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Abstract

We consider the FK-Ising model in two dimension at criticality. We obtain RSW-
type crossing probabilities bounds in arbitrary topological rectangles, uniform with
respect to the boundary conditions, generalizing results of [DCHNI0] and [CSQ9].
Our result relies on new discrete complex analysis techniques, introduced in [Chell].

We detail some applications, in particular the computation of so-called universal
exponents, proof of quasi-multiplicativity properties of arm probabilities, and crossing
bounds for the classical Ising model.

1 Introduction

The Ising model is one of the simplest and most fundamental models in equilibrium
statistical mechanics. It was proposed by Lenz in 1920 [Len20], and then studied by Ising
[[s125], as a model for ferromagnetism, in an attempt to provide a microscopic explanation
for the thermodynamical behavior of magnets. In 1936, Peierls [Pei36] showed that the
model exhibits a phase transition at positive temperature in dimensions two and higher.
After the celebrated exact derivation of the free energy of the two-dimensional model by
Onsager in 1944 [Ons44], the Ising model became one of the most investigated models
in the study of phase transitions and in statistical mechanics. See [Nis05, Nis09] for a
historical review of the classical theory, for instance.

Recently, spectacular progress was made towards the rigorous description of the
continuous scaling limit of 2D lattice models at critical temperature, in particular the
Ising model [Smil0l [CS09], notably thanks to the introduction of Schramm’s SLE curves
(see [Smi06] for a review of recent progress in this direction). In this paper, we develop
tools that improve the connection between the discrete Ising model and the continuous
objects describing its scaling limit.

Recall that the Ising model is a random assignment of 41 spins to the vertices of a graph
G, where the probability of a spin configuration (o), . is proportional to exp (=8H (0));
B > 0 is the inverse temperature and the H is the energy, defined as — ). ;0i0 (the sum
is over all pairs of adjacent vertices). The Ising model favors local alignment of spins, and
the strength of this effect is controlled by 8. In the case we are interested in, namely the



square grid Z?, an order/disorded phase transition occurs at the critical parameter value
Be = %ln (\/§ + 1). In order to avoid confusion with the FK-Ising model defined below,
we will call the Ising model the spin-Ising model.

In 1969, Fortuin and Kasteleyn [FK72] introduced a dependent bond percolation
model, called FK percolation or random-cluster model, that gives a powerful geometric
representation of a variety of models, among which the Ising model. The FK model
depends on two positive parameters, usually denoted p and g. Given p € [0,1] and ¢ > 0,
the FK(p, ¢) model on a graph G is a model on random subgraphs of G' containing all its

vertices: the probability of a configuration w C G is proportional to

b o ")
1—p ’

where o (w) is the number of edges of w and k (w) the number of clusters of w (connected
components of vertices).

We call the FK model with ¢ = 2 the FK-Ising model: in this case, the model provides
a graphical representation of the spin-Ising model, as is best seen through the so-called
Edwards-Sokal coupling: if one samples an FK-Ising configuration on G, assigns a +1
spin to each cluster by an independent fair coin toss, and gives to each vertex of G the
spin of its cluster, the configuration thus obtained is a sample of the spin-Ising model
on G at inverse temperature § = %log(l — p). The value of the FK-Ising parameter p
corresponding to the critical value of the spin-Ising parameter 3, = %log(l + v/2) hence
equals V2

Via the Edwards-Sokal coupling, the FK-Ising model describes how the influence
between the spins propagates across the graph: conditionally on the FK-Ising configuration,
two spins of the Ising model are aligned if they belong in the same cluster and independent
otherwise. For this reason, the spin-Ising and FK-Ising models are intimately related
(including in their scaling limit).

In this paper, we will work with the critical FK-Ising model, hence the FK model with
parameter values p = \/\ﬁ - and ¢ = 2.

1.1 Main statement

In this paper, we obtain uniform RSW-type crossing probabilities [Rus81, [SWT8]| for the
critical FK-Ising model on general topological rectangles.

Given a topological rectangle (2, a, b, ¢, d) (i.e. a bounded simply connected subdomain
of Z* with four marked boundary points) and boundary conditions £ (see Section ,
denote by gbg the critical FK-Ising probability measure on 2 with boundary conditions &
and by (ab) <> (cd) the event that there is a crossing between the arcs (ab) and (cd), i.e.
that (ab) and (cd) are connected in the FK configuration.

Let us denote by fq [(ab), (cd)] the discrete extremal length between (ab) and (cd) in
Q with unit conductances (see Section [3| for a precise definition). Informally speaking,
lo [(ab) , (cd)] measures the distance between (ab) and (¢d) from a random walk or electrical
resistance point of view.



Our main result is a bound for FK-Ising crossing probabilities in terms of discrete
extremal length only:

Theorem 1.1. Let M > 0. There exists 6 > 0 such that for any topological rectangle
(Q,a,b,c,d) with Lo [(ab), (cd)] < M, and for any boundary conditions &, we have

o5, [(ab) < (cd)] > 6.

Simalarly, for any m > 0, there exists n < 1 such that for any topological rectangle
(Q,a,b,c,d) with Lo [(ab), (cd)] > m, and for any boundary conditions &, we have

¢ [(ab) ¢ (ed)] < 1.

