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Universal aspects of critical percolation
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Abstract

We study a large class of Bernoulli percolation models on random lattices of the half-
plane, obtained as local limits of uniform planar triangulations or quadrangulations.
We first compute the exact value of the site percolation threshold in the quadrangular
case using the so-called peeling techniques. Then, we generalize a result of Angel
about the scaling limit of crossing probabilities, that are a natural analogue to Cardy’s
formula in (non-random) plane lattices. Our main result is that those probabilities are
universal, in the sense that they do not depend on the percolation model neither on
the degree of the faces of the map.
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1 Introduction

In this work, we consider several aspects of Bernoulli percolation models (site, bond
and face percolation) on Uniform Infinite Half-Planar Maps, more precisely on the
Uniform Infinite Planar Triangulation and Quadrangulation of the half-plane (UIHPT and
UIHPQ in short), which are defined as the so-called local limit of random planar maps.
Those maps, or rather their infinite equivalents (UIPT and UIPQ), were first introduced
by Angel & Schramm ([5]) in the case of triangulations and by Krikun ([19]) in the case
of quadrangulations (see also [13], [21] and [14] for an alternative approach). Angel
later defined in [2] the half-plane models, which have nicer properties. The Bernoulli
percolation models on these maps are defined as follows: conditionally on the map,
every site (respectively edge, face) is open with probability p and closed otherwise,
independently of every other sites (respectively edges, faces). All the details concerning
the map and percolation models are postponed to Section 2. More specifically, we will
focus on the site percolation threshold for quadrangulations and the scaling limits of
crossing probabilities.
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Universal aspects of critical percolation on random half-planar maps

In Section 3, we compute the site percolation threshold on the UTHPQ, denoted by
pEsite' This problem was left open in [3], where percolation thresholds are given for any
percolation and map model (site, bond and face percolation on the UIHPT and UIHPQ),
except for the site percolation on the UIHPQ (see also [1] and [22], where percolation
thresholds are studied in the full-plane models). Roughly speaking, it is made harder
by the fact that standard exploration processes of the map do not provide relevant
information concerning percolation, as we will discuss later. This value is also useful in
order to study the problem of the last section in the special case of site percolation on
the UTHPQ. Namely, we will prove the following.

Theorem 1.1. For Bernoulli site percolation on the UIHPQ, we have

0O )

pc,site - § .

Moreover, there is no percolation at the critical point almost surely.

Due to the fact that Uniform Infinite Half-Planar Maps have a boundary, it is natural
to consider boundary conditions. Here, the result holds for a free boundary condition.
We believe that the percolation threshold is independent of these boundary conditions
but did not investigate this further. We will discuss this again in Section 3.

The last section focuses on percolation models on Uniform Infinite Half-Planar Maps
at their critical point, more precisely on crossing events. We work conditionally on the
boundary condition of Figure 1 (in the case of bond percolation), where black edges are
open, a, b are fixed and positive and ) is a positive scaling parameter.

) )

Figure 1: The boundary condition for the crossing probabilities problem.

Starting from now, we use the notation of [3] and let * denote either of the symbols
A or O, where A stands for triangulations and O for quadrangulations. The so-called
crossing event we are interested in is the event that the two black segments are part of
the same percolation cluster. We denote by C*(Aa, \b) this event and study the scaling
limit of its probability when A goes to infinity. The first result was proved by Angel in the
case of site percolation on triangulations.

Theorem (Theorem 3.3 in [2]). Let a,b > 0. For site percolation at the critical point on
the UIHPT,

lim P (Cﬁte()\a, )\b)) _ 1 arccos (b — a> .
A—~+o0 ™ a+b

Our motivation is that this problem is a natural analogue to the famous Cardy’s
formula in regular lattices, which has been proved by Smirnov in the case of the
triangular lattice (see [25]). We are interested in the universal aspect of this scaling
limit, in the sense that it is preserved for site, bond and face percolation on the UITHPT
and the UIHPQ. Our main result is the following.

Theorem 1.2. Let a,b > 0. We have for critical site, bond and face percolation models
on the UIHPT and the UIHPQ,

1 b—a
lim P (C*(Aa, Ab)) = — .
m (C*(Aa, b)) — arccos <a+b>
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In other words, asymptotic crossing probabilities are equal for site, bond and face
percolation on the UITHPT and the UIHPQ at their critical percolation threshold.

The question of the universality of Cardy’s formula for periodic plane graphs is an
important open problem in probability theory, known as Cardy’s universality conjecture.
Here, the randomness of the planar maps we consider makes the percolation models
easier to study.

Remarks. We believe that for both the computation of the site percolation threshold and
the asymptotics of crossing probabilities, our methods apply in more general settings as
long as the spatial Markov property of Section 2.2 holds. This includes the generalized
half-planar maps of [4], see also [23] (in the "tree-like" phase of these maps, the critical
point is 1 while in the "hyperbolic" phase, although the crossing probability vanishes at
criticality, its rate of convergence could be investigated), and also covers the models
defined in [9] and [26], which have recently been proved to satisfy a version of the spatial
Markov property in [12]. In particular, we are able to compute the site percolation
threshold in the UIHPT, which is already provided in [3]. The difference is that our
method is less sensitive to boundary conditions, and also furnishes a universal formula
for the site percolation thresholds, in the spirit of [3]. We will discuss this in greater
detail in Section 3.

Moreover, as we were finishing writing this paper, we became aware of the very
recent preprint of the article [10] by Bjornberg and Stefdnsson, that also deals with
site percolation on the UTHPQ. This paper provides upper and lower bounds for the
percolation threshold pt;,., but not the exact value 5/9. Our study of the universality of
crossing probabilities is also totally independent of [10].

2 Random planar maps and percolation models

We first recall the construction of the random planar maps we will focus on in the
next part, and some important properties of these maps.

2.1 Definitions and distributions on planar maps

Let us first consider finite planar maps, i.e. proper embeddings of finite connected
graphs in the sphere $? (more precisely their equivalence class up to orientation-
preserving homeomorphisms of the sphere). The faces of a planar map are the connected
components of the complement of the embedding, and the degree of a face is the number
of oriented edges this face is incident to (with the convention that the face incident to an
oriented edge is the face on its left). Every planar map we consider is rooted: there is a
distinguished oriented edge called the root of the map, and the tail vertex of this edge is
the origin of the map.

We focus more precisely on p-angulations (the case p = 3 corresponds to triangu-
lations and p = 4 to quadrangulations), i.e. finite planar maps whose faces all have
the same degree p, and generalized p-angulations, i.e. planar maps whose faces all
have degree p, except possibly for a finite number of distinguished faces which can
have arbitrary degrees. These faces are called external faces of the p-angulation (by
contrast with internal faces), and are constrained to have a simple boundary (i.e. their
embeddings are Jordan curves). In this setting, an inner vertex of the map is a vertex that
do not belong to an external face. Finally, triangulations are supposed to be 2-connected
(or type-2), that is to say, multiple edges are allowed but loops are not.

Recall that x denote either of the symbols A or [J, where A-angulations stands for
type-2 triangulations and [J-angulations for quadrangulations. For n > 1, denote by M}
the set of generalized x-angulations that have n inner vertices, so that M} := U, >1Mj,
is the set of finite generalized x-angulations. By convention, we define Mj as the set of
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maps that have no inner vertices. We endow the set M? of finite x-angulations with the
local topology, induced by the distance dj,. defined for every m,m’ € M by

dioe(m, m’) := (1 +sup{r > 0: B,(m) ~ B,(m’)})"},

where B, (m) is the planar map given by the ball of radius r around the origin for the
usual graph distance in the following sense: By contains only the origin of the map, and
B, is made of all the vertices at graph distance less than r from the origin, with all the
edges linking them.

With this distance, (M;, dioc) is a metric space, and we define the set of (finite and
infinite) *-angulations to be the completed space M* of (M’;, dioc). The elements of
ME = M \./\/l} can also be seen as infinite planar maps, in the sense that they can be
defined as the proper embedding of an infinite, locally finite graph into a non-compact
surface, dissecting the latter into a collection of simply connected regions (see the
Appendix of [14] for greater details).

The first result of convergence in law of random maps for the local topology (Theorem
1.8 in [5] (A), Theorem 1 in [19] (OJ)) states as follows. For n > 0, let v be the uniform
measure on the set of x-angulations with n vertices (A), respectively n faces ((0). We
have

*
oo

Vn nfﬁoo v
in the sense of weak convergence, for the local topology. The probability measure v}
is supported on infinite x-angulations of the plane, and called the law of the Uniform
Infinite Planar x-angulation (UIPT and UIPQ respectively in short). Note that there is an
alternative construction in the quadrangular case, for which we refer to [13], [21] and
[14].

In the next part, we will focus on a slightly different model introduced by Angel in
[2], that has an infinity boundary and nicer properties.

For m > 2, a (finite or infinite) generalized *-angulation and a unique external face
of degree m is called x-angulation of the m-gon. For n > 0 and m > 2, we denote
by M;, ., the set of x-angulations of the m-gon with n inner vertices rooted on the
boundary, and ¢}, ,, its cardinality. By convention, Mg, = Mg. Note that <p5'7m =0
for m odd, so that we implicitly restrict ourselves to the cases where m is even for
quadrangulations. The quantity ¢, ,,, being positive and finite for n > 0 and m > 2 (see
[27] for exact enumerative formulas), we can define the uniform probability measure
on Mj, .., denoted by v}, ,,,. Asymptotics for the numbers (¢}, ,,)n>0,m>2 are known and
universal in the sense that

* ~ n, —5/2 ~ m
gpn,’m n——+oo C* (m)p*n and O*(m) Mm—+o00 K*Oé* \/%a
where pa =27/2, ap =9, pg =12, ag = V54 and K, > 0 (see for instance the work of
Gao, or more precisely [20] for 2-connected triangulations, and [11] for quadrangula-
tions).

We now recall the construction of the uniform infinite half-planar maps. The Uni-
form Infinite Planar x-angulation of the Half-Plane, or UIHP-x, is a probability measure
supported on infinite half-planar x-angulations defined by the following limits.

Theorem (Theorem 2.1 in [2]). For every m > 2, we have

*

Vn,m

*
co,m?

=

n—-+oo
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in the sense of weak convergence, for the local topology. The probability measure vy, ,,

is supported on infinite x-angulations of the m-gon and called the law of the UIPT and
UIPQ of the m-gon, respectively. Moreover, we have

* *
1 — 1% s
oo,m T o 00,00

in the sense of weak convergence, for the local topology. The probability measure v, .,
is called the law of the Uniform Infinite Half-Planar x-angulation (half-plane UIPT and
UIPQ, or also UIHPT and UIHPQ respectively in short).

This result is stated in [2] for triangulations but easily extends to the quadrangular
case, for which an alternative construction is also provided in Section 6.1 of [15]. See
also [4] for a characterization of these distributions.

We now give important properties of the previous measure, which justifies in par-
ticular the naming "half-plane". The proof of such a result is based upon the inductive
construction of the measure v, ., by a peeling process, as described in [2]. This is also
illustrated in Figure 2.

Proposition 2.1. The probability measure vy, ., is supported on infinite x-angulations
of the half-plane with infinite boundary, and rooted on the boundary.

Namely, these maps can be defined as the proper embedding of an infinite, locally
finite connected graph in the upper half-plane H such that all the faces are finite and
have degree 3 (x = A), respectively degree 4 (x = 0). (In the case of triangulations,
there are also no self-loops.) In particular, the restriction of this embedding to the
infinite boundary of H is isomorphic to the graph of 7. and the triangles (respectively
quadrangles) exhaust the whole half-plane.

Finally, the probability measure I/;O,oo enjoys a re-rooting invariance property, in the
sense that it is preserved under shifts of the root by one edge on the boundary.

Figure 2: An embedding of the UIHPT in the upper half-plane.

In order to detail the outstanding properties of the measure v, ., we have to define
another measure on finite planar maps, which gives an equal weight to maps with a fixed
number of faces or, equivalently, of inner vertices. This measure is called the Boltzmann

measure (or free measure in [1]). Let m > 2 and set

Zy =Y ohmpi s (2.1)
n>0
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which is exactly the generating function of x-angulations of the m-gon at the radius of
convergence. Now, let us interpret the quantities (Z7,),,>2 as partition functions of a
probability measure. This yields to the *-Boltzmann distribution of the m-gon, denoted
by p,, which is the probability measure on finite x-angulations of the m-gon defined for
every m € My . by
pf’l’b

= Z’;'-;I .
Arandom variable with law p}, is called a Boltzmann *-angulation of the m-gon. Moreover,
the asymptotic behaviour of (Z;,),>2 is also known and given by

Ho (M) (2.2)

Z5 o~ m™ 2™, (2.3)
m——+00

for some constant ¢, > 0 and «, as above.

