LONG-RANGE ORDER FOR CRITICAL BOOK-ISING AND
BOOK-PERCOLATION
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ABsTrACT. In this paper, we investigate the behaviour of statistical physics
models on a book with pages that are isomorphic to half-planes. We show
that even for models undergoing a continuous phase transition on Z2, the
phase transition becomes discontinuous as soon as the number of pages is
sufficiently large. In particular, we prove that the Ising model on a three pages
book has a discontinuous phase transition (if one allows oneself to consider
large coupling constants along the line on which pages are glued). Our work
confirms predictions in theoretical physics which relied on renormalization
group, conformal field theory and numerics ([11, 23, 38]) some of which were
motivated by the analysis of the Renyi entropy of certain quantum spin systems.

1 INTRODUCTION

Consider the N-pages book By obtained by gluing N copies of an upper-half
plane H := Z x N along the bottom line Z x {0}, which is identified with Z, see
Figures 1 and 3. We call these copies the pages H', ..., HY of the book and identify
H' with H.

Our goal is to explore the behaviour of classical statistical physics systems on a
N-pages book. Of prime interest to us will be the family of Potts models as well as
their corresponding graphical representations named Fortuin-Kasteleyn percolations.
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FIGURE 1. Critical site percolation on the book B4 (or rather
its triangular lattice version here). The precise way of gluing the
pages together does not impact our results.
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1.1 Potts model on the book. The Potts models are archetypical examples of
statistical physics systems undergoing a phase transition in two dimensions. Fix
an integer ¢ > 2. For G = (V, E) a finite graph of an infinite graph G = (V,E)
(we sometimes write © ~ y if zy € F), attribute a spin variable o, belonging to
a certain set X := {1,2,...,¢} to each vertex x € V. When ¢ = 2, one speaks
of the Ising model and use {—,+} instead of {1,2} for . A spin configuration
o= (0, :2€V)e XV is given by the collection of all the spins. Introduce the
Hamiltonian of ¢ for free boundary conditions defined by

HL(0) ==Y 1o, =0, (1)
zyeE

corresponding to a ferromagnetic nearest-neighbor interaction. For 7 € ¥, we also
define the Hamiltonian for monochromatic T boundary conditions:

Hl(o) := Hé(o) - Z 1o, = 7). (2)
zeV,yeV\Viz~y

The above Hamiltonian corresponds to a ferromagnetic nearest-neighbor interaction.
The Gibbs measure on G at inverse temperature 8 > 0 with # (where # is either
free or monochromatic free) boundary conditions is defined by the formula

> f(o)expl-BHE (0)]

2 olf) = T 3
Haolf] > exp[-BHE (o) ®

ocexVvV

for every f: ¥V — R.

When G = Z? or By, one may define the Gibbs measure on G at inverse-
temperature 5 > 0 with # boundary conditions by taking the limit as G G of the
previous measures. In infinite volume, the model undergoes a phase transition on Z?

1

and By at some common . = B.(q) = 5log(1 +./q) [§] in the following sense. If

me(B,q) = ug gloo =7] - ¢ (4)

is the spontaneous magnetization of the model, then mg (8, q) is equal to 0 if 8 < 8.
and is strictly positive if 8 > ..

When G = Z?(= By), whether the phase transition is continuous (i.e. mg (8., q) =
0) or discontinuous (i.e. mg(Be,q) > 0) has been the object of much interest in the
past fifty years. It was proved in [33, 41] that the phase transition of the Ising model
is continuous on Z2. More generally, it was predicted by Baxter [5] that the phase
transition of the Potts model on Z? is continuous for ¢ € {2, 3,4} and discontinuous
for ¢ > 4. See [14, 22] for a proof of this statement (see also [34] for a short proof in
the case ¢ > 4).

In this paper, we investigate the question on By and prove the following result.

Theorem 1. There exists Ng < 0o, such that for every q € {2,3,4}, the g-Potts
model undergoes a first-order phase transition on By,. Equivalently, for every
N > Ny and every q € {2,3,4},

may (607 Q) > 0.

As we shall explain below, it is natural in several respects to allow ourselves to
strengthen the coupling constants along the edges of the gluing line Z.

For J > 0 and G C G, we then introduce the modified measure p g,; where HE,
is replaced by the Hamiltonian
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HE (o) = Hi0) - (J=1) 3 1o, =0,
z~yeVNZ
(corresponding to changing coupling constants along the line Z from 1 to J) and
the associated quantities ug 5 ;, g 5 ; and me(B, J, q).

To motivate the introduction of the parameter J, let us briefly mention the
slightly related problem of long-range Potts model on Z. The previous procedure is
the analog of strengthening the coupling-constants between adjacent vertices in this
context: As an example, in [2], coupling-constants are defined as Jg , = Jy 4 (J) 1=
I Ly + ﬁl‘gg_my and the following critical point is introduced (|2, 24|, see
also our recent work [15]),

B*(g) :=inf{B s.t. 3J < oo for which there is long-range order for {J; ,(J))}ay}-

In our present context, motivated by the predictions from [11, 23, 38, 39] (see
Subsection 1.3 below), and by analogy with 5*(q), we define below a notion of
“optimal” number of pages N*(¢) needed to create a first-order phase transition.
The advantage of the notions 8*(q) and N*(¢) comes from the fact that they are
universal: they do not depend on the particular way of gluing pages together (as far
as the glue is finite-range, say) or even the underlying lattice (it could be triangular
or hexagonal for instance). For any ¢ € [1, 4], define

N*(q) := min{N € N, 3J < oo so that mg, (8., J,q) > 0}. (5)

We obtain the following result on the behavior of the optimal number of pages
N*(q) depending on q.
Theorem 2. We have the following:
(i) N*(2)=3
(ii) N*(3) =2
(ii) 1 < N*(q) <2 for all g > 4.
We will discuss each of these items below, after Theorem 7 which is the analogous
statement for FK percolation with cluster-weight ¢ € [1, c0).

Remark 1. As we will explain further below, the case ¢ = 2 turns out to be especially
interesting. Physicists which considered this question have predicted that the first-
order transition in fact arises as soon as the number of pages is “2 + &”. See Remark
2 and Subsection 1.3.

Interestingly, in the case ¢ = 2, the effect of this first-order phase transition is to
make the Ising model on each of the N-pages independent of each other in the
scaling limit. The statement below (written for N = 3, but it would also be valid for
large enough N and J = 1) makes this factorization property more precise. Below,
for aset A CV, write 04 := [ c4 0u-

Theorem 3. Fix g =2. Let J < oo be large enough so that mp, (B, J,2) > 0. For
any three sets A C H', B C H?, and C C H3, containing a total of m vertices that
are all at a distance at least L of Z, we have the following factorization property of
m-point correlations across 7.:

1y 5. s [0a0B0C) = Lneoz i 5 [oalinh 5 [0l 5 [00)(1+ Om((log L)™9)).

If + boundary conditions are prescribed instead, the condition on the parity of m
can be dropped and we get

pg, 5 sloacsoc] = i g oalud 5 0Bl 5 [00](1+ Om((log L)™¢)) .

Let us mention that the error term (log L)~ can be improved by looking more
closely at our proof, but this is irrelevant for the conclusion of the paper.
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1.2 Fortuin-Kasteleyn percolation on the book. We now define the Fortuin-
Kasteleyn percolation [25, 26] (we also refer to [28] for a manuscript and [12] for
recent results). Let G = (V, E) be a subgraph of an infinite graph G, let £ be a
partition of the vertices G := {x € V : Iy € G\ V : zy € E}. A percolation
configuration is an element w = (w, : e € E) € {0,1}F. If w, = 1 we say that
the edge is open, otherwise it is closed. We often see w as a subgraph of G with
vertex-set V' and edge-set given by the set of open edges in w.
The FK percolation measure on G with edge-weights (p, \) and cluster-weight &
is defined by the formula
k(w®)
PG gl = T T w0 =po)' =,
zyel

with p. = p if at least one endpoint is not in Z, and \ if both are, and where w?¢ is
the graph obtained from w by wiring all the vertices in dG belonging to the same
element of the partition . Let £ =1 (resp. £ = 0) be the wired (resp. free) boundary
conditions corresponding to the partitions equal to {OG} (resp. only singletons).