Such crossing probabilities bounds, uniform with respect to the boundary conditions,
have been obtained in a (straight) rectangle in [DCHNT0, Theorem 1]; asymptotic exact
computations of crossing probability in arbitrary domains with specific boundary conditions
have been derived in [CS09, Theorem 6.1]. In this paper, the crossing bounds hold in
general topological rectangles with general boundary conditions, and are independent of
the local geometry of the boundary. Roughly speaking, our result is a generalization of
[DCHN10] to possibly “rough” discrete domains; this is for instance needed in order to
deal with domains generated by random interfaces (which usually have fractal scaling
limits).

As in [DCHN10], our result relies on discrete complex analysis: to connect the FK-Ising
model with discrete complex analysis objects, we use the discrete analytic observable for
the FK-Ising model introduced by Smirnov [Smil0] and crossing probability representation
(in terms of harmonic measure) introduced by Chelkak and Smirnov [CS09]. To obtain
the desired estimate, we adapt these results and use new harmonic measure techniques

developed by Chelkak in [Chell].

1.2 Applications

Crossing probabilities estimates play a very important role in rigorous statistical mechanics,
in particular for percolation models. They constitute the key argument enabling the use
of the following techniques:

e Spatial decorrelation: probabilities of certain events in disjoint 'well separated’
sets can be factorized at the expense of uniformly controlled constants. The main
ingredients to do so are the spatial Markov property of the model (see Section
and the crossing probabilities bounds.

e Regularity estimates and precompactness: the crossing probabilities are instrumental
to pass to the scaling limit. They imply a priori regularity estimates on the discrete
random curves arising in the model.

e Discretization of continuous results: thanks to uniform estimates, one can connect
the discrete models (at finite scales) to their continuous limits, and transfer results
from the latter to the former.



While the RSW bounds of [DCHN10] already allow for a number of interesting applications
(see for instance [CN09, [LS10, [CGN10, |[GP]), the stronger version of the RSW-type
estimates provided by Theorem increases the scope of applications. In particular, we
get the following new consequences, that we describe in more details now.

In the rest of this paper, for two real-valued quantities A, B depending on a certain
number of parameters, we will write A < B if there exists a constant ¢ > 0 such that
A < ¢B and A =< B if there exists two constants c¢i,cs > 0 such that c;A < B < ¢ A.
While A < B is in fact equivalent to A = O(B), we prefer the first notation (we will be
using sequences of inequalities, for which the first notation is more suitable).

Arm exponents. Thanks to crossing probabilities, the (microscopic) arm exponents
for the FK-Ising model can be related to the (macroscopic) SLE arms exponents, which
in turn can be computed using stochastic calculus techniques. The microscopic arm
exponents are crucial to understand the fine structure of the phase transition of percolation
[Kes87, INol0g|, as well as as for interface regularity [AB99] and noise sensitivity [GP]
questions.

Define A, := [-n,n|* and S,y = Ax \ A,. Dual edges are edges of (Z*)*. Fix a
finite sequence o of 0’s (open) and ¢’s (closed). We say that a path of (primal) edges is
o-connected if its edges are open (in the FK-Ising model). We say that a path of dual
edges is c-connected if it consists of dual-open edges: edges of Z? in correspondence with
dual edges of the path are closed (in the FK-Ising model). Fix ¢ = 07 ...0;. For n < N,
define A,(n, N) to be the event that there are j disjoint paths from A, to Ay with
are g;-connected, for ¢ < 5 where the paths are indexed in counter-clockwise order. For
instance, A,(n, N) is the one-arm event corresponding to the existence of a crossing from
the inner to the outer boundary of Ay \ A,,.

The following theorem is crucial in the understanding of arm-exponents. The proof
follows ideas going back to Kesten [Kes87]. Importantly, it relies heavily on Theorem [1.1
and previous results on crossing probabilities would not be sufficient to derive the theorem.
Let ¢z2 denotes the unique infinite-volume measure at ¢ = 2, p = p.(2).

Theorem 1.2 (Quasi-multiplicativity). Fiz a sequence o. For every ny < ny < ng,

P72 [Aa(nla ns)} = ¢g2 [Aa(nla 712)} Gz2 [Aa(nmns)],
where the constants in < depend on o only.

This important theorem has several consequences. We mention three of them.

let I = (Iy)r<; be disjoint intervals of size  on the boundary of the square Q = [—1,1]?,
found in counter-clockwise order following dQ. For a sequence o of length j, let Al (n, N)
be the event that A,(n, N) occurs and paths 74, ...,7; can be chosen in such a way that
v, ends on [y for every k < j.

Corollary 1.1. Fiz j > 0. For any choice of I, 0 and n < N,
¢Z2 [Aclr(na N)} = ¢Z2 [Aa(na N)}?

where the constants in =< depend on o and I only.
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This leads to the computation of universal exponents.

Corollary 1.2 (Universal exponents). For every 0 < k < n,
02 [Avcooclh,m)] = (k/m)?, b [ATP(kym)] = kfm,  d [AZF (ko)) = (k/n)?.

where AHP(n, N) is the existence of j paths in [-N, N] x [0, N] \ [=n,n] x [0,n] from
[—n,n] x [0,n] to ([N, N] x [0, N])¢. Above, the constants in =< are universal.