The Boltzmann measures are particularly important because these objects satisfy
a branching property, that we will identify on our uniform infinite x-angulations of the
half-plane as the spatial (or domain) Markov property. The reason why we will get
this property on our infinite map is that the UIHP-x can also be obtained as the limit of
Boltzmann measures of the m-gon when m becomes large.

Theorem (Theorem 2.1 in [2]). We have p, ? Vi - in the sense of weak conver-
m——+oo ?

gence, for the local topology.

2.2 Spatial Markov property and configurations

We now describe the so-called peeling argument (introduced by Angel), whose
principle is to suppose the whole map unknown and to reveal it face by face.

Let us consider a random map M which has the law of the UIHP-x, and a face A of
M which is incident to the root. Then, we reveal or peel the face A, in the sense that
we suppose the whole map unknown and work conditionally on the configuration of this
face. We now consider the map M \ A, which is the map M deprived of the edges of A
that belong to the boundary (in that sense, we also say that we peel the root edge). By
convention, the connected components of this map are the submaps obtained by cutting
at a single vertex of A that belongs to the boundary.

We can now state a remarkable property of the UTHPT and the UIHPQ that will
be very useful for our purpose, and which is illustrated in Figure 3. This should be
interpreted as a branching property of the measure v .

Theorem (Spatial Markov property, Theorem 2.2 in [2]). Let M be a random variable
with law v, ., and A the face incident to the root edge of M.

Then, M \ A has a unique infinite connected component, say M’, and at most one
(* = A) or two (x = [J) finite connected components, say M; and M,. Moreover, M’ has
the law 1/;07OO of the UIHP-x, and M 1 and M2 are Boltzmann *x-angulations of a m-gon (for
the appropriate value of m > 2 which is given by the configuration of the face A).

Finally, all those *-angulations are independent, in particular M’ is independent of
M \ M'. This property still holds replacing the root edge by another oriented edge on
the boundary, chosen independently of M.

The peeling argument can now be extended to a peeling or exploration process, by
revealing a new face in the unique infinite connected component of the map deprived of
the last discovered face. The spatial Markov property ensures that the configurations
for this face have the same probability at each step, and the re-rooting invariance of the
UIHP-x allows a complete freedom on the choice of the next edge to peel (as long as it
does not depend on the unrevealed part of the map). This is the key idea in order to
study percolation on the maps we consider, and has been used extensively in [2] and [3].
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M' ~ v

\

00,00

Figure 3: The spatial Markov property.

We now describe all the possible configurations for the face A incident to the root in
the UIHP-x, and the corresponding probabilities. Let us introduce some notations. On
the one hand, some edges may lie on the boundary of the infinite connected component
of M \ A. These edges are called exposed edges, and the (random) number of exposed
edges is denoted by £*. On the other hand, some edges of the boundary may be enclosed
in a finite connected component of the map M \ A. We call them swallowed edges, and
the number of swallowed edges is denoted by R*. We will sometimes use the notation
R} (respectively R7) for the number of swallowed edges on the left (respectively right)
of the root edge. (Note that the definitions of these random variables are robust with
respect to the map model, but we may sometimes add the symbol * to avoid confusion
when the law of the map is not explicitly mentioned.) Finally, in the infinite maps we
consider, an inner vertex is a vertex that do not belong to the boundary. The results are
the followings.

Proposition 2.2 (Triangulations case, [3]). There exists two configurations for the trian-
gle incident to the root in the UIHPT (see Figure 4).

1. The third vertex of the face is an inner vertex (€% = 2, R> = 0). This event has
probability qfl =2/3.

2. The third vertex of the face is on the boundary of the map, k > 1 edges on the
left (respectively right) of the root (£ = 1,R* = k). This event has probability

VANNEERS VAN —k
QG = L9

A 2
z§q_1:§

Figure 4: The configurations of the triangle incident to the root (up to symmetries).

Proposition 2.3 (Quadrangulations case, [3]). There exists three configurations for the
quadrangle A incident to the root in a map M which has the law of the UIHPQ (see
Figure 5).
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. The face has two inner vertices (SD =3 RH = 0). This event has probability
991 =3/8

. The face has three vertices on the boundary of the map, the third one being k > 0
edges on the left (respectively right) of the root. This event has probability qE,
given by the following subcases:

e Ifk is odd, the fourth vertex belongs to the infinite connected component of
M\ A (" =2,RY = k). Then
o 1k
0 _ 2190
G = ——
PO
e Ifk is even, the fourth vertex belongs to the finite connected component of
M\ A (EP =1,RY = k). Then

-
qD _ Zy00n
k —_— .
PO

. The face has all of its four vertices on the boundary of the map, and defines two
segments along the boundary of length k; and k; - both odd (EF = 1, RP = ki + k3).

This event has probability thkQ = ZEHZEQHaak“k?.

(This configuration should be splitted in two subcases, depending on whether or not
the vertices of the face are all on the same side of the root edge - up to symmetries).

O _ 3
9-1 = 3
= O O O ¢ P ) O O @ O o= = =
0 _
o 0 _ Zk—i—lal[j k
Uk PO
= : Y ( O O O O O o= = =
k
O —
0 _ Zigeog”
Uk PO
= O = Y O O = : O O O O O o = =
k O —k1—k2

0O _ -0
Uiy ks = Zhn+12k 4100

k1 ko

O _ 0 O —k1—k2
iy ke = Zk1+1Z

ko +190

k1 ko

Figure 5: The configurations of the quadrangle incident to the root (up to symmetries).

We finally give the expectations of £* and R*, that can be obtained by direct com-
putation using exact formulas for the partition function (2.1), see Section 2.2 in [3] for
details.
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Proposition 2.4 (Proposition 3 in [3]). We have

« E(£%)=5/3 and E(R*) =2/3.
+ E(EY) =2 and E(RY) =1.

Moreover, the distribution of EF can be explicitly computed.

3 with probability 3/8
&Y ={ 2 with probability 1/4
1 with probability 3/8

Remark 2.5. The configurations being completely symmetric, we have R; @ R}, so
that E(R}) = E(R}) = E(R*)/2.

2.3 Percolation models

We now specify the percolation models we focus on. Recall that we are interested
in Bernoulli percolation on the random maps we previously introduced, i.e. every site
(respectively edge, face) is open (we will say coloured black, or refer to the value 1 in
the following) with probability p and closed (coloured white, or taking value 0) otherwise,
independently of every other sites (respectively edges, faces). Note that this colouring
convention is the same as in [1], but opposed to that of [3]. The convention for face
percolation is that two faces are adjacent if they share an edge.

Here is a more precise definition of the probability measure P, induced by our model.
Denote by M the set of planar maps, and for a given map m € M, define the following
measure on the set {0,1}°(™) of colourings of this map (where e(m) is the set of the
"elements" (vertices, edges or faces) of m):

P = (pdy + (1 — p)do) @™,

We then define P, as the following measure on the set {(m,c) : m € M,c € {0,1}*™)}
of coloured maps:

P,(dmdc) := v, . (dm)P5™ (de).

In other words, P, is the measure on coloured planar maps such that the map has the
law of the UTHP-+ and conditionally on this map, the colouring is a Bernoulli percolation
with parameter p. We slightly abuse notation here, since we denote by I, the probability
measure induced by every map and percolation model considered in this paper, but there
is little risk of confusion - if there is, we assign the notation * to the random variables
we consider. In what follows, we will often work conditionally on the colouring of the
boundary of the map, which we call the boundary condition.

We finally define the percolation threshold (or critical point) in this model. Denote
by C the open percolation cluster of the origin of the map we consider (respectively the
root edge for face percolation) and recall that the percolation event is the event that C is
infinite. The percolation probability is defined for p € [0, 1] by

0% (p) = Pp(IC] = +00).

A standard coupling argument proves that the function ©* is non-decreasing, so that
there exists a critical point p}, called the percolation threshold, such that

©*(p) =0 if p<p;
O*(p) >0 if p>p;
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As a consequence, the percolation threshold p’ can also be defined by the identities
pl = inf{p € [0,1] : ©*(p) > 0} = sup{p € [0,1] : ©*(p) = 0}. Note that both ©* and p?
depend on the law of the infinite planar map and on the percolation model we consider.

In our setting, we can use the peeling argument to derive a zero-one law under PP, for
every p € [0,1], in the sense that every event invariant to finite changes in the coloured
map has probability 0 or 1 under IP,,. The idea is to assign i.i.d. random variables to
each step of peeling and to apply Kolmogorov’s zero-one law (see Theorem 7.2 in [1] for
a proof in the full-plane case). A fortiori, we have that the probability of such an event
is 0 or 1 under Pﬁ(m) for v3, .. (dm)-almost every map. Following usual arguments of
percolation theory (see Theorem 1.11 in [18]), this yields that the event that there exists
an infinite open cluster has probability 0 or 1 under PP, and then if we introduce the
function defined for p € [0, 1] by

U (p) =P, (A € ¢'(m) : [C(a)] = +00),

where C(z) is the open percolation cluster of the site (respectively edge for face percola-
tion) x of the map, we get that

U*(p)=0 if O©*(p)=0
U*(p)=1 if O*(p) >0
Of course, we also get this result under Pz(m) for v3, . (dm)-almost every map.

The map on which we study percolation being itself random, one should take care
of the distinction between annealed and quenched statements concerning percolation.
The above percolation threshold p} is annealed, or averaged on all maps, since it is also
the infimum of values of p such that a positive measure of maps under v, ., satisfy that
the percolation event has positive probability under P, (m) We should then denote this

(+,A)
threshold by pe .

The quenched percolation threshold pg*’Q) is defined as the infimum of values of p

such that for ugoyoo(dm)-almost every map, the percolation event has positive probability

under P, (™) In other words, if we introduce the function defined for every p € [0,1] by

67 () 1= v ({m € M: PEM (€] = +o0) > 0},

then the critical thresholds p.™* and p*'? are defined by
o*(p) =0 it p<plt
i o (p (*,Q)

)=1 if P> pe
©*(p) € (0,1) otherwise
These can be proved to exist by using again the coupling argument. Now, if p > pg*’A),
we have from the above observation that

W)= [ P (@ € elm) 1 C0)] = +o0) Ve o) = 1,

which yields that P5™ (32 € e(m) : |C(z)] = +00) = 1 and thus P (IC] = +o0) > 0
for v, . (dm)-almost every map. This proves that ©*(p) = 1, and the identity
pg*,A) :pg*,Q)

In the next part, we will thus use the notation p} and give only annealed statements
concerning percolation thresholds. Note that in particular, the absence of percolation
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at criticality of Theorem 1.1 implies that for %, . (dm)-almost every map, there is no

percolation at the critical point under P5™.

2.4 Lévy 3/2-stable process

Let us define the (spectrally negative) 3/2-stable process and give some important
properties that will be used later. All the results can be found in [6].

Definition 2.6. The Lévy spectrally negative 3/2-stable process is the Lévy process

AS:

(St)i>0 whose Laplace transform is given by E(e*>*) = e? ) for every A > 0. Its Lévy

measure is supported on R_ and given by

3 -5
(dz) = mm 2dal {y ey
In particular, this process has no positive jumps. Finally, the Lévy spectrally negative
3/2-stable process has a scaling property with parameter 3/2, i.e for every A > 0 the
processes (S;);>0 and (A\™3/28y,)¢>0 have the same law.

Note that this process is also called Airy-stable process (ASP in short). We will need
the so-called positivity parameter of the process S, defined by

p:=P(5 =>0)

Applying results of [6] in our setting, we get the following.

Lemma 2.7 (Chapter 8 of [6]). The positivity parameter of the Lévy 3/2-stable process
is given by p = 2/3.

This process will be very useful for our purpose because it is the scaling limit of
a large class of random walks whose steps are in the domain of attraction of a stable
distribution with parameter 3/2.