Below, we will use the notation A «— B (in C) if there exists a path of open
edges between a vertex in A and a vertex in B (using vertices in C only). We also
write z instead of {z} when the set is a singleton, and z «— oo to denote the fact
that there exists an infinite path starting from x.

We construct the FK percolation P%Lp)\,q and ]P’%’p%q on G with wired or free
boundary conditions by taking the limit as G G of the measures ]P’é’p’ A, and

IP’OG7P7 Aq- We also define, for an infinite graph G containing the origin,

Oc(p, A\, q) := P}G,p,/\ﬂ[O — o0].

It was also proved that there exists p. = p.(q) = /¢/(1 + \/q) such that for
every integer N and A € (0,1), 05, (p, A, q) is equal to 0 if p < p. and is strictly
positive if p > p.. Again, the question of whether the phase transition is continuous
(i.e. Opy (pe, A, @) = 0) or discontinuous (i.e. O, (pe, A, ¢) > 0) was answered in the
special case of G = Z?(= B5): when 1 < ¢ < 4, it is continuous [22] and when ¢ > 4,
it is discontinuous [14]. Here, we investigate this question on By with N > 3. Our
first result is as follows.

Theorem 4. For any 1 < g < 4, there exists Ny < oo such that FK percolation
undergoes a first-order phase transition on By,. l.e. for any N > Ny,

Oy (Pe(9),0) = Py . (q),[0 ¢ 0] > 0.

By choosing Ny sufficiently large, the result also holds for arbitrary small A € [0,1)
and for free boundary conditions, i.e. for any N > Ny,

0

Plﬂ%mpc(q)v\,q

Note that Theorem 1 follows easily from Theorem 4.

[0 +— 0] > 0.

Proof of Theorem 1. Through the Edwards-Sokal coupling between the Potts model
and FK percolation (see e.g. [28]), we have that

May (Be, ¢, J) = 208, (pe, g, 1 — e 7),

hence Theorem 1 is a direct consequence of Theorem 4. |
As in the case of Potts models, we define for any ¢ > 1,

N*(q) := min{N € N, 3X < 1 so that 0, (p.(q), \,q) > 0}.

The following result gives a precise picture of the optimal number of pages N*(q)
depending on ¢ > 1. (See Fig. 2 for a plot of ¢ — N*(q)). This extends Theorem 2
which was stated for Potts models (¢ € Ny).



LONG-RANGE ORDER FOR CRITICAL BOOK-ISING AND BOOK-PERCOLATION 5

Fi1GurE 2. The lines and dots in dark blue show the precise
values proved for N*(¢). The light blue shows the possible range
of values for N*(q) while the red color indicates where we expect
N*(q) to be.

Theorem 5. We have that
a) 3< N*(1) < 4,
b) there exists No such that 3 < N*(q) < Ny for every 1 < ¢ < 2,
¢) N*(2) =3,
d) N*(q) =2 for all 2 < q < 4,
e) 1< N*(q) <2 forall g > 4.

We now comment on the different items in the above result.

a) The fact that N*(1) < 4 will follow readily from our proof of Theorem 4
using the known value of the one-arm critical exponent in H for critical

q:

1 percolation (|37, 32]). We expect that this is optimal, i.e. that

N*(q =1) =4. The bound N*(1) > 3 will be shown using a second moment
argument in Section 4.

We provide a direct proof in Subsection 2.3 that sup;<,<, N*(¢q) < oc. The
fact that N*(q) > 3 when 1 < g < 2 will also be proved in Section 4 using
a second moment argument based on estimates on the one-arm critical
exponents from [20]. We expect that N*(¢) = 3 in this whole regime.

The case ¢ = 2 is, arguably, the most interesting of all. As opposed to the
g = 1 case, this result will not be a straightforward consequence of (the
proof of) Theorem 4. Its proof will be organized as follows:

1)

The proof that N*(2) < 3 will be the focus of Section 5. The argument
will be based on the random currents representation of the Ising model
(1, 13]). Random currents will indeed enable us to show that in the
graph Bg, far from the middle line Z, the spin system behaves (nearly)
as if all edges along Z were wired together. This will be a key step of
the proof as the precise values of arm-exponents in H depend on what
are the boundary conditions induced along OH.

The second part of the proof is to show that N = 2 pages are not
sufficient to create an infinite cluster even if the edge-weights A\ are
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arbitrary large on Z. Here, the second moment argument used for the
case 1 < ¢ < 2 is not sufficient and a detailed analysis of the effect of
a 1d defect-line for 2d critical Ising model is needed. This will be the
subject of the companion paper [16].

d) The proof that N*(q) = 2 for any 2 < ¢ < 4 will consist in showing that
a defect line Z with high coupling constants X is sufficient in By = Z2 to
create on its own an infinite cluster. The proof is given in Section 4. It will
rely on the multiscale/renormalization argument built for Theorem 4 but
will be simpler due to the planarity of Bs.

e) Finally, when ¢ > 4, it follows from the first-order phase transition ([14, 34])
that N*(¢) < 2 for all ¢ > 4 (no strengthening A\ along Z is needed in
that case) and we expect that N*(¢) =1 in this regime. When ¢ = 4, the
argument of item e) still works to ensure N*(4) < 2 but strong RSW is
missing to check that N*(4) > 2. We still expect though that N*(4) = 2.

Remark 2. When g = 1 (resp. ¢ = 2), it is not difficult to extend the analysis carried
in this paper to a Book with “N = 3 4 £” pages (resp “N = 2 + &” pages) in the
following sense: consider the finite book with 3 pages (resp. 2 pages) of normal size
[0,7] x [0,n] and a fourth (resp third) page of size [0,n] x [0,n%]. These pages are
glued along [0,n]. We claim that by a slight adaptation of the multiscale proof in
this paper, we can show that if the coupling constant \ is chosen high enough along
[0,n], then with probability 1 —o(1) as n — oo, there is a macroscopic cluster in the
“N =3+ ¢&” book (resp long-range order in the “N = 2 4 ¢” book) with intensity
larger than % along the gluing line [0, n]. This is consistent with predictions from
[38, 39] (though with a different notion of “N = 2 + £” pages).

In the whole paper, we focus on 1 < q <4 and p=p.. We drop them from the
notation. In particular we write IP’%)\ instead of ]P’g,pm)\,q. It will happen that we

write HD%J)C’ but we warn the reader that this means that the A parameter is equal to
Pe (as the p is always set to p.).

1.3 Motivations from replicas and quantum spin systems. Our results are
motivated by several works in theoretical physics. To our knowledge, the first works
which have considered the present gluing problem are the works [11, 23] by Cardy
and Igloi-Turban-Berche. These two works rely on a renormalization group analysis
in order to study the large N tends to infinity case. Based on this RG analysis,
both [11] and [23] suggest that if one glues an Ising model at 3. on N > 2 pages
along a line, then the spins may spontaneously order near that line. The gluing of
several pages of Ising arises naturally in their works in forms of replicas for a model
with disorder, namely a 2d Ising model with quenched magnetic disorder along its
boundary OH.

More recently, in the works 38, 39] by Stéphan-Misguich-Pasquier and Stéphan,
the authors combine conformal field theory arguments with numerical computations
in order to give strong further support to these predictions. See also the simulations
in [27].

The goal behind [38, 39] is in some sense also driven by the replica-trick but for
a different underlying motivation than in [11, 23|. In these papers, the authors are
interested in the Shannon entropy of the groundstate |1) of the quantum Ising chain
(or quantum Ising chain in transverse field), which is given on Zj, := Z/LZ by the
following Hamiltonian

xr T z
HIsing Chain = — Z 0; 0411 + hO'Z- .
i€Z/ LT
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Ficure 3. If p, is the probability to find the configuration o on
the middle line on the left, then the probability to find the same
o at the bottom of the page in the middle is proportional to p},/ 2
while the probability to find o at the bottom of the Book-graph on

the right is proportional to p3.