Another implication is the following one, which can be used to prove convergence of
critical FK-Ising interfaces to SLE(16/3).

Corollary 1.3. There exists a > 0 such that for every 0 <k <n < L,

022 [Aocococ(k, )] < (k/n)>+e
¢Z2 [AOCOC(/{?, n)} > (k/n>2—a7

where the constants in < and = are universal.

Crossing probabilities for the spin Ising model. Their conformal invariance was
investigated numerically in [LPSA94]. Thanks to the Edwards-Sokal coupling, the FK-Ising
and the spin-Ising models can be coupled. This enables us to derive crossing probabilities
bounds for the spin Ising model from Theorem [1.1

While it would be impossible to obtain crossing probabilities for the critical spin-Ising
that are uniform with respect to the boundary conditions (the probability of crossing of +
spins with — boundary conditions everywhere tends to 0 in the scaling limit, as can be
seen using SLE techniques), it is possible to get nontrivial bounds that allow to deal with
spin-Ising interfaces, notably in presence of free boundary conditions (which is the setup
considered in [LPSA94, [HK11]).
Corollary 1.4. Let M > 1. Then there exists § € (O, %) such that the following holds:

Let (Q,a,b,c,d) be a topological rectangle with 57 < lq [(ab), (cd)] < M. Consider the
critical Ising model on (2, a,b, c,d) with free boundary conditions on (ab) U (cd) and +
boundary conditions on (bc) U (da). Then we have

d <PP[There is a crossing of — spins (ab) <> (ed)] <1 —24.

By monotonicity of the spin-Ising model with respect to the boundary conditions (this
is an easy consequence of the FKG inequality), this result implies that the probabilities of
— crossings in topological rectangles with free boundary conditions (the setup considered
in [LPSA94]) are also bounded away from below. By self-duality (for topological reason
there cannot be both a — crossing between (ab) and (cd) and a + crossing between (bc)
and (da)) and symmetry between — and + spins, such crossing probabilities are also
bounded from above.
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Figure 1: A domain 2 with two points z and y on its boundary. The set (zy) and
(zy)ext are depicted. The edge e appears twice in 0Eext.

Coupling of discrete and continuous interfaces. It is useful to couple the critical
FK-Ising interfaces and their scaling limit SLE(16/3), in such a way that they are close to
each other and that whenever the SLE(16/3) interface hits the boundary of the domain,
so does the discrete interface with high probability. Such couplings are in particular useful
in order to obtain the full scaling limit of discrete interfaces [CNOG, [KS12].
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2 Graph, FK-Ising model and notations

2.1 Graph

For a planar graph G, we denote by & (G) the set of its edges. Most of the time G will be
identified with the set of its vertices, which we will also call sites. For any two vertices
x,y € G, we write z ~ y if they are adjacent and we denote by zy € £ (G) the edge
between them.

In this paper, we will consider finite connected and simply connected (meaning with
connected complement) graphs that are made of the union of faces of the square grid Z>
(vertices are points of Z? and vertices at distance 1 are linked by an edge). We will call
these discrete domains.

For a discrete domain 2, we denote by 92 C € its boundary (when we view Q a
domain consisting of the union of its faces); most of the time, we will identify 02 with the
set of its vertices, called the boundary vertices. We denote by Int (€2) the interior of the
graph, defined as Q\ 092. We denote by 0 & (€2) the set of external edges of Q, defined as



the set of edges of £ (Z?) \ € () incident to a vertex of Q, counted with multiplicity: if an
edge of £ (Z?) \ £ (Q) is incident to two vertices of €, it appears as two distinct elements
of Oext€ (). We identify the edges of 0 & () with the set Ot 2 of external boundary
vertices, they are the formal endpoints in Z?2 \ Q of the edges of O€ (Q).

For two points z,y € 9f2, we denote by (zy) C 9f the counterclockwise arc of 9 from
x to y (including = and y); as usual we identify (zy) with the set of the vertices located
on it; we will frequently identify « € 0 with the arc (zx); we denote by (xy),,, the set of
vertices of Oey €2 adjacent to (xy). We call a discrete domain € with four marked vertices
a,b,c,d € 09) in counterclockwise order a topological rectangle.

We denote by (Z?)" the dual of Z?*: the vertices of (Z?)" are the (centers) of the faces
of Z* and nearest neighbors are linked by an edge. Given a discrete domain €, the dual
domain Q* is the induced subgraph of (Z2)" whose vertices correspond to faces of Q. We
denote by 9€2* the set of vertices of (2* corresponding to faces of €2 sharing an edge with
0f). We denote by 02" the set of external dual vertices, corresponding to the faces of
72\ Q adjacent to 99, with multiplicity: it is in bijection with the edges of 9.

2.2 FK-Ising model

In order to remain as self-contained as possible, some basic features of the random-cluster
models are presented now. The reader can consult the reference book [Gri06] for additional
details.