Proposition 2.8 (Section 4 in [3], Chapter 8 of [8], [7]). Let X being a centered real-

valued random variable such that P(X > t) = o(t™%/2) and P(X < —t) = ct=3/24-0(t7%/?),

for a positive constant c. Then, if S is a random walk with steps distributed as X, i.e.
n

So = 0 and for every n > 1, S, = > ." | X; where the random variables (X;);>; are
independent and have the same law as X, we have

S d
(;;ﬁ) Q K(St)tzm

>0 A—~+o00

in the sense of convergence in law for Skorokhod’s topology, where k is an explicit
constant (proportional to c).

We end this section with an important property of the 3/2-stable process, which
concerns the distribution of the so-called overshoot at the first entrance in R_. Itis a
consequence of the fact that the so-called ladder height process of —(S;):> is a stable
subordinator with index 1/2 (see [6] for details). We use the notation P, for the law of
the process started at a.

Proposition 2.9 (Section 3.3 in [2], Chapter 3 of [6], Example 7 in [17]). Denote by
7:=1inf{t > 0: S; < 0} the first entrance time of the 3/2-stable process S in R_. Then,
the distribution of the overshoot |S;| of S at the first entrance in R_ is given for every
a,b> 0 by

1 b—
P,(|S7] > b) = - arceos (a—i—?)) .
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Moreover, the joint distribution of the undershoot and the overshoot (S;_,|S;|) of S at
the first entrance in R_ is absolutely continuous with respect to the Lebesgue measure
on (Ry)2.

3 Site percolation threshold on the UTHPQ

Throughout this section, we consider Bernoulli site percolation on a random map
which has the law of the UTHPQ, and focus on the computation of the site percolation
threshold, denoted by pESite.

First of all, let us state roughly why is computing the site percolation threshold
different on triangulations and quadrangulations. The main idea of the proof in the
triangular case in [2] is to follow the percolation interface between the open origin and
the closed neighbours on its right, say, using an exploration process. When dealing with
quadrangulations, with positive probability the revealed quadrangle has the configura-
tion of Figure 6. From there, one should try to follow the interface drawn on the figure,
but the circled black vertex should not be ignored, because it is also possibly part of the
open percolation cluster of the origin. Roughly speaking, keeping track of those revealed
open vertices on the boundary makes the size of the revealed part of the cluster hard to

study through the exploration.

Figure 6: Exploration process in the UITHPQ.

Our aim is now to prove Theorem 1.1. In this statement, there is no condition on the
initial colouring of the boundary, which is completely free (a free vertex is by definition
open with probability p, closed otherwise, independently of all other vertices in the
map). In order to simplify the proof, but also for the purpose of Section 4, we first work
conditionally on the "Free-Black-White" boundary condition presented in Figure 7.

= = O O e O e =0 O O O O o=

Figure 7: The boundary condition for the site percolation threshold problem.

The key here is to keep as much randomness as we can on the colour of the vertices
and still to use an appropriate peeling process, following the ideas of [3]. Since we work
on the UIHPQ and in order to make the notation less cluttered, we omit the symbol [ in
what follows.

3.1 Peeling process

We want to reveal the map face by face in a proper way, which will define our peeling
or exploration process. The strategy here is to reveal one by one the colour of the free
vertices of the boundary, and to "discard" or "peel" the white vertices that are discovered
in a sense we now make precise. To do so, we need an alternative peeling process,
that we call "vertex-peeling process". This process is well defined independently of the
boundary condition, as long as we have a marked vertex on the boundary.

Algorithm 3.1 (Vertex-peeling process). Consider a half-plane map which has the law of
the UIHPQ and a marked vertex on the boundary.

Reveal the face incident to the edge of the boundary that is incident to the marked
vertex on the left, and denote by R, the number of swallowed edges on the right of this
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edge (without revealing the colour of the vertices that are discovered).

e If R, > 0, the algorithm ends.
e If R, =0, repeat the algorithm on the unique infinite connected component of the
map deprived of the revealed face.

Let us now give the main properties of this algorithm, which is illustrated in Figure 8
for the boundary condition that we will focus on in the next part (the arrow is pointed at
the marked vertex).

Proposition 3.2. The vertex-peeling process is well defined, in the sense that the
marked vertex is on the boundary as long as the algorithm does not end, which occurs in
finite time almost surely. Moreover, when the algorithm ends:

e The number of swallowed edges on the right of the marked vertex in the initial
map has the law P,(R, € - | R, > 0) of the random variable R, conditioned to be
positive.

e The unique infinite connected component of the map deprived of the revealed faces
has the law of the UIHPQ and the marked vertex does not belong to this map. In
that sense, this vertex has been peeled by the process.

Proof. The conservation of the marked vertex, say v, on the boundary is a consequence
of the fact that R, = 0 at each step as long as the process is not over. Moreover, the
spatial Markov property implies that the sequence of swallowed edges to the right of v
is an i.i.d. sequence of random variables which have the same law as R,. The algorithm
ends when the first positive variable in that sequence is reached (which happens in finite
time almost surely), whose law is thus P,(R, € - | R, > 0). It also equals the number
of swallowed edges to the right of v in the initial map by construction. Finally, since
R, > 0 at the last step, the marked vertex v is not on the boundary of the unique infinite
connected component we consider when the process ends. O

= = = . 2 = =
= = e’ o — S o O O O O =

Figure 8: An example of execution of the vertex-peeling process.

We are now able to describe the complete peeling process we focus on. In what
follows, a "Free-Black-White" boundary condition means in general that there are infinite
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free and white segments on the boundary (on the left and on the right respectively), and
a finite black segment between them (Figure 7 is an example).

Algorithm 3.3 (Peeling process). Consider a half-plane map which has the law of the
UIHPQ with a "Free-Black-White" boundary condition.
Reveal the colour of the rightmost free vertex on the boundary.

« Ifit is black, repeat the algorithm.

« If it is white, mark this vertex and execute the vertex-peeling process.

After each step, repeat the algorithm on the unique infinite connected component of the
map deprived of the revealed faces. The algorithm ends when the initial open vertex
of the boundary has been swallowed - i.e. does not belong to the map on which the
algorithm should process.

Remark 3.4. In the previous algorithms, the map we consider at each step of the peeling
process is implicitly rooted at the next edge we have to peel, which is determined by the
colouring of the boundary.

As a consequence of the properties of the vertex-peeling process, we get that the
whole peeling process is well defined, in the sense that the pattern of the boundary
(Free-Black-White) is preserved as long as the algorithm does not end. Moreover, at
each step, the planar map we consider has the law of the UTHPQ and does not depend
on the revealed part of the map: the transitions of the peeling process are independent
and have the same law. In particular, if we denote by #,,, ¢,, the number of swallowed
edges at the right of the root edge and the colour of the revealed vertex at step n of the
exploration respectively, then (#,,, ¢, )n>0 are i.i.d. random variables.

The quantity we are interested in is the length of the finite black segment on the
boundary of the map at step n of the process, denoted by B,,. The process (B,,),>0 is
closely related to the percolation event by the following lemma.

Lemma 3.5. Denote by C the open cluster of the origin (open) vertex in our map. Then,

{Bn - —|—oo}C{|C=—|—oo} and {3In>0:B,=0}C{C|<+ox}.

Proof. Let us start with the first point. It is easy to see that as long as the peeling
algorithm is not over, any black vertex discovered on the boundary is connected by an
explicit open path to the origin of the map, and thus belongs to C. Then, if B,, goes to
infinity (which implies that the algorithm do not end), we get that C is also infinite.

The second statement is less obvious. The point is to see that at any step of the
process, the open percolation cluster C of the origin in the initial map is infinite if
and only if the open percolation cluster C,, of the finite black segment in the infinite
connected component that we consider at step n of the process is itself infinite. To see
that, note that when a white vertex is discovered and peeled, the black vertices of the
boundary that are swallowed are enclosed in a finite Boltzmann map and thus provide a
finite number of vertices to the percolation cluster C (out of C,,). To conclude, note that
if B,, = 0 for a fixed n > 0, then at the last step the finite black segment is enclosed in a
finite region of the map (see Figure 9) and thus C, is also finite, which ends the proof. O

It is now sufficient to determine the behaviour of the process (B,),>o, which is
remarkably simple as a consequence of the very definition of the peeling process and
Proposition 3.2.
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Figure 9: The situation when the algorithm ends.

Proposition 3.6. The process (B,,),>o is a Markov chain with initial law §,, whose
transitions are given forn > 0 by

Bn-i—l - (Bn + 1-— ]lanOHn)—H

and which is absorbed at zero. Moreover, (H,),>0 is a sequence of i.i.d. random
variables and for every n > 0, conditionally on the event {c,, = 0}, H,, has the law of R,
conditioned to be positive.

In particular, the process (B,,),>o has the same law as a random walk started at
1 and killed at its first entrance in Z_, with steps distributed as the random variable
1—-1.,=0Ho.

3.2 Computation of the percolation threshold

We now compute the percolation threshold for the "Free-Black-White" boundary
condition of Figure 7.

Proposition 3.7. For Bernoulli site percolation on the UIHPQ and conditionally on the
"Free-Black-White" boundary condition with a single open vertex, we have

0 )

pc,site - §
Moreover; there is no percolation at the critical point almost surely: ©F,, (pZs;.) = 0.

Proof. The quantity which rules the behaviour of (B,,),>¢ is the expectation of its steps,
E,(1 — 1sy=0Ho). It is obvious that E,(¢p) = p. Now the law of #, conditionally on
{co = 0} do not depend on p by construction and we have (see Proposition 2.4 and the
following remark for details):

_ERLir,>01)  E(R,) 9

By(Ho | co = 0) = BR,[R, > 0) = —p 2l = =i = o

Thus,

9
E,(1—-1s=0Ho)=1-—(1—p)E,(Ho|co=0)=1- 1(1 —p)

We get that E,(1 — 1.,—0Ho) = 0 if and only if p = 5/9. In the case where p # 5/9,
standard arguments on the behaviour of simple random walks combined with Lemma 3.5
yield the first statement. Finally, when p = 5/9, the random walk with steps distributed
as 1 —1.,-0Ho is null recurrent, so that almost surely, there exists n > 0 such that B,, = 0.
This concludes the proof of the second assertion. O

Remark 3.8. A crucial quantity in the above computation of the percolation threshold
is P(R, > 0). Let us describe in greater detail how to get the exact value for this
probability. Recall that we work in the UTHPQ, and let V be the number of vertices of
the face incident to the root that lie on the boundary. In particular, we have V € {2,3,4}.
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We also let V; and V, be the number of such vertices (strictly) on the left and on the
right of the root edge respectively. Combined with the quantities £ and R, this allows to
distinguish all the possible configurations of the face. Using the fact that the sum of the
quantities (q,E') k>0 is the same for even and odd values and Proposition 2.4, we get

PE=2)=PE=1V<4)=_.

Thus, P(€ =1,V =4) = 1/8, and using the symmetries of the configurations, we obtain

1
PE=1,V,=V.=1)=PE=1,V.=2)= 21 and P(E=2,V.=1)= g
In the case where £ = 1 and V < 4, one should take care of the fact that the number of
swallowed edges can be zero on both sides with positive probability. We get

1
PE=1,V<4,V,=1)= 3 —q5.
Now,

1 1 o 2
(R7 > 0) (V7 > 0) 4 + 12 do 97
where we use the exact formulas for qOD and for the partition function (2.1) given in
Section 2.2 of [3], or in [11] (we find Z5 = 4/3, and thus ¢’ = 1/9).

3.3 Universality of the percolation threshold

We now want to discuss the universal aspects of the above result. The first one is the
universality of the percolation threshold with respect to the boundary condition. Namely,
we now consider Bernoulli site percolation on the UIHPQ in the most natural setting
which is the free boundary condition, and prove Theorem 1.1.

Proof of Theorem 1.1. First of all, we can work without loss of generality conditionally
on the fact that the origin vertex of the map is open. We then use a peeling process
which is heavily based on the previous one.

Namely, we execute Algorithm 3.3 with the convention that we reveal the colour of
the rightmost free vertex on the left of the origin (on the boundary).

The algorithm is paused when the finite black segment on the boundary has been
completely swallowed. When this happens, two situations may occur, depending on the
colour of the rightmost vertex vy of the boundary that is part of the last revealed face.
By properties of the vertex-peeling process, such a vertex exists and lies on the right of
the root edge (see Figure 10).

1. If vg is white, then the open cluster of the origin is enclosed in a finite region of the
map and the algorithm ends: the percolation event does not occur.

2. If vy is black, then the percolation event occurs if and only if the open cluster
of vy in the unrevealed infinite connected component is itself infinite. Then, the
algorithm goes on executing Algorithm 3.3 on this map, with vy as origin vertex.