For this Ising chain, the most natural basis, denoted {|o)},c—1,13z, of (C?)®Z/LZ ig
given by the eigenstates of o which correspond to the actual spins in the classical
two-dimensional model. In this basis, and for the critical parameter h := h, = 1 in
the quantum Hamiltonian Higing chain, the ground state can be written as

W= > p/*o),

oce{£1}L

where p, denotes the probability for a classical Ising model® in the infinite 2d cylinder
Z1, X Z to generate at . the configuration o at the middle slice of the cylinder
Z1, x {0}. The Shannon Entropy of the Quantum Ising chain in the basis is then
defined as

S=-=> pologp,.

The connection with Book-Ising goes as follows: one can express the entropy S as a
limit as n — 1 of the so-called Renyi’s entropies Sy:

. . 1
9= Jim S =l 7 hox (37 ).
g

Now, in the spirit of the celebrated Parisi replica’s trick, the idea in 38, 39| is to
analyze S via the analysis of the Renyi entropies {S, }nen+. The link with Book-Ising
is that the measure on o € {—1,1}¥ which assigns a weight on each configuration
o proportional to p? can be realized as a Book-Ising on N = 2n pages (where
pages here are semi-infinite cylinders Z;, x N). See Fig. 3 (with squares instead of
semi-infinite cylinders).

Organization of the paper. In Section 2, we present the preliminaries of the
paper and the important disconnection exponents. At the core of this section is the
statement of Proposition 7. Section 3 contains the proof of Proposition 7. Sections 4
and 5 contain the proofs of Theorem 5 for g # 2 and ¢ = 2 respectively.

IFor this correspondance to hold, the classical Ising model should not be on a Z2-grid but
rather on a Z x R lattice. We will not enter into these considerations here, but simply mention that
our study does extend to this more general framework using a similar renormalization framework
and the statement of [18] guaranteeing that the behaviour on Z? is similar as the one on Z x R.
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2 PRELIMINARIES AND DISCONNECTION EXPONENT ON THE BOOK

2.1 Disconnection exponent. In the rest of the paper, depending on the con-
text, Ag will be either the box of size K in Z2. We will extensively rely through
this paper on the following event. For any 1 < k < K, let F(k, K) be the event that
there exists a page H" in which JAy is disconnected from OAg in H* by a path in
w. Let us mention that the complementary event F(k, K)° can also be interpreted
using the dual representation of the Fortuin-Kasteleyn percolation on the page,
where w* is defined as follows. For each page H*, let (H*)* be the dual graph of H*,
and set w}. =1 — w,, where e* is the unique dual edge that crossed e in its center.
Then, we speak of a dual-open path of dual-edges for a path in (H")* which is open
in w* (we write A <~ B for the existence of a dual connection between the sets A
and B). Then, F(k, K)¢ corresponds to the event that in each page, there exists a
dual-open path from 0Aj to 0Ag, see Fig. 4.

0Nk OAg

— i

/> /2

FIGURE 4. The event F(k,K) is realized on the left while
F(k,K)¢ is realized on the right (the dashed lines correspond to
dual open paths). When F'(k, K)¢ will hold, it will disconnect the
left side of the book from its right.

Below, we will speak of a critical exponent o for a family of probabilities
(P[A(k, K)] : k < K) as follows
o :=sup{a > 0:3pg s.t. VK > 1,p > po, PIA(K, pK)] < p~“}.
Morally speaking, this critical exponent is ruling the speed of algebraic decay
—in (k/K) — of the probabilities P[A(k, K)]. In what follows, we expect the fami-

lies of probabilities (but this is currently unknown for most of the families under
consideration) exhibit a behaviour of the form

P[A(k, K)] = (k/K)* W),

where o(1) is a quantity that tends to 0 as k/K tends to 0, but this is currently
unknown for a number of them.

Definition 6. The disconnection exponent (g, N) is defined as the critical exponent
of the family P} [F(k, K)].

Bk ,pe,pe,q
This disconnection exponent will be of central importance in this work as its value
will exactly detect when (as N increases) the phase-transition becomes first-order
instead of second-order. Indeed the main ingredient for the proof of our main results.
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Proposition 7. For every 1 < q <4, if N > 1 is such that a(q, N) > 1, then there
exists A € (0,1) such that

OB (Dey A, q) > 0.
In other words, a(q, N) > 1 implies N*(q¢) < N.

2.2 Arme-exponents in H. The following three one-arm exponents in the upper-
half plane will help us obtain estimates on the disconnection exponent a(N,q)
uniformly in 1 < g < 4. As they are not known to exist, we define them like the
disconnection exponent (in the notation below we ignore the parameter A as it is

set to pe):

o oz}"Tee(q): the critical exponent for the family

0 roe (b K q) == Py, o [0Ay <7 OAk].

° oz('c" (q) : the critical exponent for the family

af (k, K,q) :== P2, ,[0A < OAf in HI.
+

® Qyired

(¢) : the critical exponent for the family
af (k,K,q) =Py, [0\, — OAk].

Note that with these definitions, the following special cases are known:

i) a;{ree(l) =of (1) = o, .4(1) = 1 as proved in [37, 32] respectively for
triangular and Z? lattices.
i) af..(2) =3 (seee.g. [17]).
For future reference (we will use these estimates later on), we write a;(K ) instead
of a4 (0, K).

Remark 3. Since the free (resp. wired) boundary conditions are helping (resp. dis-
advantaging) a dual connection, we have that a};ee(q) <af(q) <of, .4(q). We

wired

will note use this fact, but for all 1 < ¢ < 4, one has a}rme(q) <af(q) <al, ().

2.3 Proof of Theorem 4 given Proposition 7. We first prove the following
uniform control on N*(g).

Proposition 8. There exists Ny such that for every 1 < g <4, N*(q) < Np.

Proof. Assuming Proposition 7 holds, it is enough to find an integer Ny large enough
so that a(q, Ny) > 1 for every 1 < g < 4.

The most trivial bound on a(q, N) is obtained as follows. For F'(k, K) not to occur,
it must be that in each page, Ay is connected to Ak in the dual configuration w*;
see Fig. 4. Using the comparison between boundary conditions, one may split the
book into disconnected pages and use that this event has a probability smaller than

Cpf’l?ree(q) in each page. This reasoning gives
a(q,N) > Naj,..(q).

It is known from [32, 37] that ag(1) = %, so we already obtain at this stage a proof
of the upper-bound in item a) of Theorem 5, i.e

N*(1) < 4.

For the remaining 1 < ¢ < 4, it was proved in [22] that a)fme (¢) > 0, thus giving
the existence of N = N(g) such that «(q, N) > 1. The problem with this bound is
that it deteriorates when ¢ tends to 4, for which a;{me (4) is expected to be equal to
0. This reasoning would force us to choose a number of pages N(q) tending to oo as

q /4
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A slightly better bound is obtained by observing that by successively conditioning
in each page, for all but the last page, the probability of having a dual path connecting
OA}; is connected to Ak in a page is smaller than afg (k, K) since there exist at least
two undiscovered pages (and therefore by comparison between boundary conditions
the occurrence of the connection is smaller than the one under the full plane measure),
which explains why we introduced above the exponent af (¢q). (This observation
will also be used in the proof of Lemma 12). This domination is valid as long as
there are at least two remaining pages so we get

a(q, N) > (N — 1) (q).

This exponent is know from [22] to be larger than some constant ¢ > 0 uniformly on
1 < ¢ <4. As a consequence, we deduce that N*(¢) < Ny uniformly in 1 < ¢ <4
which thus proves the content of Proposition 8. O

Remark 4. As we will obtain N*(q) < 2 by other means when ¢ > 2 (in Section
4), we may have focused here only on the case 1 < ¢ < 2 which is slightly simpler
since the bound a(g, N) > Najfme (¢) would already be sufficient. Yet we decided
to include the proof below which works uniformly in 1 < ¢ < 4 because it highlights
well the different boundary conditions at work near the joint line Z and because the
exponent a(‘{ will also play a key role later (in the proof of the anchoring Lemma
12).
Remark 5. In fact, we expect that as soon as percolation occurs in By, then

a(Q7 N) = Naz-:ired(q) :
This comes from the intuition that the infinite cluster at p. in By is staying close to
the axis, and that this cluster acts as a wiring of vertices. We will turn this intuition
into a proof thanks to the random currents representation in the special case of
g = 2 in Section 5. As o, _.(q) should be equal to 2 arccos(,/q/2) (see [36, 20]),
this is consistent with our results (and predictions) on N*(q) in Theorem 5.