2.2.1 Definition of FK-measures

We define the FK percolation measure on arbitrary finite graphs. Let G be a finite graph,
with a specified boundary 0G. A configuration w is a random subgraph of G given by the
vertices of G, together with a subset of £ (G). An edge of G is called open if it belongs
to w, and closed otherwise. Two sites x,y € G are said to be connected if there is an
open path (a path composed of open edges only) connecting them. Similarly, two sets
of vertices X and Y are said to be connected if there exist two sites x € X and y € Y
that are connected; we use the notation X <+ Y for this event. We also write x <> Y for
{z} <> Y. Maximal connected components of the configuration are called clusters.

A set of boundary conditions & = E1, F», ... is a partition of G into disjoint subsets
E1, Es, ... C 0G. For conciseness, singletons subsets are omitted from the notations. We
say that two boundary vertices x,y € G are wired if they belong to the same element of
&; we call boundary vertices that are not wired to other vertices free. Informally speaking,
the role of the boundary conditions conditions is to encode how sites are connected outside
G (see Section [2.2.2)).

We denote by w U ¢ the graph obtained from the configuration w by artificially linking
together any two pair of vertices z,y € 0f2 that are wired by £. Let o(w) (resp. ¢(w))
denote the number of open (resp. closed) edges of w and k(w, §) the number of connected
components of w U &. The probability measure gbf)’ 4.0 Of the random-cluster model on G



with parameters p and ¢ and boundary condition £ is defined by

0o(@) (1 _ p)e) k(@)
p? (1 —p)q
5 o ({w}) = pS (2.1)

,q,G

for every configuration w on GG, where Zé 4. 18 the partition function (normalizing constant).

2.2.2 Domain Markov property

The state of the edges in the FK model being highly dependent, what happens in a given
subgraph depends on the configuration outside the subgraph. The FK model possesses a
'screening effect’ known as domain (or spatial) Markov property, which usually makes it
possible to encode this dependence through boundary conditions. This property is used a
number of times in this paper.

Take a graph G. For a subset of edges F' C € (G), consider the graph G’ having F as
a set of edges, and the endpoints of F' as a set of vertices. Then, for any set of boundary
conditions v, qb;f’qﬂ conditioned to match a configuration w on E \ F is equal to gbﬁ,,q’G,,
where ¢ is the set of connections inherited from w (one wires in ¢ the boundary vertices
that are connected in G'\ G’). In other words, the influence of the configuration outside

(' is completely contained in the boundary conditions &.

2.2.3 FKG and monotonicity

The random-cluster model with parameters p € [0,1] and ¢ > 1 on a finite graph G has
the strong positive association property. More precisely, it satisfies the so-called Holley
criterion |Gri06], a fact which has two important consequences. A first consequence is the
well-known FKG inequality

¢, 0(ANB) > 65 o(A) 65, o(B)

for any pair of increasing events A, B (increasing events are defined in the usual way
[Gri06]) and any boundary conditions . This correlation inequality is fundamental to
the study FK percolation, for instance to combine several increasing events such as the
existence of crossings in various rectangles.

A second property implied by the strong positive association is the following mono-
tonicity with respect to boundary conditions, which is particularly useful when combined
with the Domain Markov property. For any two sets of boundary conditions ¢ < ¢ (any
two vertices wired in ¢ are wired in &), we have

60 o(A) < &5 (A) (2.2)

for any increasing event A that depends only on 2. We say that QSZ%G is stochastically

dominated by (bf) 4. and we write gbgq a < (bfJ et

Among all the possible boundary conditions, four play a specific role in our paper:

e The free boundary condition corresponds to the case when there are no extra edges
connecting boundary vertices; we denote by qbg’q,g the corresponding measure.
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e The wired boundary condition corresponds to the case when all the boundary vertices

are pair-wise connected, and the corresponding measure is denoted by gb;’q’g.

e For a discrete domain 2 with two boundary points a,b € 9S2, we call Dobrushin the
boundary conditions where the vertices of (ab) are wired together, and the other
vertices are free. The measure is denote by qﬁg D,

e For a topological rectangle (€2, a,b, ¢, d), we denote by ¢§;’ Ped) the random-cluster
measure with the vertices of (ab) wired together, the vertices of (cd) wired together
and the rest of the vertices free. These boundary conditions are called alternating
free /wired /free /wired boundary conditions.

Remark 2.1. The free and wired boundary conditions are extremal for stochastic domina-
tion: for any boundary condition & and any increasing event A,

0 00(A) < 65 ,0lA) < 0L, o(A). (2.3)

Hence to get a lower bound (respectively an upper bound) on crossing probabilities that is
uniform with respect to the boundary conditions, it is enough to get such a bound for free
(respectively wired) boundary conditions.

2.2.4 Planar self-duality

Like the other critical FK models, the two-dimensional critical FK-Ising model is self-dual:
given a discrete domain €2, we can couple the critical FK-Ising models on {2 (called the
primal model) and on Q* (called the dual model) in such a way that whenever an edge
e € £(Q) is open, the dual edge e* € £ (2*) is closed, and vice versa. The boundary
conditions of both models are dual to each other: if we consider wired boundary conditions
on (), the boundary conditions of the dual model on Q2* are free.