We let (vi)r>0 be the sequence of vertices defined as vy at each time the algorithm is
paused.
We are now able to conclude the proof. First, if p > 5/9, we know that ©%,,(p) > 0

using directly Proposition 3.7 and a standard monotone coupling argument. On the other
hand, if p < 5/9, we know from Proposition 3.7 that the above algorithm is paused in
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Figure 10: The situation when the finite black segment on the boundary is swallowed.

finite time almost surely. By induction, we already stated that if there exists a vertex
v which is white, the percolation event cannot occur. However, the colouring of the
vertices (vx)r>o form an i.i.d. sequence with Bernoulli law of parameter 1 — p > 0, which
yields that ©Y. (p) = 0 and the expected result. O

site
Let us finally detail the universality of our methods with respect to the law of the
map. First, the previous arguments can be easily adapted to the case of the UTHPT. In
particular, we have that for a free boundary condition

A 1

pc,site - 5 ’

and that there is no percolation at the critical point almost surely. This result has
already been proved in [3] for a closed boundary condition (except the origin vertex).
The interesting fact is that we can derive from our proof a universal formula for the
site percolation thresholds, exactly as it was done in [3], Theorem 1, for bond and face
percolation. Following this idea, we introduce the following notations:

5 =E(R*) =2E(R?) and 7" :=P(R:>0),

where x* still denotes either of the symbols A or [J. From the results of Section 2 and the
Remark following Proposition 3.7 we get that

1 2 2

=, n7=2 =2 and =1

6 9 3
Note that the computation of 7 is immediate from the symmetry of the configurations
and the fact that there are no self-loops. The arguments of the proof of Theorem 1.1
yield the following result.

Theorem 3.9. For site percolation on the UIHPT and the UIHPQ, we have that

2n*
p:,site =1- 5* .

Of course, this formula is believed to hold in greater generality, for any infinite random
half-planar map satisfying the spatial Markov property. Note that two parameters are
needed to describe the site percolation threshold, while ¢* is sufficient for bond and face
percolation as proved in [3].

4 Scaling limits of crossing probabilities in half-plane random
maps

Throughout this section, we focus on the problem of scaling limits of crossing proba-
bilities, and aim at generalizing the results of [2]. Despite the fact that we also use a
peeling process, the problem is much harder because the models we consider are less
well-behaved than site percolation on the UIHPT.
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More precisely, we consider site, bond and face percolation on the UTHPT and the
UIHPQ, and work conditionally on the boundary condition represented on Figure 11 (for
the bond percolation case). In other words, the boundary is "White-Black-White-Black",
with two infinite segments and two finite ones, of lengths | Aa| and | A\b| respectively. The
crossing event we focus on is the following: "there exists a black path linking the two
black segments of the boundary", or equivalently "the two black segments are part of
the same percolation cluster". We denote by C;_,(Aa, Ab) (respectively Cf . (Aa, Ab) and

face

Ckio(Aa, Ab)) this event where * denote either of the symbols A or O (see Figure 11).
| \a| | AD|

Figure 11: The boundary condition and the crossing event C*(\a, \b).

Again, although the dependence on the map and percolation models are rather
supported by the probability measure in this setting, we keep using the notation * for the
sake of simplicity. The quantity we are interested in is the scaling limit of the crossing
probability P,(C*(\a, Ab)),

lim P, (C*(Aa, Ab)),

A—+oo
which we expect to be universal following Cardy’s universality conjecture if we consider
the percolation models at their critical point, i.e. when p is exactly the percolation
threshold. We recall those values that can be found in [3] and the previous section.
Theorem (Theorem 1 in [3], [1], Theorem 1.1). The percolation thresholds on the UITHPT
are given by

A 1 A A
Pesite = 5’ pc,bond = Z and pc,face = 5
The percolation thresholds on the UTHPQ are given by
5 1 3
[ 0 0
pc,site = §’ pc,bond = g and pcﬁface = Z

Starting from now, the probability p that an edge (respectively face, vertex) is open
is always set at p; ,,,q (respectively p; ¢, ., D7 gite), in €very model we consider. Most
of the arguments being valid for both the UIHPT and the UIHPQ, we will treat those
cases simultaneously and omit the notation %, underlying the differences where required.
For technical reasons, we have to treat the cases of bond, face and site percolation
separately, even though the proof always uses a similar general strategy. Our aim is now
to prove Theorem 1.2.

4.1 Crossing probabilities for bond percolation

4.1.1 Peeling process and scaling limit

We start with the case of bond percolation. In order to compute the crossing probability
we are interested in, we again use a peeling process that we now describe. The purpose
of this process is to follow a closed path in the dual map, which is the map that has a
vertex in each face of the initial (primal) map, and edges between neighboring faces (see
[18], Section 11.2 for details). The reason is that dual closed and primal open crossings
between the segments of the boundary are almost surely complementary events.
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The algorithm starts with revealing the face incident to the rightmost white edge of
the infinite white segment (see Figure 12), without discovering the colour of its incident
edges, which are thus free. (The rightmost white edge is then peeled in the sense that it
is no longer in the infinite connected component of the map deprived of the revealed
face.)

| \a| | A\D]
Figure 12: The initial boundary and the first edge to peel.

In general, the algorithm is well defined as soon as the boundary has a "White-(Free)-
Any" colouring, meaning that there is an infinite white segment and (possibly) a finite
free segment on the left of the boundary, but no specific condition on the colouring of
the right part. Although the right part will turn out to be coloured "Black-White-Black"
in what follows, it will be helpful to have an algorithm which is defined independently of
the colouring of the right part of the boundary.

Algorithm 4.1. Consider a half-plane map which has the law of the UIHP-x with a
"White-(Free)-Any" boundary condition.

* Reveal the colour of the rightmost free edge, if any:

- If it is black, repeat the algorithm.

- If it is white, reveal the face incident to this edge (without revealing the colour
of the other edges of the face).

» If there is no free edge on the boundary of the map, as in the first step, reveal the
face incident to the rightmost white edge of the infinite white segment (without
revealing the colour of the other edges of the face).

After each step, repeat the algorithm on the UTHP-x given by the unique infinite connected
component of the current map, deprived of the revealed face.

We will call revealed part of the map all the vertices and edges that are not in this
infinite connected component (even if all of them may not have been revealed, but rather
swallowed in an independent finite connected component). The map we obtain is still
implicitly rooted at the next edge we have to peel.

Let us now give some properties of Algorithm 4.1, which are essentially the same as
that of Algorithm 3.3, apart from the fact that the algorithm never ends. We omit the
proof of these properties, that are direct consequences of the spatial Markov property.

Proposition 4.2. The peeling process is well defined, in the sense that the pattern of
the boundary (White-(Free)-Any) is preserved. Moreover, at each step, the planar map
we consider has the law of the UIHP-x and is independent of the revealed part of the
map.

Starting from now, we denote by &,, respectively R, ¢,, the number of exposed
edges, respectively the number of swallowed edges and the colour of the revealed edge
at step n of the exploration, for every n > 0. By convention, we set ¢,, = 0 when there
is no free edge on the boundary and &, = R,, = 0 when no edge is peeled (¢, = 1).
Recall that R, , (respectively R, ,) denotes the number swallowed edges at the left
(respectively right) of the root edge at step n of the exploration. The quantity we are
interested in is the size of the finite black segment at step n. In order to study this
quantity, we now introduce two random processes.
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First, for every n > 0, we let F), be the length of the free segment on the boundary
at step n of the peeling process. Then, we have Fy = 0 and for every n > 0,

F,—1 if ¢, =1

En1 = { Ent (Fy =Ry —1)4 if ¢, =0 @1

The process (F,,)n>0 is a Markov chain with respect to the canonical filtration of the
exploration process, and we have ¢, = 0 when F,, = 0.

Remark 4.3. The Markov chain (F,),>o takes value zero at step n only if we have
F,_1 =1and ¢, = 1. Moreover, if the whole free segment is swallowed by a jump of the
peeling process at step n, then F;, = &,, (see Propositions 2.2 and 2.3).

Then, we let By = | Aa| and for every n > 0,

B,+1 if ¢, =1

Bpi1 = { By Ry i e —0 (4.2)

Like (F),),>0, the process (B,)n>o is a Markov chain with respect to the canonical
filtration of the exploration process. Moreover, if we denote by T := inf{n > 0: B,, <0}
the first entrance time of (B,,),>¢ in Z_, then for every n € {0,1,...,7 — 1}, B,, is the
length of the finite black segment at step n of the exploration process.

An important point is that for every n < T, the edges of the finite black segment
are all part of the open cluster of the initial segment, while for n > T, the initial finite
black segment has been swallowed by the peeling process. (However, the algorithm can
continue because the infinite white and finite free segments are still well defined.)

As we will see, and as was stressed in [2], the so-called overshoot Br of the process
(Bn)n>0 at the first entrance in Z_ is the central quantity, which governs the behaviour
of crossing events.

We now need to describe the law of the random variables involved in the previous
definitions of the processes (F,),>o and (B,),>0. This can be done using the very
definition of the peeling algorithm and Section 2.2. Note that one has to be careful
with the fact that £, = R,, = 0 when ¢,, = 1. Thus, we let (t;),>1 be the sequence of
consecutive stopping times such that ¢;, = 0 (i.e. the times at which a face is peeled),
and (sx)r>1 the sequence of consecutive stopping times such that F,, > 0 (i.e. the times
at which there is an edge whose colour is revealed). In what follows, we let (£, R;, R,) be
defined as in Section 2 (notation * omitted). A simple application of the spatial Markov
property yields the following result.

Lemma 4.4. The random variables (&, , Ry, , Ry, )k>1 are i.i.d. and have the same law
as (€, Ry, R,). Moreover, the random variables (cs, )x>1 are i.i.d. and have the Bernoulli
law of parameter p;. ,,,q-

In the following, we denote by ¢ a random variable which has the Bernoulli law of
parameter p .4, independent of (€,Ri,R,). We are now able to describe the behaviour
of the processes (F},)n>0 and (By)n>0-

The process (F),),>o. The Markov chain (F},), >0 is not exactly a random walk, but
has the same behaviour when it is far away from zero. More precisely, note that F; > 0
almost surely and let 6 := inf{n > 1: F,, =1 =1, _03 Ry < 0} be the first time at which
the free segment is swallowed (possibly by a revealed face). Note that F}; is not zero in
general, but if F}, =0 for n > 1, then 6 < n. By construction, as long as n < &, we have

n—1

Fo=Fi+ Y (Lioy=o) (€ — Rix) = 1).
k=1
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Thus, (F,, — F1)1<n<s is a random walk killed at the random time &, whose steps are
distributed as X defined by
X =1y (€ —Ri) — 1,
where we use the definition of & and Lemma 4.4. Moreover, we obtain from Proposition
2.4 that

~ % - %p:,bond (* = A)
E(X) = 7p:,bond + (1 - p:,bond)(E(E - Rl) - 1) = L 5
2 §p:,bond (* = D)

Using the percolation thresholds given at the beginning of Section 4, we get that
E(X) = 0. As a consequence, since ¢ < o := inf{k > 1 : F, = 0}, we get that ¢ is
almost surely finite. It is finally easy to check that the random variable X satisfies the

conditions of Proposition 2.8. In particular, if we denote by (S,,),>0 a random walk with
steps distributed as X we get

A——+oo

S d
(Agjt;) Dy i S)ison (4.3)
t

in the sense of convergence in law for Skorokhod’s topology, where S is the Lévy
3/2-stable process of Section 2.4, and s > 0.

The process (B,,),>o. Exactly as before, (B,,),>0 is not a random walk, but behaves
the same way when F}, is not equal to zero. Let us be more precise here. First, let g = 0,
and inductively for every k£ > 1,

O 1= 1nf{n > 0op_1+ 1: Fn = O} (44)

From the above description of the process (F},),>o, we know that started from any initial
size, the free segment is swallowed in time &, which is almost surely finite. When this
happens, either a black edge has been revealed and F; = 0, or a revealed face has
swallowed the free segment. In this case, with probability bounded away from zero,
Fs;4+1 = 0. Applying the strong Markov property, we get that all the stopping times
(0k)k>0 are almost surely finite.