Proof of Theorem 4 given Proposition 8. To prove Theorem 4, it remains to treat
the general case where the edge-density on Z is an arbitrary number A > 0. (The
same argument also applies to the case where edges along Z have the same weight p
as the other edges). Consider N such that a(q, N) > 1 and N’ such that the process
given by the pairs of neighboring edges = and z’ in Z that are connected to each
other in By is dominating a FK percolation of parameter A\* on Z (the existence
of this integer N’ is easy using finite energy). Then, one can easily check that the
restriction to By of FK percolation with parameter A on By n/ is dominating FK
percolation on By with parameters p, and A*. This concludes the proof. O

3 PROOF OF PROPOSITION 7

3.1 Preliminaries. Let S C By. We call a cluster in S a connected component
C C S of the graph with vertex-set S and open edges with both endpoints in S. We
will use the notion of K-block Bt to be the translate by the vector (iK,0) of the
union, in each page, of the squares [— K, K) x [0, K]. For simplicity we write Bx
instead of BY. Given a block B%., we write C(B?%) for the cluster in B% which has
the largest intersection with Z (when there is more than one, pick one according to
a deterministic rule).
We will need the following two definitions.

Definition 9 (f-bad block). A K-block Bt is §-good if |C(B%)NZ| > 20K. When
a block is not 0-good, we call it 0-bad. Introduce
pA(K,0) :=P% _\[Bk 0-bad].
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Definition 10 (bridged block). A K-block Bt is bridged in Bey if there exist
—C<i_-<i—2andi+2<iy <C such that
° B;; and B? are %—good.
. C(B;g) and C(B?) are connected together in Bog \ B .
Introduce
o (K, C,i) =Py, . \[Bi not bridged in Bo).

3.2 Bound on ¢,(K,C,i). The core of the proof of our theorem will be the
following proposition.

Proposition 11. For every 1 < ¢ < 4 and o < «a(q,N), there exists Do(a) =
Do(ar,q, N) > 0 such that
Do ()

Q/\<Ka O7i) < m + QCPA(K7 9) (6)

for every A >p., N>1,0 > %, and K,C > 2.

The proof of Proposition 11 is divided into two independent lemmata, referred to
as the anchoring lemma and the bridging lemma.

For M, K > 2, introduce the set A(M, K) to be the union of the half-annulus
H N Aoprix \ Aark and the blocks Bg( with j € (M,2M). For a set -, introduce the
boundary condition v to be the wired boundary condition on +, and free elsewhere
(see Fig. 5).

é’//////// I TT777 777,

AASKANNRNRNANNN

amjw SO ) INNSSSSRAS RN

ST E T S TSN

AN

7ot 7N

Bx Me(BK)

FIGURE 5. A picture of A(M, K) and the path ~, as well as
the event under consideration in the next lemma. The boundary
condition v corresponds to wired on the path v and free on the
dashed area.

Lemma 12 (Anchoring Lemma). There exists Canchor > 0 such that for every
A > pe, every integers K, M, every 6 > %, and every path v from OAyx to ONoprk

staying above (0, K) + Z,
Pl vty a 137 € (M,2M) : B 0-good & C(Bi) <+ in H] > Canchor (1—pa (K., 0))*.
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Proof. Consider the increasing coupling between random-cluster models (see e.g. [2§]
for details) P between two configurations w’ < w with

Y "
w~Phorkya and o~ Pl g

where A’'(M, K) is the restriction of A(M, K) to the first two pages (it is a subset
of the plane), defined as follows (see for example [21]). The coupled configuration

(w',w) is written as an increasing function F' of i.i.d. uniform variables in U, € [0, 1]
which are indexed by the edges of A(M, K). To define

F:o, I}E(A(M,K)) N {O’I}E(A/(M,K)) % {O,l}E(A(JW,K))’

we proceed inductively: the variables (U, : e € A'(M, K)) are used one at a time to
sample w! < w, given the values of the former edges that have been fixed . Once all
edges e € A'(M, K) have been fixed, the remaining variables (U, : e ¢ A'(M, K))
are used to sample the remaining edges for w.
Define now N to be the number of pairs (j, z) with j € [31,

that

° B}; is Q—good in w;

o v € C(By)(w);

e x is connected to v in w’ N H.

™M

) and 2 € Z such

The fact that F' is increasing implies FKG property for (w’,w), which itself gives
7TM/4
E[N] = Z ZP[B}( 6-good in w,z € C(B%)(w),x +— v in w' NH]
J=5M/4 x€Z
7TM/4
> Z ZP[B}( 6-good in w,z € C(B%)(w)|P[z +— 7 in w’ NH].
J=5M/4 xC€Z
On the one hand, standard crossing estimates and mixing properties of the critical
FK percolation with 1 < ¢ < 4 give that there exists ¢y > 0 such that
Plz «— v inw' NH] =P} [z +— v in H| > ¢p af (MK).
On the other hand, the definition of 6-good K-blocks immediately gives that
ZP[BQ 0-good in w, x € C(B%()(w)] = EB;'(HC(B;()(W)HB; G—good]
TEZ
> 20K (1 — pA(K,0)).

Altogether, we deduce the following lower bound on the first moment of N:
E[N] > oM Kaf (MK)(1 — pr(K,0)).

We now turn to a bound on the second moment. By dropping the first condition,
replacing the second by x € BJ., and observing that each = belongs to at most 2
blocks, we obtain that

E[N?] <4) Pp¥a,y <— v in H.
z,y

A standard application of crossing probabilities and quasi-multiplicativity, see e.g. [?],
shows that
MK+ 2
2 a¢ (MK) 2+ 2
E[N?] < CoMK ]; 22 (F K < C(MK)? af (MK)?.
Cauchy-Schwarz inequality implies that the probability that N > 0 is bounded from
below by ¢,60%(1 — pA(K,0))2. Since N > 0 implies the event under consideration,
the claim is proved. O
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Remark 6. At first sight, a natural way to try proving the Anchoring Lemma would
be to run a direct second moment argument on the number, say M, of points on
the middle line Z which are connected to « in the first page H(= H!) instead of
considering the more complicated IN. This works well in the ¢ = 1 case, but as soon
as ¢ > 1 this strategy seems difficult to implement. Indeed, the first moment ]E[M]
would involve in this case the one-arm event in a page H but for the FK measure in
the full book graph Bx. So far so good, but difficulties arise when controlling E [MQ]
as a quasi-multiplicativity statement for this arm event would be needed. One way
to achieve this would be to prove a version of the mixing lemma (as in [17] in the
plane) for the FK measure on the book By. This does not seem straightforward as
different pages may interact via the joint line Z. This is the reason why we introduce
in the proof above a suitable coupling argument in order to transfer the problem to
a setting where one can apply a more standard second moment method.

We now turn to the Bridging lemma. For integers K, D, p > 0 and a small real
number 7 > 0, set Ry := K(2p)* and let F(K, DK, p,n) be the event that there are
at least nlog D integers k > 0 such that Ry; < DK and F(Ry, %Rk+1) occurs.

Lemma 13 (Bridging Lemma). For every a < a(q, N), there exist n = n(«) > 0
and an integer p = p(a) > 0 such that for every A > p. and K, D > 2 large enough,

1
]P)%DK,)\[F(Ka DKa 12 7])] Z 1- ﬁ
Proof. By monotonicity, it suffices to show the result for A = p.. Fix a(¢, N) >
B > «a. By definition of a(q, N), there exists p = p(8) such that for every K large
enough and k > 0,

P [F(Ry, 3Ri1)] < p7”. (7)

Bry P

By conditioning on the configuration outside Bg, , ,, the spatial Markov property
and the comparison between boundary conditions combined with the previous
displayed equation implies that the probability that F(Ry, %R;Hl) occurs is larger
than 1 — p*B. In particular, the number of integers k with Ry1 < DK such that
F(Ry, + Ri11) occurs is dominating a binomial random variable Binom(n, p) with
parameters n = |logy,(D)] —1 and p = 1—p~?. We deduce that for n = (3, p) >0
small enough, the probability that there are fewer than nlog D such k is smaller
than 1/D*. |

We are now ready to dive into the proof of Proposition 11.