It can be shown that all critical FK models are self-dual [BDCI0]. For more detail on
planar duality, see [Gri06], for instance.

3 Discrete complex analysis

In the section, we introduce the discrete harmonic measures and random walk partition
functions that will be used in this article. A number of their properties are provided,
including factorization properties and uniform comparability results obtained in [Chell].
Finally, we relate certain elementary critical FK-Ising model probabilities to discrete
harmonic measure, notably using the observables introduced in [Smil0l [CS09]. These
results will be brought together in the next section to prove Theorem [I.1]

3.1 Laplacians, harmonic measures and random walks

Let €2 be a discrete domain, with boundary vertices 92 and external boundary vertices
Oext§2. Consider a collection of nonnegative conductances C = (c.), defined on the set of



the edges € and of external boundary edges Ot € (€2); we call the conductances on £ (2) the
bulk conductances and the conductances on Oext& (§2) the boundary conductances. In this
paper, the bulk conductances are always assumed to be 1 and the boundary
conductances are in [i, i) for some p > 1.

With this set of conductances is associated a Laplacian A¢ defined (for a function
f QU O0extQ2 = R) by:

Bof(r) = 1S en(f)~f@) Vre®

y~w

Ay = Z Cuy

y~z

For x,y € §, we denote by Zq ¢ [z, y] the partition function of the random walks (RW)
w in Q with conductances C from z to y, absorbed by 0. More formally, the possible
realizations are the sequences wq, ..., w, of vertices such that w is adjacent to w for each 1,
wi =, w1 € 2\ {y} and w, = y. The partition function is defined by

length(w)—1 c
. WrWE41
D
wiz—y Wk

= P[RW Wlth generator Ag starting from z hits y before 0 (2]

When the context is clear, we will omit the set of conductances C in the subscripts.
Let (ed) C 02 be a boundary arc. We define for z € Q

Za.c |z, = Z Zo,c [z, Y]
y€(cd)
= P[RW with generator Ag starting from x hits (cd) before O (2] .

It is easy to check that z — Zg ¢ [, (cd)] is a Ag-harmonic function on Q \ ((cd) U Ocxt$2)
which has boundary conditions 1 on (ed) and boundary conditions 0 on Oy €.
If (ab), (cd) C 02 are boundary arcs, we define

Za.c [(ab Z Zoc|
z€(ab)

Given a discrete domain €2, we define in the same manner partition functions of random
walks on Q% taking 0€2* and 0.2 instead of 9 and 0. €.

3.2 Discrete extremal length

A very useful tool when dealing with discrete harmonic measures in topological rectangle
is a discrete version of the extremal length. It measures the distance, from the discrete
harmonic measures point of view, between two arcs of a domain, in a particularly robust
manner. In this paper, we will mostly use it to compare partition functions of random
walks on 2 and on the dual graph Q*.
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Consider a topological rectangle (€2, a, b, ¢, d) and a collection of conductances C (recall
that bulk conductances are always 1). Denote by C]()Qlfa,b’c, d) the set of conductances C,
except that the conductances to the edges incident to a vertex of (bc) U (da) are set to 0:

in other words, the Laplacian Acl(DQN - is the generator of the random walk generated by

Ac reflected by the arcs (bc) and (da) (more precisely: reflected by the edges of 9 (£2)
incident to (bc) U (da)).
Following [Chell], we define the extremal length fq ¢ [(ab) , (cd)] by

tacl(ab). (ed)] = (Zocny., , [(ab).(cd)]) .

(2,a,b,c,d)

When no set of conductances is specified, like in Theorem [I.T] all conductances are set to
1.

The discrete extremal length is particularly powerful because of its robustness: the
discrete extremal lengths on a discrete domain with different boundary conductances are
uniformly comparable. Also, the discrete extremal length on a rectangle and its dual are
comparable (note that such a general result would not be true for partition functions of
random walks with purely Dirichlet boundary conditions):

Theorem 3.1 ([Chell]). Let p > 1. Let (Q,a,b,¢,d) be a topological rectangle and
consider a set of conductances C on 2 with boundary conductances in [%, ,u] . Let Q* be

the dual to Q* and let C* be a set of conductances on 2* with boundary conductances in
[i,u] Then we have

loc(ab), (cd)] < La-.c [(ab)", (be)"],
where the constants in < depend on p only.

The next theorem asserts that if the extremal length is of order 1 (like in the statement
of Theorem [L.1]), then so are the partition functions of random walks with Dirichlet
boundary conditions:

Theorem 3.2 ([Chell]). Let M > 1 and p > 1. For any topological rectangle (2, a,b, c,d)

and any set of conductances C with boundary conductances in [i, ,u] L if

1

37 < tacl(ab), (cd)) < M1

then
lo.c|(be), (da)] <1, Zacl(ab), (cd)] < 1, Za.c |(bc), (da)] < 1,

where the constants in < depend on M and p only.
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3.3 Factorization results

In this section, we review the main results of [Chell|] concerning factorization properties of
discrete harmonic measure. While in the continuum such results are rather easy to derive
(for instance using explicit expressions and conformal invariance), it requires a much more
delicate analysis to obtain them (up to uniform constants) on the discrete level.