Since F; > 0 by construction, as long as 1 <n < ¢ = o; we have

n—1

B, =B+ Z (Liep=1y — Licp=0} Rrk)-
k=1

Thus, (B, — B1)1<n<o is a random walk killed at the random time o, whose steps are
distributed as X defined by

X = ﬂ{c:l} - ]l{c:O}R'r"
From the strong Markov property, we obtain that this also holds for the processes

(Boy+n — Boy+1)1<n<oys1 -0y, Doticing that Fi;, 1 > 0 for every k > 0 by definition. As a
consequence of Proposition 2.4, we get that

VAN
%pc,bond - % (* = A)
E(X) = Pcbond — (1- pc,bond)E(R’r') = -
3 1
3Pcbond ~ 2 (* = D)
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Since we work at the critical point, IE(X) = 0 for both the UIHPT and the UIHPQ, and
properties of the random variable X also yield that if (S),),>0 is a random walk with
steps distributed as X,

S| (d)
()\2/3 0 )\_>_+>OO K(St)1>0, (4.5)

in the sense of convergence in law for Skorokhod’s topology, where S is the Lévy
3/2-stable process of Section 2.4 and s > 0.

We are now interested in the scaling limit of the process (By,),>0. We want to prove
the following result:

Proposition 4.5. We have, in the sense of convergence in law for Skorokhod’s topology:

B
[A3/2¢] (d)
— — S, ,
( A >t>0 A—+00 A t)tzo

where S is the Lévy spectrally negative 3/2-stable process started at a, and k > 0.

The idea is to couple a random walk (Sn)nZO with steps distributed as the random
variable X and the process (B,,),>o in such a way that S,, and B,, are close. To do so,
let us set Sy = By, and introduce an independent sequence (5,),>0 of i.i.d. random
variables with Bernoulli law of parameter pj ;4. We then define (S,,),>0 recursively as
follows. For every n > 0:

Bn+1 - Bn = ]l{anI} — 1{0”:0}7?’7',% if Fn > 0
Sn+1 - Sn +
ﬁn + (]- - Bn)(B'rH»l - Bn) = ]]-{Bn:l} - ]l{ﬁn:O}Rr,n if Fn =0

Otherwise said, as long as F,, > 0, (S,)n>0 performs the same steps as (Bj,)n>0 and
when F,, =0, 5,41 takes value S,, + 1 if 5, = 1, and does the same transition as (By,),>0
otherwise. Using the previous discussion and the fact that ¢, = 0 when F,, = 0, we get
that (S,)n>0 is a random walk started from By with steps distributed as the random
variable X, as wanted.

Let us also define the set =, := {0 < k < n : F,, = 0} of zeros of (F,),>o before
time n > 0, and set &, := #&,, for every n > 0. The steps of (S,),>0 and (By),>0 are
the same except when F,, = 0, in which case, since S,, 11 — S, for every n > 0, we have
Sp+1 — Sn <1 —(Br+1 — By). Hence, we get that almost surely for every n > 0,

where for every n > 0,

Ry= Y (1= (B — By)).
keE,,
Then, if (r,,), is a sequence of i.i.d. random variables with the same law as R,, we have

for every n > 0 that
&n

Ry 23" (141,

k=1

In order to prove that (B, ),>o has the same scaling limit as (.5,,),,>0, the idea is to
establish that the process (R,,),>0 is small compared to (Sy,)n>0-
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Recall from (4.4) the definition of the stopping times (o) k>0. In other words, oy, is
the time of the k™ return of (F,),>o to zero, and o;_; + 1 is the first time after o;_;
when (F,,)n>0 reaches Z, (by construction). Notice that the total number of returns of
the process to 0 before time n equals &, = #{k > 0: o < n}. The following lemma gives
a bound on the asymptotic behaviour of this quantity.

Lemma 4.6. For every a > 0, we have the convergence in probability

5 n P

— 0.
nl/3+a nostoo

Proof. The strong Markov property applied to the stopping times (o)x>0 yields that for
every k > 0andn >0,

k
P& > k) < [[Ploj — 051 <n). (4.7)
j=1

Now, we may simplify the computation with the following remark: for every k£ > 1,
o), — 0i—1 stochastically dominates the time needed by the random walk (Sn)nZO started
from 0 with steps distributed as X to reach Z_ \ {0}. Indeed, due to the fact that
F,, ,+1 > 1 almost surely we have (for instance by a coupling argument) that for every

k>1landn >0,

P(o — ox_1 < n) <P(c’ <n),

where ¢’ is defined exactly as ¢ = oy, but for the Markov chain (F,),>o with initial
distribution ;.

Then, observe that when started at length 1, the process (Fn)nZO is bounded from
below by a random walk with steps distributed as X, also started at 1 and up to the first
entrance of this random walk into Z_ (using again a coupling argument which consists
in not taking the positive part in (4.1)). In other words, for every k£ > 1 and n > 0,

P(oj —or—1 <n) <P(G <n),

where 7 := inf{n > 0: S,+1< 0}. Thus, we get from (4.7) that P(¢,, > k) < (P(5 < n))¥,
and now want to apply a result due to Rogozin that we recall for the sake of completeness.
Theorem (Theorem 0 in [16], [24]). Let (X%)x>0 be a sequence of i.i.d. random variables,
So := 0 and for every n > 1, S,, :== > ,_; Xj. Let also o :=inf{n >1:S, > 0} be the
first strict ascending ladder epoch of the random walk (Sn)nZO: and assume that

+oo +oo
D ETIP(SE > 0) =Y kT'P(Sk < 0) = +oo. (4.8)
k=1 k=1

Then, the following assertions are equivalent:
—1 n
1. n7' >, P(Sp >0) WS 1€ [0, 1].

2. There exists a slowly varying function L such that P(o; > n) ~ n~7Li(n).
n—-+0o0

Let us check the assumptions of this result. Using the convergence (4.3), we get
P(S =P Sy Py(kS -
(n>0)— m>0 n~>‘+)oo 0(/43 1>0)—p—§,

where S is the spectrally negative 3/2-stable process. It is thus clear that the identity
(4.8) is satisfied by the process (—S,,),>0. Moreover, Césaro’s Lemma ensures that
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n

1 . 1
> P(-5,>0) — y==.

E n—+o0o 3
k=1

Thus, the theorem applies and yields

P(G>n) ~ n 3L (n), (4.9)

n—-+o0o
where L, is a slowly varying function at infinity. In particular, for every a > 0 and € > 0,

nl/3+a, nl/3+a,

P(&, > n'/3+%) < (P(3 < n)) = (1-P(G >n)) — 0,

as wanted. O
Let us come back to the scaling limit of the process (B,,),>o. We have for every o > 0

and n large enough

g’!b 5’”.

R, @ 1 En 1
ni/3+a — pl/3ta > (4 = ni/3tag, > (+m). (4.10)
k=1 k=1

We observed that all the (o )x>0 are almost surely finite, and thus the quantity ¢, goes
to infinity almost surely with n. Using the previous lemma and the law of large numbers,
we get that

Rn P
—
n2/3 n—-4o0o

<RW%J> LA
A >0 A— 400

for the topology of uniform convergence on compact sets, and thus for Skorokhod’s
topology. Recalling the inequality (4.6) and the convergence (4.5), we immediately have

B x (d)
< xn ), N K(St)tz0,

)

and then

and thus the proof of Proposition 4.5 with an obvious substitution, using that A=! B,
converges to a when \ goes to infinity in order to identify the starting point of the stable
process.

4.1.2 Stopped peeling process

We now focus on the possible situations when the process (B,,),>o reaches Z_, which
happens almost surely since (B,,),>0 is bounded from above by the recurrent random
walk (S,)n>0 we previously introduced. Throughout this section, we denote by T' the
first time when (B,,),,>¢ reaches nonpositive values:

T:=inf{n >0: B, <0}.

We now split our study into two cases, depending on the value |Br| of the so-called
overshoot of the process (B,,),>o at its first entrance into Z_. We implicitly exclude the
events {|Br| = 0} and {|Br| = | \b]}, whose probability will be proved to vanish when A
goes to infinity in Section 4.1.4.
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Case 1: |Bp| < |Ab]. In this situation, only a fraction of the finite white segment
on the boundary is swallowed, see Figure 13. Notice that the swallowed finite black
segment has size Br_1, since it is the black segment just before the last face is revealed,
i.e. at time 7" — 1. Unless explicitly mentioned, we now work conditionally on the event
{IBr| < [Ab]}.

AA

= 1
<% L

* Vg
Lttt .,
.

1
L

Bro D) >
|Br| Ab] —|Br

'

Figure 13: Configurations when |Byr| < [Ab].

In each case, the crossing event C*(\a, Ab) implies the existence of an open path
linking the rightmost revealed vertex on the boundary, denoted by v*, and the infinite
black segment on the boundary (see the dashed path on Figure 13). Indeed, the
exploration process has the property that the open connected component of the initial
finite black segment is entirely swallowed by the last face that is revealed. (For the
crossing event to occur, one also needs that some bottom edges of this face are open,
see Figure 13, but an upper bound is enough for our purpose.)

The situation may again be simplified using the spatial Markov property, because
this event has the same probability as the following: consider a map which has the law
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of the UTHP-x, and let C} be the event that there exists a path linking the origin of the
map and the infinite black segment of the boundary, where the boundary of the map has
the colouring of Figure 14 (the crossing event C}\ is again represented with a dashed
path). Notice that the free segment on the boundary can have arbitrary but finite length
(depending on the previous peeling steps) but this plays no role in our discussion.

I
~‘\ I'
4 1
~ ' "

- L4
*\ ’
‘\ *

”)\b.jl— |BT

Figure 14: The crossing event C}.

rd

Roughly speaking, the idea here is that when A\ becomes large, so does the length
d* := | \b] — |Br| of the white segment that separates the origin from the black segment
and the event Ci becomes unlikely. To be precise, the following lemma holds.

Lemma 4.7. Conditionally on |Br| < | Ab], we have

|\b] — | Br| Ai +o0.

— 400

Proof. Recall that By = | A\a] almost surely by definition and observe that if

T:=inf {t > 0: \""Byss2y <0}, (4.11)

then [)\3/ QTJ =T. Thus, using the convergence of Proposition 4.5, we get that condition-
ally given |Br| < |Ab],
= (d) .
A" Br — kS, (given k|S;| < b),
A— 400
where 7 := inf{t > 0: S; < 0} and S is the spectrally negative Lévy 3/2-stable process
started at a. As a consequence, we have that conditionally given |Br| < |Ab],

A~L(Ab] — |Br)) Aﬂ b— kS, (given k|S,| <b),

— 400
Now, following Proposition 2.9, the distribution of the overshoot of the process S is
absolutely continuous with respect to the Lebesgue measure on R, which yields the
expected result. O

Case 2: |By| > | Ab]. In this situation, the whole finite white segment of the boundary
has been swallowed by the last revealed face, which divides the problem into different
subcases shown in Figure 15. Unless explicitly mentioned, we now work conditionally
on the event {|Br| > [A\b]}.

In the first four cases (A — ABD), either the crossing event is realized by bottom edges
of the last revealed face (which occurs with probability less than one), or it depends on
a crossing event between black segments of the boundary in a submap M*, which is a
Boltzmann x-angulation of the (Br_1 +|Br|+1)-gon (or (Br_1 +|Br|+2)-gon, depending
on the configuration). Those events are represented by a dashed path on Figure 15. The
reason for this is that the finite black segment on the boundary at the second to last step
of the peeling process is in the same cluster as the initial one (those even share edges).
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Figure 15: Configurations when |Br| > [A\b].

Roughly speaking, the idea here is that when A becomes large, this Boltzmann x-
angulation converges in law towards the UIHP-x with infinite black segments on the
boundary, so that the above crossing event occurs almost surely asymptotically. The fifth
case A? is slightly different, because the crossing represented by the dashed path seems
unlikely. In fact, this fifth case does not occur asymptotically in a sense we will make
precise. We will need the following analogue of Lemma 4.7 concerning the size of the
black segments that appear in the Boltzmann map.