Proof of Proposition 11. Fix 6 > % and observe that if py (K, ) > % there is nothing
to do?. We therefore now assume the opposite. Since the box of size DK around
(K,0) is included in Beog and being bridged is an increasing event, the comparison
between boundary conditions implies that it suffices to treat the case i = 0 in the
block BDK with D :=C — |’L|

Fix o < a(q) and consider n = n(«) and p = p(«) given by the Bridging Lemma.
Also, write F' := F(K, D, p,n). Thanks to the Bridging lemma and the comparison
between boundary conditions,

0 1

PooenalFl 21— 55

2At this stage one may wonder why we put 2Cp) (K, 0) in the right-hand side of (6) instead of
simply 2py (K, 0). The reason comes from the conjecture that (7) can be obtained essentially in
terms of the probability of a dual connection with wired boundary conditions on Z, and that in
order to do that, one may want to assume that py (K, 0) < 1/C. We refer to Sections 4 and 5 for
details of such an application.
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and it suffices to show that there exists a universal constant ¢ > 0 such that

IP’%DK’A[B}} bridged|F] > 1 — exp[—clog(D)?].

H‘l

FIGURE 6. A picture of the path I'“(k) as well as B%: and some
event ET(k,u,3) and E~ (k,u,1). The set 2 is depicted in yellow.
Note that these sets do not intersect any of the Bg( (in other words,
they remain at a distance K of Z).

We now introduce a few quantities (see Fig. 6). For k < [log,,(D)], let I'(k) be
the inner-most path in w disconnecting OAg, and 0Ay-1p, ., in (0, K) + H (note
that it is a subset of (0, K) + H). Define Q(k) to be the set of x in ((0, K) + H) N
(A2-1R,,, \ AR, ) that are surrounding by I'(k), with the convention that the set is
((0,K) +H) N (Ag-1p,,, \ Ar,) when I'(k) does not exist. Similarly, define T'*(k)
and Q%(k) as the corresponding quantities in H*. Finally, consider the set

Q:= | Q“(k).

(kyu)
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as well as the set I = I(w) of pairs (k, u) for which I'*(k) exists, and the set J = J(w)
of triplets (k,u,4) with (k,u) € Tand 1 < i < |log, Rg].

Now, condition on the states of the edges in ) and let £ be the boundary conditions
that they induce on By \ Q. Note that it can be done without revealing any edge
outside of 2 and that I(w) is measurable in terms of the states of these edges.
For each (k,u) € I(w), say that I'*(k) ends in B%g and B%;r on the left and right
respectively. For (k,u,i) € J, let E*(k,u,i) be the event that there exists j with
2i-1 < j — jy < 2¢ such that BJ is f-good and C(B%) is connected to T'“(k) in
H*. Similarly, define E~(k,u,i) on the left. The comparison between boundary
conditions and the anchoring lemma imply that

P\ B bridged|F]

> ]P’B \Q, \[B(k,u,4) € J such that both E*(k,u, ) occur|F]
£
—Eg \QA[ H (1 — [canchor (1 = PA(K, 0)) )‘F}
(kyuyi)€d

>1—(1- 0)77’(10gD)27

where in the last line we used the fact that on F', |J(w)| > n(log D)?, and that the
assumptions that 6 > % and py (K, 6) < % guarantee the existence of ¢ > 0. O

3.3 Proof of Proposition 7. The proof of Proposition 7 relies on the idea that
clusters at scale K and local density 6 will merge and with high probability create
new clusters at scale CK of local density §' = 6§ — O(1/C) slightly smaller than 6
(this slight loss of density allows us to lose a few clusters at scale K in the process).
More precisely, we prove the following renormalization inequality.

Lemma 14. Let N > 1 such that a(q,N) > 1 and 6 > %. There exist Cy > 1 large
enough (depending on 6 and N ) such that the following holds. For every A > 0 and
for every integers C > Cy and K > 2,

p)\(CKve_CO/C) < ﬁpA(K79)+602pA(K70)2 (8)

Proof. Fix 1 < a < a(q,N). Let Cy > 0 be a large constant to be chosen later and

set §' 1= 0 — Cy/C. For |i| < C, let E; be the event that Bt is f-bad and all the
blocks By, are §-good for j € [-C,C|\ {i — 1,4,i + 1}, and set

F;,=FE; N {BCK is 9’—bad}. (9)

Observe that if all K-blocks Bg(, —C < j < C, are #-good, then the assumption

that 6 > 3/4 imposes that all the clusters C(BY;) are connected together in Be,

which implies the existence of a cluster in Bog with cardinality larger than 20CK.

In particular, if Bk is 6'-bad, then either there exist two disjoint #-bad K-blocks,
or there exists 7 such that F; occurs. The union bound implies

A(CK,0) Z P%...c A[F;] 4 P[there are at least two disjoint 6-bad K-blocks].
i=—C
(10)
By the spatial Markov property and the comparison between boundary conditions,
we have

2C -1
P althere are at least two disjoint 6-bad K-blocks] < ( 5 )pA(K7 0).
(11)

It remains to bound the first term in (10), which is the object of the end of the
proof. If all K-blocks By with [j| < C — Cy are #-good, the same argument as
above implies that Bog is €'-good, therefore F; = () whenever |i| > C — Cy. Now,
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let |i| < C — Cy. Note that if Bi is bridged in Bog, then Beg is also 6'-good.
Furthermore, when B%- is not bridged (this event does not depend on edges in B%),
for E; to occur then Bi must be 6-bad. As a consequence, the spatial Markov
property and the comparison between boundary conditions implies that

P[F;] < P[E;| Bt not bridged]P[B% not bridged]
< p/\(Kv e)q)\(Ka C7 Z)

Do(a) pA(K,0) 2

S — e T20pA(K,0)7, (12)

(€ — iD=

where in the last line we invoked Proposition 11 for a. Select Cy so large that

Z 2Dy () < L

—liNe = T00°
i<omc, (€ i)
Plugging (12) and (11) in (10) concludes the proof. O

Proof of Proposition 7. Let N satisfying (g, N) > 1. Choose 61 < 1 and Cy > Cy
(where Cj is provided by Lemma 14) such that the sequences

Chi1 = 1)3C,
{ w1 =(n+ )col forn>1

Cnt1?

9n+1 = en -

satisfy 6, > % for every n > 1. Now, set \* > p. so large that

1— A" 1

. <Py [3 1} C Be, NZ cl < < :
Pr-(C1,01) S Pa- B,z 41} € Bo, N2 closed] < G053 < 15570

and consider the sequence of scales defined® by

Kl = Cla (13)
Kn+1 == Cn+1Kn n Z 1.

Applying Lemma 14 to (N, 6, C,, K,,), we see that the sequence u,, := px« (K, 0n)
satisfies
Vn > 1, Upt1 < 1—(1)0un + 6C§ui.

By induction, we obtain that u, < Tlong 2 for every n > 1, and therefore,

Py« [Bg, 3/4-good] >1—wu, >1— ﬁng > %

First using the estimate above and then translation invariance, we get that for
every n > 1,
3K, <Ex[|C(Bgk,)NZ|1 ]
208 n > B K, Bk, 3/4-good
< 2K, P)-[0 is in a cluster of size at least 2K,]. (14)

Dividing both sides by 2K,,, we obtain
Px+[0 is in a cluster of size at least $K,] > 3,
which by measurability implies that the probability that 0 is connected to infinity is

larger than or equal to %. O

SNote that it gives Ky, = (n1)3CP for all n > 1.
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4 PROOF OF THEOREM 5 FOR ¢ # 2

In this section, we prove the following two claims of Theorem 5: first we show that
N*(q) > 3, when q € [1,2) and second, we prove that N*(¢) =2 for all 2 < ¢ < 4
and that N*(4) < 2. The more subtle case of ¢ = 2 will be analyzed in the next
section with the help of random currents.

We start with the following proposition corresponding to the first claim.

Proposition 15. For every 1 < g < 2, there exists ¢ = c¢(q) > 0 such that for every
n>1and )€ (0,1),

Pg, A[An horizontally crossed) < 1— (1 — A)c.
In particular, Pg, [0 ¢ oo] = 0.
The proof is based on a second-moment argument.