Theorem 3.3 ([Chelll). Let > 1. Let (2, a,b,c) be a topological triangle and consider

a set of conductances C on ) with boundary conductances in [i,u] We have

Za.c la, (be)] < \/ZQ,C [;;Zb(]jiizcc] la, c]7

where the constants in < depend on p only.

The following estimate will also be needed. It involves a discrete version of the
cross-ratio (the left-hand side of 3.1):

Theorem 3.4 ([Chell]). Let M,u > 1. Let (Q,a,b,c,d) be a topological rectangle
and consider a set of conductances C on  with boundary conductances in [i,u] If

lo.c(ab), (cd)] < M, then

Zocla,d] Zac b, c] _
\/ZQ,C [a,b] Zo.c e, d] Zac[(ab), (cd)], (3.1)

where the constants in < depend on M and p only.

3.4 Separators

A crucial concept in the following study is the notion of separators. These separators will
allow us to perform efficient surgery of the discrete domains.

Informally speaking, separators of a domain are discrete curves that separate a domain
in two pieces, in a “good” manner from harmonic measure point of view: the product of
partition functions of random walks in the two pieces is of the same order as the partition
function of random walks in the original domain.

If (Q,a,b,c,d) is a topological rectangle, a separating curve between (ab) and (cd) is
a simple discrete curve I' in €2 from (bc) to (da) (it separates (ab) from (cd) in Q). The
connected components of 2\ I' containing (ab) and (cd) respectively are denoted by Qp (4
and Qr (.q) respectively.

Theorem 3.5 ([Chelll). Let M, > 1. Let (2,a,b,c,d) be a topological rectangle and

consider a set of conductances C on  with boundary conductances in [ﬁ,,u]. Assume

that Z = Zg,c [(ab) , (cd)] < M. Then for any k € [Z, %], there exists a separating curve
I' C Q between (ab) and (cd) such that we have

Zop e [(ab) , T Zo, e[l (ed)] = Zacl(ab), (cd)], (3.2)
ZQFﬁ(cd)’C [F’ (Cd)] = k- ZQI‘,(ab)aC [(ab) 7F] )
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where the constants in < depend on M and p only.

We will call separator a separating curve satisfying (3.2). Let us give a corollary that
will be particularly useful for us:
Corollary 3.1. Let M, > 1. Let (2,a,b,c,d) be a topological rectangle and consider
a set of conductances C on € with boundary conductances in [%, ,u]. Then there exists

e € (0,1) (depending on M and p only) such that for any topological rectangle (€2, a,b, c,d)
with Z = Zg[(ab) , (cd)] < M and any k € [Z,¢] there eists a separating curve I' C Q
between (ab) and (cd) with

ZQF,(ab):C [(a’b) >F] ’ ZQF,(cd)»C [F7 (Cd)] = ZQ,C {(ab) ’ (Cd)] ’
Zaocl|l, (cd)] € ek, k],

where the constant in < depends on M and p only.

Proof By Theorem there exists C7, Cy, C3, Cy > 0 such that for any k € [%, %} we
have

ZQ [F7 (Cd)]

Zal(ab), 1] =

Ci\Z < Zg|[(ab) '] - Zq ', (cd)] < C2Z and Csk <

Hence, we obtain

vV C’ngkZ < ZQ [F, (Cd)] < vV CQC4kZ
Take ¢ := min{\/C1C5/(CoCy), VC2Cy/M}. If k € [£,¢], we can choose k := #0242 €
[%, %} in Theorem to get the result. ([l

We will also need the following corollary, which says that we can split a topological
rectangle in “fair” shares:

Corollary 3.2. Let M, > 1. For any topological rectangle (2, a,b,c,d) and any set of

conductances C on  with boundary conductances in [i, u] such that

M~ < Lo cl(ab), (cd)] < M,
there exists separating curve I' C Q between (ab) and (cd) such that
EQ(ab)vC [(ab) 7F] = KQ(Cd),C [(Cd) 7F] = EQ,C [(a'b) ) (Cd)] )
where the constants in =< depend on M only.
Proof By Theorem [3.2] we have that Zg ¢ [(ab), (¢d)] < 1 (where the constant depends

on M only). Applying Theorem with k£ = 1, we obtain a simple curve I' separating
(ab) from (cd) with

Zown.cllab), (zy)] < Zo, ¢ (xy), (cd)] < Zac [(ab), (cd)],

where the constants in < depend on M only. Applying once more Theorem [3.2] we get
the result. ]

13



3.5 From FK-Ising model to discrete harmonic measure

In this section, we relate critical FK-Ising crossing probabilities with free/wired/free/wired
boundary conditions to discrete harmonic measures. The main tool consists of the
observables introduced in [Smil0l [CS09], where the scaling limit of FK-Ising crossing
probabilities (with free/wired/free/wired boundary conditions) is computed.

The probability that two wired arcs are connected (with free boundary conditions
elsewhere) can be bounded from above in terms of discrete harmonic measure.