Lemma 4.8. Conditionally on |Br| > | A\b], we have

|Br|— [\b] - 400 and Br_; - +oo,
A—+oo A—+o00

and for every B > 1,

A P(Br|— [XM]) = 0 and A PBr.; — 0.
A—~+oco A—+oo
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Proof. The proof is analogous to that of Lemma 4.7. Agaln recall that By = [ Aa| almost
surely by definition and that if T := inf{t > 0 : A™'B|s/2;] < 0}, then [X*/?T| = T.
Applying Proposition 4.5, we get that conditionally given |Br| > |Ab],

A Br_1,Br) % k(S,_,S,) (given x[S.| > b), (4.12)

A—~+o0
where 7 :=inf{t > 0:S; <0} and S is the spectrally negative Lévy 3/2-stable process
started at a. Therefore, we have that conditionally given |Br| > |Ab],

A Y Br_1, |Br| — 100)) D (kS,_, kS, — b) (given #|S,| > b),

A—~+o00
We conclude the proof exactly as before, using the absolute continuity of the joint
distribution of the undershoot and the overshoot of the process S with respect to the
Lebesgue measure, given by Proposition 2.9. O

We now treat the fifth configuration, denoted by AE in Figure 15, which occurs only
in the quadrangular case. Precisely, we work on the event (still denoted AE) that the
last revealed quadrangle has all of its four vertices lying on the boundary of the map,

two of them being on the right of the root edge. On this event, we can introduce Kf\l)

and KE\Z), which are the (random) lengths of the two finite segments determined on the
right boundary by the last revealed quadrangle (see Figure 15 and a formal definition in
(4.13)).

Lemma 4.9. Conditionally on |Br| > |\b] and on the event A, we have

At min (K, KE) s o

A—~+oo

As a consequence,

max (BT = KW, [By| — |0 — K(f)) Ly e
A—+o00
Proof. Let us introduce the sequence of random variables (K,(LD, Kﬁf))nzo, that describe
the length of the two finite segments determined on the right boundary by the quadrangle
revealed at step n of the exploration process. We also adopt the convention that
K,(f) = K,(LQ) = 0 if there are less than two segments determined on the right boundary.
In particular, these random variables are i.i.d., and on the event AE, we have the identity

(K KP) = (K5 K2 (4.13)

Now, for every z > 0,

P (K(l) > o, K ) S R

k}l k}2>1

5/2k 5/2

and qk1 r, 1S equivalent to (k. when k1, k3 go to infinity, using the estimation

(2.3). Thus, if = is large enough, we have q,‘i,kz < C’k1_5/2k2_5/2

C'is a positive constant. This yields

for every ki, ko > x, where

P(KY 20k 2a)<C Y k™K<, (4.14)
kl,kQZCL‘

for another positive constant C’, provided that x is large enough. Then, for every A > 0,
e >0and ) > 0 we have
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1 2
P (K4, 2 e, K2, > )
<P (T > A3/2+5) +P (3 0<n< A2 KW > \e KO > )\s) .

For the first term, using the random variable T .= inf {t>0: A" 1B |A8/2¢] < 0} introduced
in (4.11), we have |\*2T| = T and from Proposition 4.5

a3y @, T,

A—~+o0
where 7 := inf{t > 0: S; < 0} and S is the spectrally negative Lévy 3/2-stable process.

The random variable 7 being almost surely finite by standard properties of this process,
we obtain that

P (T > A3/2+5) — 0.

A—~+o0
The second term can be controlled straightforwardly from (4.14) using an union bound,
giving
P (3 0<n< A2+ KD > e K@ > )\5) < N2 (Ae)T3 .
A——+oo
We can now conclude that
AL mi (K(” K ) £, 4.15

min\ Ap_y, Ap_y A oo 0, ( )
convergence which still holds conditionally on |Br| > | Ab], observing that the probability
of this event converges when A\ goes to infinity by Proposition 2.9 and the convergence
in law of Proposition 4.5 (see a precise statement in (4.20)).

On the other hand, using the convergence in law of (4.12), conditionally given
|Br| > |Ab] we get that

A~ max (BTfl - Ké“lzp |Br| — [Ab] — i("zll>
> A~ min (B, [ Br| = 1Ab)) = A7 min (K32, K2,

9D min (kSr—,kS; — ) (given k|S.| > b)
A—+oo

and thus by the very same argument as in Lemma 4.8, conditionally on |Byr| > | \b],

max (Br_y = K{, [Br| - 0] - K2, ) Reiad (4.16)

Applying the identity (4.13), the expected result follows from the convergences in
probability (4.15) and (4.16), restricted on AE'. O

Intuitively, the consequence of this lemma is that only two situations may occur on the
event AJ: either Br_; — Kg\l) or |Br|— | Ab] — KE\Q) is large, or more precisely, respectively
Kg\l) or K(f) is small with respect to ). This corresponds to the subcases AEl and AEQ of
Figure 16. Roughly speaking, this means that quadrangles "look like" triangles when A
is large.

Let us be more precise here. The events AEl and AEQ are defined as follows:

AT = AT K < Bra ) and AR, = AT {KP < |Br| - [0}
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Br D] Bl = %]

| B

Figure 16: The likely subcases on the event Af.

Lemma 4.9 ensures that the probability of the event AE‘O{KE\I) > Br_1, K(f) > |Br|—|Ab]}
vanishes when A becomes large, so that we can restrict our attention to the events AEl
and AEQ instead of A} in the next part, recalling that all the statements hold conditionally
on the event {|Br| > | \b]}.

Looking at the dashed paths on Figure 16 and using the above discussion, one gets
that in every likely case, the crossing event C*(\a, A\b) depends on the simple crossing
event in the submap M*, which is always a Boltzmann *-angulation of a proper polygon
thanks to the spatial Markov property.

The key quantities are d? and d,*., defined as the lengths of the two open segments on
the boundary of that map (say with d} the segment that is closer from the last edge we
peeled), whose boundary condition is thus that represented on Figure 17. In the first four
configurations (A® — A}') described in Figure 15, we had d}' = By_; and d} = |Br|— | \b].
The situation is a bit more complicated in the cases of Figure 16, but with the convention
that K(;) = K(f) = 400 out of the event AD, we have the identities

A (1)

and
r {K&2)>‘BT‘} A {K&2)<\BT| L)\bJ}'

We now invoke Lemmas 4.8 and 4.9, together with the fact that K(Al) + K(AQ) = Bp_1+|Br|
on the event A, to get that (still conditionally on |Br| > [\b]),

4 X 400 and &) 2 +o. (4.17)
A——+oo A—+oo

To sum up, we thus proved that conditionally on |Br| > | Ab], the crossing event C*(\a, Ab)

occurs almost surely when there is an open path between the two black segments on the

boundary of the map of Figure 17, which is a Boltzmann *-angulation. In what follows,

we denote by C3 this event. Note that the length of the free segment on the boundary

can either be 1 or 2 depending on the situation, and is thus uniformly bounded.
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Figure 17: The crossing event C3.

4.1.3 Asymptotic probabilities for submap crossings

Throughout this section, we discuss the asymptotic probabilities of the events C} and C3
we previously introduced.

1. The event C}\. Recall that the event C}\ is the crossing event given by the
existence of a path linking the origin of a UITHP-x and the infinite open segment of the
boundary, where the boundary of the map is coloured as in Figure 14 (the free segment
has arbitrary but finite length). We denote by v* the origin of the map, and recall that
the length of the white segment located at the right of the origin satisfies from Lemma
4.7 (we implicitly still work conditionally on |Br| < [Ab])

d* .= [\b] — | Br| A& +o0. (4.18)

—+o0

For every x > 0, let &Ef()x, be the set of vertices of the map that are located on the
boundary, at least x vertices away on the right of v*. We are now able to compute the
asymptotic probability we are interested in.

Proposition 4.10. Conditionally on |Br| < |\b], we have

P(C}) — O

A——+o00

As a consequence, P(C*(\a, Ab) | |Br| < [Ab]) — 0.

A——+oo

Proof. We first introduce the sequence of events (V,),>o, where for every z > 0, V, is

the event that an open path links the origin v* of the map to the set of vertices &(fgo
without using edges of the right boundary. Then, we have that for every A > 0,

P(C}) =P (Vg).

(We implicitly used that from any open path realizing C}, we can extract one that does
not use edges of the right boundary.) Now, (V,),>¢ is a decreasing sequence of events,
so that for every z > 0 and A\ > 0,
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P (C}) <P (Vo) +P(d* <z).

Moreover, the limiting event

is the event that infinitely many open paths from the origin intersect the right boundary
(implicitly, at different vertices), again without using any edge of the right boundary.
This event implies in particular that the cluster C of our map is still infinite if we set
closed all the edges of the right boundary. Thus, the convergence (4.18) yields that

lim supIP (Ci) S P (V) S GEond (p:,bond) =0.

A——+o00
The fact that there is no percolation at the critical point almost surely is straightforward
from [3], Theorem 7. This result holds for a "Free-White" boundary condition, and thus
in our setting using the above remarks and a coupling argument. This ends the proof,
using for the second statement the discussion of Section 4.1.2. O

2. The event C?\. We now focus on the crossing event C2, which is defined by the
existence of an open path linking the two open segments on the boundary of a Boltzmann
x-angulation, whose boundary is represented in Figure 17. Recall that the law of this
map is denoted by ,u:( N where v(\) is the number of vertices on the boundary. The

lengths of the open segments on the boundary are given by dl’\ and d). For the sake
of clarity, we may now assume that the free segment on the boundary has unit length,
this single edge being chosen as the root of the map and denoted w* (the extension to
the case with a free segment of length 2 - or simply bounded - is immediate). For every
xz > 0, we let 89([;[) and 6'9(]) be the sets of x edges of the boundary of the map located
immediately on the left and on the right of w*. Finally, we set d* := min(d}, d}'). Using
the previous arguments, in particular (4.17) it is obvious that (again, we implicitly still
work conditionally on |Br| > [ A\b])

v(\) — +oo and d* 5 +oo. (4.19)

A——+oo A—+oo

In the next part, we will consider dual bond percolation on planar maps (i.e. bond
percolation on the dual map), with the convention that the colour of a dual edge is the
colour of the unique primal edge it crosses. We denote by ©5 ;, and p; 4 the dual
bond percolation probability and the dual bond percolation threshold on the UIHP-x. We
can now prove that the event Ci occurs asymptotically almost surely.

Proposition 4.11. Conditionally on |Br| > |\b], we have

P(C3) — L

A—+oo
As a consequence, P(C*(Aa, Ab) | |Br| > [Ab]) N 1.
—+00

Proof. Let us first introduce the sequence of events (V;),>o, where for every z > 0, V, is
the event that an open path links a vertex of aﬂ) to a vertex of 85,”, without using edges

of the boundary of the map (except possibly the root edge). Then, we have
P(C3) >P(C3,d*>2) >P (Vyd* >2) >P(V,) - P (d* <z).

We emphasize that the quantity P (V) still depends on A through the law of the map we
consider, whose boundary has size v(\). We now want to restrict the events (V;),>0 to
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a finite subset of the map. To do so, we introduce for every z > 0 and R > 0 the event
V..r, which is defined exactly as V, with the additional condition that the crossing event
occurs in the ball of radius R of the map for the graph distance (and from the origin).
We still have for every z > 0 and R > 0 that

P (Ci) >P(Vyr)—P (d/\ <a).

Now, the event V, r is by construction measurable with respect to the ball of radius R of
the map, so that the convergence in law /,Lj;( N\ V3,0 for the local topology implies

A——+oo
that for every fixed x > 0 and R > 0,

IP(VJK,R) — (Vm,R)-

A—foo O

Using also the convergence (4.19), we get

liminf P (C3) > v/ V.,

,\HISJH;O ( )\) et Voo,oo ( 7R) )

and from the increasing property of the sequence (V, r)r>o for every fixed = > 0, by
letting R go to infinity,

fminf P (C3) > % o (Vo).
At this point, let us introduce the complementary 93° of the sets of edges 0" and 8"
on the boundary (i.e. the edges that are at least x edges away from the root on the
boundary) and notice that almost surely, the complementary event (V,)¢ is exactly the
existence of a dual closed crossing between the dual of the root edge and dual edges of
the set 95° that do not use dual edges of a}c” U 8;9"), using standard properties of dual
bond percolation on planar maps. Up to extraction, we can assume that such a path do
not uses dual edges of the boundary at all (out of its endpoints).

Following the same idea as in Proposition 4.10, we introduce the decreasing sequence
of events (V/,),>o, where for every = > 0, V., is precisely the event that a closed dual
path links the dual edge of the root to the set 92° (without using other dual edges of the
boundary than its endpoints). Thus, for every x > 0,

limsup P ((Ci)c) <V (V3.