Proof. Define the number N of edges e C [-n/2,n/2] such that the endpoints of
e* are respectively dual connected to the top of A,, in the upper half-plane, and to
the bottom of A,, in the lower half-plane. Under IE"}B%1 (for which Z is completely
wired), both pages behave independently and we immediately get that

IE]IBQ’1 [N] > conaqj”ed(n)z.

In the other direction, the second moment gives, using classical quasi-multiplicativity
estimates
EﬁZ 1[IN?] < Conz “’”ed < CinPal,,  (n)t

wzred(k n 2 B

where in the last inequality we used a result from [20] stating the existence of
c1 = c1(q) > 0 such that for every k < n,

(k,n) > cq(L)t/2me, (15)

Overall, we get by comparison between boundary conditions and Cauchy-Schwarz
that

awlrpd

Py, A[N > 0] > Py, ;[N > 0] > c.

Now, on {N > 0} (which does not prescribe anything on edges in Z), A,, is not
crossed horizontally if any of the edges of Z such that the endpoints of e* are
dual-connected to top and bottom is in fact closed. Since there is at least one such
edge, we get that

P, »[An horizontally crossed] <1 — ca(1 — A).

This concludes the proof of the first part of the proposition. For the second part,
ergodicity gives that IP,_ » 4[0 +— oo] = 0 since otherwise the crossing probability
would tend to 1. O

We now turn to the other claim, which we split in two.
Proposition 16. For any 2 < g < 4, we have N*(q) < 2.

Proof. We wish to prove that for A > 0 large enough, IP’IIB%A[O + 00} > 0. In order to
do that, we only need to prove the equivalent of Proposition 11, i.e. that for some
constant o > 1, there exists Dy(«) > 0 such that

. Do (o)
(K, C, i) < e + 2Cpy(K,0) (16)

for every A > p.,, N > 1,0 > %, and K,C > 2.
To do that, observe that for B}'( not to be bridged in Bog,
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e either there must be a #-bad box B;;, an event which occurs with probability
smaller than 2Cpy (K, 6),

e or all the boxes are §-good, in which case if C is the cluster gathering all the
C(B%), we have that BY is dual connected to dBc g above and below C.

Yet, when working on By = Z2, one notices that C contains a crossing from left
to right in [-CK, CK] x [-K, K]. In particular, conditioned on the bottom-most
such crossing I' and everything below it, the spatial Markov property together
with the comparison between boundary conditions of the model imply that the
probability that there exists a dual path from B% to B¢k above I is bounded by
the probability that there exists a dual-connected path in [-CK,CK] x [-K,CK]
from B% to dBck, with free boundary conditions on dBck and wired on the
bottom. In particular, it is bounded by Coayired(K, (C — |i|)K) using classical
mixing properties coming from [22]. Now, it was proved in [20] that for every
g < 2 < 4 (it was not done for ¢ = 4 but the same proof extends), there exists
¢1 = c1(q) > 0 such that for every k < n,

@b irealkin) < L (E)12Fe (17)

wired = \n

Altogether, we deduce that for some constant D; > 0,
P}, »q[Bi <> dBcik above C|Bj all good, By, <3 8B below C] < (c_|];)|)11/2+
Similarly, one proves that

D,

W'
Combining this two displayed inequalities with the two bullets above gives (16) for
« =1+ 2¢q, a fact which concludes the proof. ]

P}, x.q[Bi <+ 0Bck below C|Bj all good] <

Proposition 17. For any 2 < q < 4, we have N*(q) > 2.

Proof. The lower bound N*(q) > 2 is a straightforward consequence of the strong
RSW Theorem from [22], that implies that on H, the probability that there exists a
dual path from [—2n, —n] to [n,2n] surrounding A, in As, is bounded from below
by a constant ¢y > 0. This contradicts the fact that this probability should tend to
0 for 0 to be connected to infinity. O

5 BOOK-ISING WITH THREE PAGES AND RANDOM CURRENTS

The purpose of this section is to show that a first-order phase transition already
arises with only 3 pages for Book-Ising (¢ = 2). This corresponds to N*(¢ =2) < 3
and our proof is consistent with the prediction from [38, 39]. The main technique
will involve random currents. To highlight the main ideas, before handling the graph
B3, we will start in the subsection below with an interesting question on its own
where a positive (i.i.d) density of sites along the middle line Z C B3 are oriented in
the + direction. We will only give a short sketch of proof for the toy-model and will
leave the detailed proof to the true Book-Ising (as such the former may be viewed
as an outline of proof of the second in a simpler setting).

5.1 A positive density of + is indistinguishable from a 4+ boundary
condition. In this subsection, we will give a sketch of proof of the following result:
the decoupling property from Theorem 3 holds in the simpler setting of the half-
plane where a positive density of sites on Z are wired together. This will serve as a
useful toy model for Theorem 3. The reader comfortable with the random current
terminology may skip this section if needed. The statement above is a 2D version of
a result by Bodineau [10].
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Let us set some notations: p € [0, 1] will denote the bias of our Bernoulli quenched
disorder along the line Z x {0}. Let i ~ Bernoulli(p)®Z be i.i.d. Bernoulli random
variables attached to each site ¢ on the middle line Z = Z x {0}. Given 7, H" will
denote the (random) graph where all points 7 € Z for which n; = 1 are wired together.
Finally, ,uﬁn’ 5, denotes the Ising measures on H” with + boundary conditions.

Theorem 18. For any 0 < p < 1 and any m,L € N, there exist ¢,C € (0,00)
so that for any set A made of m vertices at a distance at least L of Z, then with
probability at least 1 — L=C in the quenched disorder 1, we have

K p, (0] = i g [oa] (1 = O (L)) -

Remark 7. Note that by Griffiths inequalities, we deduce that if we consider the
graph B constructed like H” but from Bj instead of H, we immediately get that
for every three sets A C H', B C H? and C C H? made of vertices all at a distance
at least L from Z, we have that with probability at least 1 — L~ in the quenched
disorder 7, we have that

Ngg,gc [caopoc] = Nﬁ,gc [UA]NE,BC [UB]NE,BC [oc](1 = Om(L7°)).

The proof of the theorem requires the introduction of another representation,
called the random-current representation. We refer to [1, 13] for details on this
representation and briefly define it here. A current n on G = (V| E) is a function
from E to N:={0,1,2,...}. A source of n = (ny, : zy € E) is a vertex « for which
>y~ Day 18 0dd. The set of sources of n is denoted by dn. Also set

wg(n) = H ﬁnlj

Ngy-
zyel ry

Currents are useful as they lead to the following expression for spin-spin correlations:

> ws(n)

on={z,y}
ph gloeo,) = e ——. (18)

> wp(n)

On=0

For more general spin-observable o4, A C V, one has the expression

> ws(n)

Hé@[UA] _ On=4 )
’ > wp(n)
On=0
Also, a classical use of the switching lemma enables one to compare the spin-spin
correlations on two graphs H C G as follows:

u{{ﬁ[azay] = uéﬁ[azay]Pg’é’} ® P%B[H path of ny +ny > 0 in H from z to y],
(19)
where Pé’ s attributes a weight proportional to wg(n) if 9n = A and 0 otherwise,
and the sign ® means that we take the product measure (see for example [3, Lemma
2.2]). For a general spin-observable o 4, with A C H, the identity becomes

,ufH’ﬁ[aA] = ,uéﬁ[aA]Péﬁ ® P%”@[m +1ngy € Fal,

where n € F4 is the event that any cluster of n > 0 intersecting A must intersect A
at an even number of points.

We shall also need these expressions in the case of a graph G with 4+ boundary
conditions. This means that some points (called the boundary of G) are connected
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to an extra vertex called the ghost vertex. (See [13] for a detailed exposition). In
such a case, the last expression for example reads as follows:

M;},;;[UA] = Mg,ﬁ[UA]Péﬂg ® P?K]+)5[n1 +ny g€ Fal,

where currents n;, n, under Pé+7 5 and ]P’%t 5 are Now allowed to go through the
ghost vertex and their boundary dnj, Ony is only considered on all vertices but the
ghost (also F4 is now the event that all the clusters which intersect A are either
connected to the ghost or intersect A at an even number of points).