Let C} denote the set of unit conductances on the edges of 25 and let Z, be the
corresponding random walk partition function. Let C, be the set of conductances on €25,
where each bulk edge has conductance 1, the boundary edges incident to (bc) U (da) have
conductance 1 and the boundary edges incident to (ab) U (¢d) have conductance \/§2+ T

Proposition 3.3. For any M > 0, for any (Q,a,b,c,d) topological rectangle with
Za,c. [(ab) , (cd)] < M, we have

S5 [(ab) & (ed)] < \/Zac, [(ab)  (cd)]

where the constant in < depends on M only.

The proof is given below. It follows the ideas of the proof of [CS09, Theorem 6.1],
where the above crossing probability is computed in the scaling limit.

When we degenerate the arc (ab) to a singleton, the partition function Zg ¢, becomes
less than one and we obtain the following upper bound (see also [DCHNT10, Proposition 6],
where a double-sided estimate is derived):

Corollary 3.4. With the notation of Proposition 3.5, we have

359 [a & (ed)] < 1/ Zac. [a, (cd)),

where the constant in < 15 universal.

If we also degenerate the arc (cd) to a singleton, we have a double-sided harmonic
measure estimate for the probability that two boundary vertices are connected with free
boundary conditions.

Proposition 3.5. Let Q be a discrete domain. For any two sites a,b € 0S), we have

V/ Zaeios a5, 0%] < 6% (a = b) </ Zac. [a,b],

for any a* € 002 at distance \/75 from a and b* € OQY* at distance ‘/75 from b. The constants

m < are universal.

This proposition is directly obtained from [DCHNI0, Proposition 6], by looking at the
case where the wired arc is reduced to a single vertex.

14



Proof of Proposition Fix a domain (€2, a, b, ¢, d) and consider the critical FK-Ising
model with boundary conditions wired on (ab) and on (cd), and free elsewhere. In [CS09,
Proof of Theorem 6.1], two discrete holomorphic observables F} and F, for this setup are
introduced, and it is shown that there exists a unique linear combination F' of Fi, F5 and a
unique £ € R such that a discrete version H, defined on QU (ab),,, U (bc),,, of Sm ([ F?)
satisfies the following boundary conditions:

H=0on (da),H=1on (cd) and H =k on (ab)_, U (bc)

ext

ext *

This discrete function H is Ag,-subharmonic on © \ ((ab) U (¢d)). The constant x € [0, 1]

is shown to be in one-to-one continuous correspondence with gbg O):(cd) [(ab) <> (cd)]; from
[CS09, Formula 6.6], we get in particular that

Vi = 5D [(ab) + (cd)], (3.3)

where the constants are universal.

Let ai, be a vertex of Int (€2) adjacent to a. By construction of H (see [CS09, Proof
of Theorem 6.1]), we have that H (ai,) > H (Gex;) = K, Where aey is the vertex of (ab),,
closest to a. If we now consider the function H — k, we obtain the following estimate in
terms of discrete harmonic measure

0= H(aext) — k < H(ain) — K
< Zg.c.|in, (cd)] + kZa ¢, [tin, (ab)ext] + KZa,c. [Gin, (DC)ext] — K
= (1 - k&) Zac, [an, (cd)] — kKZa ¢, [Gin, (bC) ] ,

In the first equality, we used the boundary condition for H, in the second the fact that
H — k is Ag,-subharmonic on €2 and the boundary conditions of H — x. This leads to

Zac, (o, (cd)]  _ Zac, [a, (cd)]
= Zgc. lam, (b¢).] T Zac. la, (be)]

We used the fact that harmonic measures are comparable for neighboring vertices and
neighboring arcs. Using the factorization for the harmonic measure given by Proposition

B3, we get

o < Zoc.la(d)] _ [Zac.la c Zoc, [a.d| Zac, b _ [Zoc.[a.d Zac, [b,C]
"~ Zoc. [a, (be)] Za,c, la,b] Za,c, [a, ] Za,c, [c. d] Za,c. [a,b] Zoc, [c.d]

Using the assumption Zg ¢, [(ab), (cd)] < M, we get by Theorem [3.4] that

o < Za,c. la,d] Zo,c, b, c|
“\ Zoc, [a,b] Zoc, [c, d]

= Zg,c. [(ab) , (cd)] .

Hence, (3.3)) implies

GV [(ab) ¢ (cd)] = VR < y/Zac, [(ab) . (cd)].
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4 Proof of Theorem [1.1]

In this section, we will be considering partition functions of random walks on a topological
rectangles, and will omit the dependence on the domain in the notation when the context
is clear. Recall that Zg ¢, [I'1, 2] is the partition function function of random walks on
as previously defined, with unit conductances everywhere, except on the external edges

incident to I'y U T'y, where the conductances are set to 1+2 7

Lemma 4.1. Let M > 1. For any (Q, a,b,¢,d) with Zg c,[(ab), (cd)] < M, we have

od Zo,c.la, (cd)] Za,c,[b, (cd)]
2 )(a & (cd),b e (ed)) < \/ Zo,c.[(ab), (cd)] ’

where the constant in < depends only on M.