A—~+o0

Again, the limiting event

V=V,
x>0
is the event that infinitely many dual paths from the dual of the root edge intersect the
boundary (at different edges), without using dual edges of the boundary out of their
endpoints. This event implies in particular that the dual closed percolation cluster C’ is
infinite, even if we do not allow dual paths to use boundary edges - or equivalently if we
suppose that the boundary is totally open, except the root edge which is free. Thus,

timsup P ((G3)°) < v o (V) < Ofonar(1 = Phona) = 0.
A—+o0

Indeed, the parameter for dual bond percolation equals 1 — p7 ;.4 because we work

at criticality, and we can invoke the fact that p;, .4 = 1 — P} ,,nq @nd that there is no

percolation at the critical point (see Section 3.4.1 in [3] for details). One should notice

here that this result holds for a "Free-Black" boundary as proved in [3], but we easily
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conclude by the standard coupling argument and the above discussion. This ends the
proof, using again for the second statement the discussion of Section 4.1.2. O

4.1.4 Proof of Theorem 1.2: bond percolation case

We now prove the main result of this section. Recall that C*(\a, Ab) denotes the crossing
event between the two black segments on the boundary in a UTHP-x with the boundary
condition of Figure 11.

First, using again the stopping time 7 := inf{t > 0 : A_IBLAB/QH < 0}, we get the
convergence

A—lBL/\g/ZTJ e kS,
where 7 := inf{t > 0: S; < 0}. Then, the distribution of the overshoot of the process S
given in Proposition 2.9, which is absolutely continuous with respect to the Lebesgue
measure, implies on the one hand that

1 b—a
P(|Br| > [Mb]) — Pa(k|S,|>b) =~ , 4.20
(1Br|> o)), Pa(uls| > ) = Lanccos (25 4.20)
and on the other hand that the probability of the events {|Br| = 0} and {|Br| = |\b]}
vanish when )\ becomes large. We can thus split up the problem conditionally on the
value of | Br|, namely the crossing probability P(C*(Aa, Ab)) has the same limit when A
goes to infinity as the quantity

P(C*(Aa, Ab) | |Br| < [Ab))P(|Br| < [Ab])+P(C*(Aa, Ab) | [Br| > [Ab])P(|Br| > [Ab]).

The results of Propositions 4.10 and 4.11 thus yield that

1 b—a
. A T O ——
i P (€00, 0) = i P (G ) = Larecos (£5).

which is exactly Theorem 1.2 in the bond percolation case on the UIHPT and the UTHPQ.

4.2 Crossing probabilities for face percolation

We now consider the crossing events for face percolation. We will see that although
the peeling process is slightly different, the same method as for bond percolation applies
in order to compute the scaling limits we are interested in. Recall that two faces are
adjacent in this model if they share an edge. We still work conditionally on a "White-Black-
White-Black" boundary condition. Here, this means that the crossing event C{,_ (\a, \b)
has to occur between the two black segments of the boundary, such that one can imagine

faces lying on the other side of the boundary as in Figure 18.

| Aa] | AD]

Figure 18: The boundary condition for the face percolation problem.

The arguments being very similar to the previous section, we do not give as many
details, except for the remarkable differences.
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4.2.1 Peeling process and scaling limit

The main argument is again to define the appropriate peeling process, which is here
simpler because we do not have to deal with a free segment on the boundary. However,
a subtlety arising in this context is that the right thing to do is to peel the leftmost
black edge instead of the rightmost white. The reason is that this exploration follows
the rightmost percolation interface between the open and closed clusters, which is the
correct one as far as the crossing event is concerned.

Algorithm 4.12. Consider a half-plane map which has the law of the UIHP-x with a
"White-Black-White-Black" boundary condition (the outmost segments being infinite).

Reveal the face incident to the leftmost black edge of the boundary, including its
colour.

After each step, repeat the algorithm on the UIHP-x given by the unique infinite
connected component of the current map, deprived of the revealed face. The exposed
edges of the initial map form the boundary of the infinite connected component, whose
colour is inherited from the adjacent revealed faces.

Note that this algorithm never ends because there is always a leftmost black edge on
the boundary, although we are only interested in cases where the finite black segment
has positive length.

The properties of this algorithm are the same as before, due to the spatial Markov
property. In particular, the random variables (£,,, R, », ¢n)n>0, defined exactly as in
Section 4.1, are i.i.d. and have the law of £, R, and ¢ (which has the Bernoulli law of
parameter pj. ¢,..) respectively, where ¢,, denotes the colour of the face revealed at step
n of the process and the other notations are the same as before. We again need the
process (By,),>0, defined as follows.

We let By = |Aa| and for every n > 0:

Bn,+1 = Bn + ]l{cnzl}gn - Rr,n - L (421)

The process (B,),>0 is @ Markov chain with respect to the canonical filtration of the
exploration process. Moreover, if we denote by 7' := inf{n > 0 : B, < 0} the first
entrance time of (B,,),>¢ in Z_, then for every 0 < n < T, B,, is the length of the finite
black segment at step n of the exploration process. As long as n < T, it still holds that
all the (black) faces incident to this segment are part of the open cluster of the initial
finite black segment, due to the fact that our algorithm follows the rightmost percolation
interface, while for n > T, the initial finite black segment has been swallowed.

The process (B,,),>o. The properties of the peeling process yields that (B,,),>0 is a
random walk with steps distributed as X defined by
Xi=1..-R, — 1.

In particular, using the same arguments as before, we get

%pgface - % (* = A)
E(X) = p:,faceE(g) - E(RT) —-1=

2pgface - % (* = D)

Thus, we have E(X) = 0 in both the UIHPT and the UIHPQ, and this yields the conver-

gence
Bt (d)
— S,
< N3 ] 150 Aroc ~(Sidezo
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in the sense of Skorokhod, where S is the Lévy spectrally negative 3/2-stable process
started at a.

4.2.2 Stopped peeling process and asymptotics

Let us focus on the first time when (B, ),>o reaches Z_. Again, two cases are likely to
happen:

Case 1: |Bp| < |Ab]. In this situation, a finite part of the white segment on the
boundary is swallowed. If the last revealed face is white, the crossing event cannot
occur, while if it is black, the crossing event implies the existence of an open path linking
the rightmost edge of the finite black segment and the infinite black segment on the
boundary. This event, still denoted by C}, is similar to that of the bond case. We again
have that

I\b] — |Br| -5 oo,
A——+oo
so that the crossing event C}\ has probability bounded by the percolation probability in
this model and we get

lim P (C}) < Ofce (Pl tace) = 0;

A——+o0

using Theorem 6 of [3].

Case 2: |Br| > |A\b]. In this situation, the whole white segment on the boundary is
swallowed. We have

|Br| — |\b] - 400 and Br_; — +oo,
A—+oo A——+oco
as in the bond percolation case. Whether the last revealed face is open or closed, the
crossing event is implied by a crossing event in a Boltzmann map, whose boundary has
the colouring of Figure 17. We denote by C?\ this event, and we have that

d} L, 4o and d> L 4o
A—+o0 A—+o0

in every likely case. Then, when A goes to infinity, we have that (C3)¢ implies the closed
dual face percolation event - dual face percolation being face percolation where adjacent
faces share a vertex, or equivalently site percolation on the dual map with the same
adjacency rules. This is analogous to the star-lattice in the case of Z?, and we have that
1 = D7 facer = Pe facer With no percolation at the critical point, see Section 3.4.2 in [3] (with
a fully open boundary condition). As a consequence, we get:

. 2)\¢ < er , —p* = 0.
,\EIJ,I}OOIP ((CA) ) >~ @face (1 pc,face) 0

The statements we obtained up to this point yield, using the same arguments as in
Section 4.1, that

1 b—
lim P (Cfﬁce(Aan)) = lim P (Cgce(m Ab)) = arCCOS( +Z) )

A— 400 A——+o0 T a

which is exactly Theorem 1.2 in the case of face percolation on the UIHPT and the
UIHPQ.
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4.3 Crossing probabilities for site percolation

The last case we study is site percolation on the UITHPQ. We work conditionally on
the same "White-Black-White-Black" boundary condition, represented in Figure 19.

T a MY

Figure 19: The boundary condition for the site percolation problem.

We are still interested in the scaling limit of the probability of the crossing event that
the two black segments are part of the same percolation cluster, denoted by CZ, _(\a, \b),
at the critical point pgsite.

4.3.1 Peeling process and scaling limit

Here, the appropriate peeling process follows the same idea as in the bond percolation
case, but we use the vertex-peeling process (Algorithm 3.1) introduced in Section 3
in order to peel vertices instead of edges. Recall that a "White-(Free)-Any" boundary
condition means that we have an infinite white segment on the left, and then (possibly) a
finite free segment, with no specific condition on the right part. Again, the right part
will turn out to be coloured "Black-White-Black" due to the boundary condition we are
interested in, but we define the algorithm in the general setting.

Algorithm 4.13. Consider a half-plane map which has the law of the UITHPQ with a
"White-(Free)-Any" boundary condition.

* Reveal the colour of the rightmost free vertex, if any:

- If it is black, repeat the algorithm.

- If it is white, mark this vertex and execute the vertex-peeling process, without
revealing the colour of the vertices.

» If there is no free vertex on the boundary of the map, as in the first step, mark the
rightmost white vertex of the infinite white segment and execute the vertex-peeling
process, without revealing the colour of the vertices.

After each step, repeat the algorithm on the unique infinite connected component of
the current map, deprived of the revealed faces. The map we obtain is again implicitly
rooted at the next edge we have to peel.

As usual, the algorithm is well defined in the sense that the pattern of the boundary
(White-(Free)-Any) is preserved.

Following the strategy of Section 4.1, we now define the two processes (F),),>o and
(Bn)n>0- Let us first recall some familiar notation. For every n > 0, we denote by ¢,
the colour of the revealed vertex at step n of the exploration, with the convention that
¢, = 0 when there is no free vertex on the boundary. When ¢,, = 0, the vertex-peeling
process is executed and we let 0,, + 1 be the number of steps of this process (so that
on > 0). Then, for every 0 < i < ¢,,, we denote by Ei("), respectively Rgl’"), R§’"") the
number of exposed edges, respectively swallowed edges on the left and right of the root
edge at step ¢ of the vertex-peeling process (in particular, RET’") =0 for < g,). All of
those variables are set to zero when c¢,, = 1 by convention.

Thanks to the spatial Markov property and the definition of the vertex-peeling process,
if we restrict ourselves to the consecutive stopping times when ¢, = 0, the random
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variables (0,,),>0 are i.i.d., with geometric law of parameter P(R, = 0): they have the
same law as o, defined for every k > 0 by P(c = k) = (P(R, = 0))*(1 — P(R, = 0)).

Conditionally on (o, )n>0, firstly the sequences of random variables (E;n))HZ()7()Si§gn,1
and (Rl(l’”))nzo,oggan_l are i.i.d. and have the law of £ and R; conditionally on R, = 0
respectively, and secondly, (E§Z>)n20, (Rg;,”))nzo and (Rf,’;;”))nzo are i.i.d. and have the
law of £,R; and R, conditionally on R, > 0 respectively. Finally, all those variables
independent for different values of n.

In what follows, we let (E;);>0, (Rii)i>0, E, R, and R, be independent random
variables having the law of £, R; and R, conditionally on R,, = 0 and R, > 0 respectively.
We also define c that has the Bernoulli law of parameter pgsite. We can now define the
processes (Fy,)n>0 and (By,)n>0.

First, for every n > 0, we let F}, be the length of the free segment on the boundary
at step n of the peeling process.

In this setting, this quantity is harder to study because of the vertex-peeling process
that we (possibly) execute. Let us provide an alternative description of the process
(Fn)n>0. We first have Fy = 0. Then, let F(EO) = 0 and for every n > 0, set inductively

Fé") = (F, —1)y. Welet foreveryn > 0and 0 <i < oy,

F(”) =

{ F™ 4+ M - g it F™oRM _1>0
41 "

EM™ _q otherwise

On the event {c¢, = 0}, this quantity describes the evolution of the length of the finite

free segment during the execution of the vertex-peeling process. Then, we have for
everyn > 0,

I B F,—1 if ¢,=1 (4.22)
A B T '

The process (F),),>0 is a Markov chain with respect to the canonical filtration of the
exploration process, and ¢, = 0 when F,, = 0.

Remark 4.14. Contrary to the bond percolation case, the process (F,),>o can reach
zero even when ¢,, = 0, and can also take value zero at consecutive times with positive
probability.