Sketch of proof of Theorem 18. We will show that there exists ¢ € (0,00) such that
for every A made of m vertices at a distance at least L from Z,

0 o) 2 i (1 - O (L)

For any large M, let H" be the finite random graph obtained from H" by connecting
all the vertices ¢ € JH N Ap; which are such that n; = 1 to the ghost. We have

H"" c Gt := HN Ay with all points in OH connected to the ghost .

Applying the above formula, it remains to bound from below (for any large M) the
following average with respect to n:

E[Pétﬁ ® P?{n&,g[nl/‘i'\nm}[n& € .7:,4]] .

We proceed as follows:

g

|

FIGURE 7. The example of the graph H”* with the additional
connections to the ghost (in green). We also depicted the current
n; in red, as well as a bridge of ny (in blue) guaranteeing that a
connection in H" to the ghost.
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(1) Sample n; according to Pé+ 5 If n; restricted to G\ H is already in Fa,

then whatever n and n, are, we must have nl/—i—\ng‘Hn,+ € Fa.

(2) Suppose then that this is not the case. Then, there is at least one cluster of
n; intersecting A and reaching OH (and there are of course at most m = |A|
such clusters). By union bound, let us focus on the case of only one point,
say x, and let us assume that n; connects x with OH. Among all points in Z
which are connected to x via nj, choose u = (k,0) to be, say, the furthest on
the left and to lighten the notation assume it is equal to the origin. Notice
that u is measurable with respect to n; and that neither 7 nor ns have been
sampled yet.

(3) Let then sample 7 so that the subgraph H"" C G is now well defined.

(4) In order to match with the setup of Lemma 21 below, set 7 := LY/2, s := L'/4
and R := L < dist(x,Z). As k has been localized before sampling 7, we
can claim that with probability at least 1 — exp(—cs), n will be sufficiently
dense in each s-interval included in [k — R,k —r]U [k + r, k + R]. (We will
be more explicit in the proof of Lemma 21).

(5) Assuming 7 is sufficiently dense around u, the rest of the proof consists in
showing that with probability at least 1 — ¢, the current n, will create a
bridge from {i¢ € [k — R,k —r],n; =1} to {i € [k +r,k+ R],n; = 1} which,
by planarity, will necessarily intersect n;. As such x will be connected to
the ghost via 1’11/—-|—\112\ gn.+ as desired.

(6) Finally, the proof that the above bridging property holds with probability
1 — r7¢ relies on a coupling between sourceless random-current and FK
percolation with parameter ¢ = 2. This coupling will be described before
the proof of Lemma 21; see Fig. 7.

O

We also discuss a slightly more difficult theorem, but which is closer to the one
in the next section. Let P, be the FK percolation measure where all the sites
{i € Z,n; = 1} are wired together.

Theorem 19. For any 0 < p <1 and any 1 <r < R, there exist ¢,C € (0,00) so
that with probability at least 1 — Rexp(—c r_1/2) in the quenched disorder n, we have

Py [Ar < OAR] < C[(5)V2 +777]. (20)
Steck of proof of Theorem 18. Define the subsets of Z:
I ={ie[-R,—r]:m =1} C[-R,—r] =T,
I"={ie[rR:np=1}C[r,R =J".

Let G" be the finite graph Ag\ A, in which all vertices in I~ are connected (wired)
to a ghost vertex g~ and all vertices in It are connected (wired) to a different ghost
vertex gt and where the rest of of the boundary is free. Let also G be the graph
where all vertices in J~ are connected to g~ while all vertices in JT are connected
to g7 and where the rest of the boundary is free. The monotony properties of FK
percolation and the Edwards-Sokal coupling give that

1 — Py, [Ar < OAR] > 1 = Pgo [Ar < OAR] = pign g, [0+ 04-]-

Notice that we have G C G. Similarly as in the above proof, we may now use the
switching lemma via the above identity (19) to obtain

pan .o g+ 0g-]
=pap, [ag+agf]Pg’;’g_} ® PY, 5 (3 path of n; + 1y > 0in G” from g+ to g7].

From now on, the proof can be concluded in two steps.
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(1) It can be extracted for instance from [17] that pg g [04+0,-] > 1—C(5)"/2.

(2) The second step is very similar to the argument outlined above: under
Pg;” ¥ 1, will connect at least a point u~ € J~ to a point u* € J*. The
goal is thus to show that ny will create with high probability 1 — Cr~¢ a
bridge which will connect I~ and I'* to ny. To prove this, we argue as above:
we set an intermediate scale s := r'/2 and we claim that with probability at
least 1 — Rexp(—cr'/?), the sets I~ = I~ (n) (resp I') will be sufficiently
dense at scale s to create many bridges thanks a coupling between sourceless
random-current and FK percolation with parameter ¢ = 2 (see the proof of
Lemma (21) for a detailed proof).

At this stage, there is a subtle but important difference compared to
the argument in the previous sketch of proof. It could be that the points
u~ and uT could be close to A, or OAg. In such case, one cannot really
use the argument described above. Yet, it can be proved in this case that
the probability that n; itself is connected to a vertex of Z close (say at a
distance at most r3/4) to dA, or AR is bounded by Cr~° (see the next
section for details).

]
5.2 Proof of Theorem 2(i) The core of the proof will be the following result.

Proposition 20. There exist ¢y, Co € (0,00) such that for every r and R such that
r divides R, every A > p., every K > 2, and every 6 > %,

IPO

Bkr

[P(Kr,KR)] < Co| (1) 477 + Rexp(—e1r)] + 2R pa (K. 0).
We start by explaining how to adapt the proof of Theorem 4 using Proposition 20
to obtain Theorem 2(i).

Proof of Theorem 2(i). Fix K and C and assume for a moment that K is chosen so
that py(K,0) < 1/(2C). When applied to Ry := K(2p)*, we see that the previous
proposition implies that

Py, [F (R, 5 Rir)]

2 K\ ¢
< ()™ ()" + Tt (= (2)'7)] +

Rii1 Ry, K K 2KC
K —cCo R
<CilpV 4 (%) |+ e

From this, one can easily adapt the proof to reach the conclusion of the bridging
lemma with (2, N) = N/2 (note that except for the first and last values of k, the
right-hand side is bounded by 2C;p~"/2). After this, Proposition 11 follows in
the same way. Also, note that the assumption that py(K,6) < 1/C is harmless as
otherwise the statement of Proposition 11 is obvious. Once Proposition 11 has been
obtained, the rest of the proof of the theorem is the same as for Theorem 4. O

We conclude our paper by the proof of Proposition 20.

Proof of Proposition 20. Set s := \/r. We may assume p (K, ) < 5% as otherwise
the statement is obvious. Let E be the event that all the K-blocks Bt are §-good
for |i| < R. By definition of py(K,6),

P% [E] >1—2Rpy\(K,0). (21)

Bkr

Below, we recommend to take a look at Fig. 8. Introduce E;( to be the set of
vertices at a £°° distance at most K from B%(. Define B“F to be the sets of indexes
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(Bn.K

FIGURE 8. A picture of the path T'Y as well as C*, V* and
W+ =Vt N (Brk \ Brk) respectively in red, yellow and green.

j € [-R, R] divisible by 6, positive or negative depending on whether + is 4 or —,
for which B}; is surrounded in EJK N H* by a circuit in w connecting C(B};+2) to
C(Bj; ?). Call the inner-most such circuit I' = I'¥ (w). Let

E = ﬂ {IB N [is, (i + 1)s]| > cos}.
li|<R
u=1,...,.N
ae{%}
Adapting the anchoring lemma and using that py(K,0) < 3, we deduce that for
some cq, ce > 0 small enough,

PLi L € B Vu=1,...,N] > c1(1 = pA(K, 0)*" > ca.

Using the comparison between boundary conditions, we may compare to independent
random variables to get that |B“® N [is, (i + 1)s]| dominates a binomial random
variable with parameters s and ¢y, so that for some constant ¢y > 0 small enough
and independent of everything else,

PR, [E'] > 1 —2Rexp[—cos]. (22)
We deduce from (21) and (22) that it suffices to show that

PO

Bkr

[F(Kr, KR)*|ENE'] < 03{(%)N/2 +7~—°’3}. (23)

We now focus on deriving this inequality.

