; —u},
and also set

v/ (u) =sup{s <t:Z;=Z; —u}.
Note that poo(y: (1)) = Poo(¥/ (1)), and that peo(y;(u)) and poo(y; (1)) are both
leaves of 7, (the latter property is a consequence of the fact that, for 71, 1, 13 € R,
the properties 11 ~x t» and #; =~ t3 may hold simultaneously only if 1; = > or ] = 13,

as was mentioned in the proof of Proposition 13). Let cg be the unique vertex of 7o,
such that

[[a, poo (Ve NI N [[a, poo(y/ @] = [[a, coll.

Fix a point ¢; €]la, co[[ such that the range of w does not contain IT(c;). Such a
point exists because, for some values of » € R, the set []a, co[[ contains uncountably
many vertices ¢ such that Z. = r, and, by the preceding proposition, the geodesic
ray w can visit [1(c) for at most one such vertex c. We can also assume that ¢ is not
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a branching point of 74, because the set of all branching points is countable. Then
let 77 be the connected component of 75\{c1} that contains a, and note that 77 is
bounded (otherwise this would contradict the definition of y; («) and ¥, (u)).

Let T =inf{s > 0 : w(s) ¢ [1(71)}. By a simple argument (see the beginning of
Sect. 3in [14]), there must exist two vertices b and b’ such thatb € 7, b’ € T,,\7; and
w(T) = T1(b) = T1(b"), so thatin particular b ~ b’. Notice that b and b’ must be leaves
of Too, and we can define s1, s] € R by the conditions peo(s1) = b, poc(s]) = b'.
Since b ~ b’, we have Z; > Z;, = Zy for every s € [s1 A 57,51V s7]. We can now
pick any rational s in [s] A si, sV si], and we obtain from our definitions that the
range of the geodesic ray wy must contain peo (51 V si) = w(T). So thereexistsu; > 0
such that wg(u1) = o (T). Let @ be the infinite path obtained from the concatenation
of (ws(r),0 < r < ujp) and (w(r),r > T). Then, it is easy to verify that w is a
geodesic ray: If r € [0, u1] and r’ € [u;, 00), the bound Deo(w(r), @(r')) < r' —r
is clear from the triangle inequality, but the reverse bound is also easy by writing
Do (@(r), () = | Za¢y — Zael-

Finally, since w is a geodesic ray starting from pso (s) with a rational value of s, we
know that @ must coincide with the simple geodesic ray ws. Since w; clearly visits
w; (u) it follows that w also visits w; (1), and finally w; (1) = @ (u).

It remains to consider the case when a is not a leaf of 75,. In that case, we can
find arbitrarily small values of » > 0 such that w(r) = I1(b), where b is leaf of 7,
(otherwise w would have to visit an entire geodesic segment of 75, which is absurd).
By the first part of the proof, there are arbitrarily small values of r > 0 such that
(w(r + u)),>0 is a simple geodesic ray. The desired result easily follows. O

Remark 1f x = I1(a) and a is not a leaf of 7, there are two (three if b is a branching
point) distinct geodesic rays starting from x. This should be compared with Theorem
1.4 in [14].
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