Then, we also let By = | \a| and for every n > 0:

s B, +1 if c,=1 (4.23)
"TY Bu+1-RY™ f ¢, =0 ‘

The process (B,,),>0 is @ Markov chain with respect to the canonical filtration of the
exploration process. Moreover, if we denote by T := inf{n > 0 : B, < 0} the first
entrance time of (B),),>0 in Z_, then for every 0 < n < T, B, is the length of the finite
black segment at step n of the exploration process. Again, while n < T', the vertices of
this segment are part of the open cluster of the initial black segment, while this initial
segment has been swallowed for n > T

The process (F),),>o. Exactly as in Section 4.1, the process (F},),>o is not a random
walk, but has the same behaviour when it is far away from zero. More precisely, let
6. =inf{n >0:F, >0}and6_ :=inf{n > 6, :30<i <o, : ™ —R"™ _1 <0},
which is the first time after 6 the finite free segment is swallowed (possibly during the
vertex-peeling process). Note that F;_ is not zero in general, butif F,, =0 forn > 64,

then 6_ < n. By construction, as long as 6+ < n < 6_, we have
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Foga=F,—1+ ]l{cn:o} (i (Efn) . Rl(l,n) B 1)) 7

i=0
and (Fs,+n — F5s, )o<n<s_—s, is a killed random walk with steps distributed as the
random variable X defined by

o—1
X = ]1{0:0} (Z(El — Rlﬂ‘ - 1) + E - Rl - 1) - L
i=0

We get from the definitions that

E(X) = (1= pesiee) [B(0)E(Ey — Rip — 1) + E(E — Ry — 1)] - 1

4 (7 ~ ~ T - 9 7.~

= (LEE) -E 71} 10 o B 1) 1=

5 (5 [B(E0) ~ B(R0) ~1] 49— JB(E) - § + Tl 1) ~1 =0
using computations similar to that of Proposition 3.7 and the associated remark. This
implies in particular that 6_ is almost surely finite (since it is bounded from above by
the first return time of the process to zero). It is again easy to check that the random
variable X satisfies the assumptions of Proposition 2.8, so that if we denote by (5,)n>0 a
random walk with steps distributed as X, we have

§ a
(54) 28 s aan
t

A——+oo

in the sense of convergence in law for Skorokhod’s topology, where S is the Lévy
3/2-stable process.

The process (B,,),>o. As before, (B,,),>0 is not a random walk but behaves the same
way when F,, is not equal to zero. More precisely, let 0(()0) =0, 0(()1) =inf{n >0:F, >0}

and recursively for every k > 1,

O'](CO) = inf{n > U,iljl : F, =0} and O’](Cl) = inf{n > a,(co) : F, > 0}.

From the fact that the vertex-peeling process exposes a positive number of vertices with
positive probability, we know that a(()l) is almost surely finite. Moreover, using the above
description of the process (F,,),>0, it holds that started from any initial length, the free
segment is swallowed in time 6_ which is also finite. This possibly happens during the
vertex-peeling process, but in this case, with probability bounded away from zero, the
vertex-peeling process ends at the next step with no exposed vertices and F;_ = 0. From
there, we get that ogo), and thus all the stopping times (a,io))kzo and (o,(cl)) k>0 are almost
surely finite.

Using the strong Markov property and the definition of (B,,), >0, for every k > 0, the
process (Ba,il)Jrn — Ba,(c”)ognga,(ﬂr)l—ag” is a killed random walk with steps distributed as

the random variable X defined by

X = ]l{c=1} - ]l{c=0} (Rr - 1)
In particular, we have E(X) = pESitc —(1- pcD,sitc)(E(RT’ | R > 0)—1) = 0 and properties
of the random variable X yields that if (S,,), >0 is a random walk with steps distributed
as X, then
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S|xe (d)
— 4.2
( A2/3 >0 Ao w(Se)ezo (425

in the sense of Skorokhod, where S is the Lévy 3/2-stable process.

At this point, we are in the exact situation of Section 4.1, and the point is to get the
following analogue of Proposition 4.5.

Proposition 4.15. We have, in the sense of convergence in law for Skorokhod’s topology

B
|A8/2¢] ) (d)
— —  K(St)e>o0,
( A >0 A—+o0 -

where S is the Lévy spectrally negative 3/2-stable process started at a.

The proof of this result is analogous to that of Proposition 4.5, but some notable
differences exist as we now explain. Let again Sy = By and introduce a sequence (3,,)n>0
of i.i.d. random variables with Bernoulli law of parameter pgsite. For every n > 0, we set

Bn+1 - B, = ]l{cn:1} - ]l{c,,LZO}(Rt(J’:n) - 1) if F, >0
Sn+1 =5, +
Bn+ (1= Bp)(Bns1 — By) =1y, =1y — ]l{ﬁn:()}(Rt(riln) —-1) fF,=0

Let also for every n > 0, £, := {0 < k < n: F, =0} and &, := #E,,. Using arguments
similar to that of Section 4.1, we see that (S,,)n>0 is a random walk started from By with
steps distributed as the random variable X we previously introduced, and that almost
surely for every n > 0,

where R, := ;= (1 — (Bg41 — Byi)). The only thing that remains to check is that for
every a > 0,

gn P

i/3ta n_>—+>oo 0. (4.26)

We will then use the arguments of the proof of Proposition 4.5 to conclude that
(Rn)n>0 is small with respect to (S,),>0 and does not affect the scaling limit of the
process (Bp)n>0-

Here, the argument stands apart from the bond percolation case because the process
(Fy)n>0 is slightly different from that of Section 4.1 in the sense that it can stay at value
zero for consecutive steps with positive probability (see the previous remark). However,
if we introduce for n > 0 the quantity x, := #{k > 0: a,(co) < n}, then the convergence
(4.24) yield with the same proof as in Lemma 4.6 that

Xn P
— 0.
nl/3+a nsioo

Indeed, for every k£ > 0, the random interval a,(fgl — a,(cl) is still stochastically dominating

the entrance time into Z_ of a random walk started at 1, with steps distributed as X.
Moreover, thanks to the strong Markov property, the random variables (o,gl) - o,go)) k>0

are i.i.d. with geometric law of parameter 6 € (0, 1), where 6 is the probability that the

vertex-peeling process expose a positive number of vertices (for instance bounded from

below by P(€ > 1| R, > 0) > 0). Then, for every n > 0, we have by construction
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Xn_l

6 < Z (01(61) _U](CO))’

k=0

and we get the expected convergence (4.26) using the very same identity as in (4.10),
combined with the law of large numbers. This concludes the proof of Proposition 4.15.

4.3.2 Stopped peeling process and asymptotics

Let us now focus on the situation when (B,,),>o reaches Z_. Two cases are likely to
happen.

Case 1: |Br| < |A\b]. In that situation, a finite part of the white segment on the
boundary is swallowed, see Figure 20.

It is easy to see that for any possible configuration of the last revealed face, the
condition |Br| < |Ab] implies that the percolation cluster of the finite black segment is
confined in a finite region of the space, disconnected from the infinite one. Thus, the
crossing event does not occur: P(CP(\a, Ab) | |Br| < [Ab]) = 0.

< LACLJ >

[Ab]
Figure 20: A possible configuration when |Br| < [\b].

Case 2: |Br| > |Ab]. In this situation, the whole white segment on the boundary is
swallowed, see Figure 21.

< LACLJ >

[Ab)
Figure 21: The situation when |Br| > |\b].

First, we can treat the cases where four vertices of the last revealed face are lying on
the boundary at the right of the origin vertex (the equivalent of the event AE of Section
4.1) exactly as before, and we get that the crossing event CD()\a, Ab) is implied by the
crossing event between the open segments on the boundary in a Boltzmann map with
the boundary condition of Figure 22. Again, the segment on the boundary may have size
1 or 2, but we suppose that it is made of a single white vertex which is the origin of the
map v* for the sake of clarity (the extension being straightforward). We still denote by
C3 this crossing event. Recall that this map has law /‘E(/\)' where v(\) is the number of
vertices on its boundary.

For every x > 0, let 83(51) and Ba(f) be the sets of x vertices of the boundary of the map
located immediately on the left and on the right of v*. Finally, we can prove the same
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way as for bond percolation that the lengths d*, d? of the finite black segments satisfy

1 %r

d* = min(d),d)) -5 +oo. (4.27)

A——+oo

Figure 22: The event C3.

The main problem is now to prove that the event C?\ occurs almost surely asymptoti-
cally. The proof is here very different from the bond percolation case, because we have
no information on the dual percolation model. (More precisely, the analogue of the dual
graph for site percolation should be the so-called matching graph, which is in general
non-planar.)

Proposition 4.16. Conditionally on |Br| > |\b], we have
P(C3) — 1.
( )\) A——+o0

As a consequence, P(C*(\a, Ab) | |Br| > [ Ab]) /\—+> 1.
— 400

Proof. Recall the definition of the sequence of events (V;).>0, where for every = > 0,
V., is the event that an open path links a vertex of 63(01) to a vertex of 89(57'), without using
vertices of the boundary of the map. Then, we have

P(C}) >P(CR,d*>2) 2P (Vy,d* >2) >P(V,) - P (d* <z).
Again, the quantity IP (V) still depends on \ through the law of the map we consider,
whose boundary has size v(\). We use the same restriction of the events (V;),>o to
the ball of radius R of the map as in Proposition 4.11, and with the same arguments,
including the convergence (4.27), we get
liminf P (C3) > v o (Va).

A——+o0 00,00

Since the sequence of events (V,),>¢ is increasing,

liminf P (C3) > v o (V).

A——+oo 00,00

Here, the limiting event
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V= U V,
x>0

is the event that there exists a crossing between the left and right boundary in the
UITHPQ with a closed origin vertex. With the current definitions, this crossing cannot use
vertices of the boundary. However, if it was the case, we could extract from the crossing
a subpath which do not intersect the boundary. In other words, we can focus on the
crossing event between the two infinite black segments in a UIHPQ with a totally open
boundary condition, excluding the origin which is closed.

It is easy to see, using the standard coupling argument, that the event V has proba-
bility bounded from below by the probability of the very same event with an infinite free
segment on the left, as in Figure 23.

Figure 23: The colouring of the boundary for the coupling argument.

The idea is now to use the same peeling process as in Section 3, with reversed colours.
It is defined as follows.

Reveal the colour of the rightmost free vertex on the boundary.

» If it is white, repeat the algorithm.

e If it is black, mark this vertex and execute the vertex-peeling process. Then, repeat
the algorithm on the unique infinite connected component of the map deprived of
the faces revealed by the vertex-peeling process.

The algorithm ends when the initial finite white segment (here a single vertex) has been
swallowed.

We can check that the pattern of the boundary is preserved and that the steps of
this process are i.i.d. exactly as before. For every n > 0, let W, be the length of
the finite white segment at step n of the exploration. Since 1 — pEsite < pEsite, the
percolation model is subcritical for closed vertices and we have that the stopping time
T’ :=inf{n > 0: W,, = 0} is almost surely finite, using the arguments of Section 3. Then,
two cases may occur at time 7":

» There is an explicit black crossing (which occurs with positive probability), see
Figure 24.

* There is no black crossing, see Figure 25.

Figure 24: A black crossing occurs.

Let us focus on the case where there is no crossing. The total number F of (free)
vertices discovered by the peeling process up to time 7" is almost surely finite (because
T’ also is), so that the probability of the crossing event we are interested in is now
bounded from below by the probability of the same event in a planar map which has the
law of the UIHPQ and the boundary condition of Figure 26.
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Figure 25: No black crossing occurs.

Note that even though the F vertices discovered by the peeling process are free, it
is helpful to suppose that they are closed vertices because they do not lie on the initial
boundary of the map on which we want to exhibit a crossing event - in other words, the
crossing now has to occur across this finite closed segment.

== —o0—0—0—0—0—0—0—8—8——%
-—>

F

Figure 26: The situation when no black crossing occurred.

We now repeat the peeling process we previously introduced, with an initial white
segment of size F. Since F is almost surely finite, this process ends in finite time almost
surely. The point is now to observe that the probability that a black crossing occurs at
time 7" is bounded from below by pEm, which is the probability that the free vertex
between the two black vertices in the last revealed face (if any) is black. The successive
executions of this process being independent, we end up with a black crossing in finite
time almost surely, i.e. 3, ., (V) = 1, which ends the proof. O

Using the same arguments as in Section 4.1, the statements we obtained yield that

A—+oo T

1 b—
P (CSDite()\a, Ab)) — — arccos (a +(Z> ,

which is exactly Theorem 1.2 in the case of site percolation on the UIHPQ, and thus ends
the proof of the main result.
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