On ENE’, call CT the union of the C(Bi() for 6 < 57 < R, which since 6 > % is
made of one single cluster. From now on, let VT = VT (w) be the (random) subset
of Bri obtained as

e the union of all the Bi( for 6 <j<R;
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e the vertices of H" surrounded by the I'} (w) for every 6 < j < R divisible by
6 for which the path T'%(w) exists for every u;

e the union of the EJK for the remaining 6 < j < R which are divisible by 6.

Similarly, one defines C~ and V~ with —R < j < —6 instead of 6 < j < R. Also,
set E(w) be the set of edges with both endpoints in VT UV ™.

Condition on wjgy = £ for some configuration ¢ € {0, 1}E) belonging to ENE’
(by this we mean that any configuration coinciding with £ on F(w) is in E N E’).
Let Q" be the graph induced by the edges in (Brx NH") \ (Bxk UVT UV ™) and
&" be the boundary condition on Q% obtained from the configuration equal to £ on
E(w), and 0 on the remaining part of Brg \ Q%

The comparison between boundary conditions implies that for every £ € EN E’,

N
P [F (K7, KR) [ = & < [[(1 = P&u[C™ «— CT)).

u=1

It therefore suffices to prove that each term on the right is smaller than Cy(r/R)'/2.
From now on, we call a pair (2, ), with Q a subset of H and ¥ a boundary condition
on Q possible if there exists £ € EN E’ and u such that Q = Q" and ¢ = £*. In this
case we write V* for the corresponding set (they can be read off from © and v in a
unique fashion).

Let W= be the intersection of V¥ with Agx \ Arx. Consider the boundary
condition £ U 1 obtained from ¢ by wiring all the vertices in W together, and all
those in W~ together. For every possible (€, &), going to the complement implies
that

P WY« W >1—a)

wired

(rK,RK)>1—C(r/R)"2.
The following lemma will therefore conclude the proof. O

Lemma 21. There exist ¢c,C € (0,00) independent of everything such that for every
possible (Q,£),

P5[C™ «— CT] > PE WT «— WT(1 — Cr°).

As in the case of Theorems 18 and 19 for which we sketched the proofs earlier,
the derivation of this lemma will rely on the random-current representation. A first
key property will be the identity (19) which follows from the switching lemma.

We will use also a second property of our model, which is a coupling between
sourceless random-current and FK percolation with parameter ¢ = 2. More precisely,
consider the coupling ¢ obtained by considering n ~ Pé 5 and w obtained from n
by setting

we = sup{1[n > 0], 7.},
where (. : e € E) is an independent family of Bernoulli random variables of
parameter 1 —e~?. Then, one has that under ¢, w ~ P%’p’2[-|f,4] with p :=1—e~25.
While the recipe to get w from n is obvious, let us mention that in the other direction,
for A = (), one may recover the edges on which n is odd by taking a uniform even
subgraph of w (see [4, 29, 31]).
We are now in a position to prove the lemma.

Proof. Consider the graphs G obtained from Q by identifying all the vertices in C*
into two vertices g%, and G obtained from G by identifying vertices in W+ \ C* to
gT. Note that G can be seen as a subgraph of G where the latter is obtained from
the former by adding edges with infinite coupling constants (or equivalently infinitely
many edges with standard coupling constant) between the vertices of W+ \ C* and

9%).
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We have that
PG[CY «— C7] = na,p.log0,-],
Po[W = W = i 5 (040041,

so that (19) gives that
pe plog+og-]
Ka 8. o Og+0yg -]

and it therefore suffices to bound the probability on the right-hand side.
First, observe that the coupling between random-current and FK percolation
implies that

= P{ég+’g_} ® P%[H path of n; +ny > 0 in G from g~ to g*]

Pig+’g_}[3j € [r,r +7%/%) : B} connected to distance K in 1[n > 0] \ g7]

< IPOGP 2[3]' € [r,7 + 14 : B]. connected to distance rK in G\ g¥|g” « g*]
at (r*/*K,rK)
T PE, Ll gt
Similarly for R — ¥4 < j < R, —R < j < —R+ %4 and —r —r3/* < j < —r.
We therefore may restrict to realizations of n; that necessarily contam a path v of

< Cr=¢

ni(e) > 0 from g* to g—, going say from BK to BK, with
—R4r¥t << —p— 34 and r+r3/4§j§R—r3/4.
As a consequence, it suffices to prove that in ny, with large probability there exists
a path of ny(e) > 0 from vertices in CT respectively on the left and right of B
(call the two parts £ and R). The same estimate will also holds for —R < ¢ < —r.
In order to do that, we write n instead of ny and use the increasing coupling

¢ between n and the random-cluster model w described before the proof. It is
sufficient to prove that

IP’?2 [there exists ¢glogr disjoint clusters going from £ to R] >1—1/r®. (24)

Indeed, on this event, one may divide clusters in pairs, and observe that each pair of
clusters contains a loop (with one path in one cluster and the other in the other one)
of n > 0 connecting £ to R with probability at least 1/2 thanks to the fact that
the odd part of n is obtained from w by taking an even subgraph of w uniformly at
random. Therefore, the probability that there exists no path at all will be smaller
than 1/r¢ 4 27 (co/2)logr

To prove (24), first shift the whole configuration by (—K3,0) in order to recenter
everything around 0. On the one hand, crossing estimates imply that for k such
that s = \/r < 2F < r3/4

P& [Agk g — Ohgrirg] <1 —c (25)

for some constant ¢ independent of everything. On the other hand, if 2 denotes
the intersection of 2 with the annulus Agr+1x \ Agr g, we want to prove that

Py, [L+— R] >c. (26)

This will conclude the proof by observing that (25) and (26) together with the
spatial Markov property and the comparison between boundary conditions easily
imply (24) by following a proof quite similar to the bridging lemma.

To prove (26), we use a second-moment method very similar to the proof of
the anchoring lemma. Let N be the number of pairs —72’c <a< —é2k and
%2’“ <b< %2’““ with T, connected to T’y (recall the deﬁmtlon of these paths from
the previous section, and remember that the whole configuration has been shifted
by (Kj,0)). Note that by definition of a possible pair (€2,) (since £ belonged to
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E"), there are of order cy(2¥)? pairs of (a,b). Also, an easy comparison between
boundary conditions and use of crossing estimates implies that

P, [M] > co(2%)? rfllibn[P’%k [Ty «— Ty] > c1(27)2a), (K, 2P K)2
In the other direction, the comparison between boundary conditions and a standard
use of the quasi-mulitiplicativity property gives that
PO, M2 < Y7 PYD, +— Ty, Tar — Ti] < Co(2F) a0 (K, 2 K)*,

wired
’ /
a,a’,b,b

O

5.3 Proof of Theorem 3.

The proof of the decoupling between the pages of B3 stated in Theorem 3 follows
easily by combining the proof of Proposition 20 together with the (sketch) of proof
of the decoupling property from Theorem 18. Let us shortly explain why we have an
error term 1 — Oy, ((log L)) in Theorem 3 versus 1 — O,,(L~°) in Theorem 18. To
prove Theorem 3, we rely on the multiscale framework used throughout the paper.
In particular, if all points {z1,...,2,} in A C B3 are at a distance at least L from
7, consider n such that

K,<L<Kpi.
Recall (footnote below (13)) that K, = (n!)3C?'. This implies in particular that
n > (log L)'/?, when L is large enough. Let us now proceed as in the proof of
Theorem 18 and let u be the furthest point on the left of the joint line Z of an
n; cluster emanating from, say the first point z; € A (other possible points being
connected to Z via n; are handled similarly by union bound). We now consider
the blocks Byi ~at scales n — 1 around the point v € Z. From our inductive

proof, we know that each of these (n — 1)-block is good with probability at least

1—upq1>1- W. (See the estimates on wu, below (13)). This implies that

with probability at least 1 — m, all (n — 1)-blocks By _ around the point u
and up to distance K,, = C,,K,,_1 < L are good. We can now use this overlapping
chain of good blocks as in the proof of Lemma 21 to produce a bridging with the
random current n; with probability at least 1 — O((C,,)~°) which is the same as
1 — O((log L)~¢) and thus concludes our proof. a

Remark 8. Note that by going further into smaller scales K,y < K,, < L < K, 41
and by replacing the power-law control {u,},>1 below (13) by an exponentially
decaying control in n, one may obtain if needed better correction terms in Theorem 3.
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