Proof In this proof, constants in < and < are depending only on M. Note that
Zac.la, (cd)] < Zg.c,[(ab), (cd)] < M. Fix e = (M) € (0,1) as given by Corollary [3.1]
Then we have two cases:

Case 1: Zgc,la, (cd)] > $Zac.[(ab), (cd)] or Zoc,[b, (cd)] > §Za,c.[(ab), (cd)).
Suppose we are in the first case (the other case is symmetric). Then Corollary
implies

o5 (a,b < (cd)) < 65 (b (ed)) < 1/ Zac. b, (cd)]

- \/3ZQ7C. la, (cd)] Za,c, b, (cd)]
- £Za.c.[(ab), (cd)]

Case 2: Zgc,la,(cd)] < $Zac.[(ab), (cd)] and Zoc,[b, (cd)] < §Za,c.[(ab), (cd)].
By Corollary 3.1 (setting % := £ Zo,c, [(ab), (cd)]), there exists a separator ', between
a and (ed) such that

%ZQ,C.[(@b%(Cd)] < Zac.la, (cd)] < %ZQ,C.[(ab)a(Cd)]- (4.1)

Denote by €, the connected component of 2\ I', containing a.
Similarly, there exists a separator I', of b and (e¢d) such that

“Zacllab). (ed)] < Zac [0y, (ed)] < 3Zocul(ab), (e, (12)

Denote by €, the connected component of Q2 \ I', containing b.
Note that the two separators do not intersect: Q, N €Y = (). Otherwise, their union
would separate the whole arc (ab) from (ed), which is impossible, since

Zacla Uy, (cd)] < Zgc,[la, (cd)] + Zac, [T, (ed)] < 2/3 - Zgc.[(ab), (cd)].
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We are thus facing the following topological picture: the two arcs I', and I', are not
intersecting and are separating a, b and (cd). Wiring the arc ', and I'y, we find:

657 ab o (cd)] < ok la ¢ Do b > Tylgle o [0, U T, ¢ (cd))

Let us deal with the first term on the right-side. Using Corollary and the fact that I,
is a separator between a and (cd), we obtain

ZQ ,C ZQ C [CL7 (Cd)]
T, A I . < =
“la < \/Zac.la, \/ZQ c.[Ta, ( cd - \/ZQ,Co[(a’b)v (cd)]’
where in the last inequality we used (4.1)). Similarly:

r, ZQ,C. [b’ (Cd)]
daylb e Ty] < \/ Zo,c.|(ab), (cd)

For the last term, we get

GnianonLa UTs 6 ()] < 0G0 la,) " [TaUTy U (ab)  (cd)]
< \/Zac.[La UT, U (ab), (cd)
< \/3Zac.l(ab), (cd)]

where in the second inequality we used Proposition and in the third one, (4.1) and
(4.2). Putting everything together we find

(cd) Zo,c.la, (cd)] Za,c,[b, (cd)]
¢Q [av b « (Cd)] S\ \/ ZQ7C.[<G/b), (Cd)] .

O

Let us now reduce Theorem to a lower bound for crossing probabilities, with free
boundary conditions, assuming double-sided estimates for the discrete extremal length. In
the following, let £o[(ab), (cd)] be the discrete extremal length with conductances all equal
to 1.

Lemma 4.2. To prove Theorem we only need to prove the following: for any M >
1, there exists & > 0 such that for any topological rectangle (2, a,b,c,d) with M~! <
lo[(ab), (cd)] < M, we have

¢ [(ab) < (cd)] = 6.
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Proof Let us first notice that to prove both estimates of Theorem we can assume
that we have a double-sided control on the discrete extremal length of (€2, a, b, ¢, d) (instead
of the one-sided bounds in the assumptions of the theorem). Indeed, if we want a lower
bound on the probability of a crossing (ab) <+ (ed) in  when (q[(ab), (cd)] < M (we can
always take M > 1), we can also assume that lo[(ab), (cd)] > M~ by bringing a and b
close enough to each other, if necessary (clearly, this will increase £q[(ab), (cd)] < M, while
decreasing the probability of a crossing (ab) <+ (cd)). Similarly, if we want an upper bound
on the probability of a crossing (ab) <> (cd), under the assumption lo[(ab), (cd)] > m (we
can always take m = M~! < 1), we can also assume (g[(ab), (cd)] < m™', by bringing b
and c close enough to each other if necessary.

Using the monotonicity with respect to the boundary conditions (Remark , in
order to get a lower bound for the crossing probabilities that is uniform with respect to
the boundary conditions, it is enough to get such a bound for free boundary conditions.
Similarly, it is sufficient to get a uniform upper bound in the case of fully wired boundary
conditions.

Using the self-duality of the model (see Section , we see that obtaining an upper
bound for the probability of a crossing (ab) <> (cd) on © (with wired boundary conditions)
is equivalent to obtaining a lower bound for the probability of a crossing (bc)* <> (da)*
for the critical FK-Ising model on Q* (with free boundary condition). It is hence enough
to bound from below the probability ¢2.[(bc)* > (da)*] of a dual crossing from (bc)* to
(da)* (by a constant depending on M only). The extremal length ¢o[(ab)*, (cd)*] is of the
same order as lq[(ab), (cd)] by Theorems and [3.2] so it is enough to prove the lower
bound of Theorem [I.1] and this proves the lemma. O

Proof of Theorem (1.1 Let M > 1. Once again, constants in <, < and = depend
only on M. Fix a domain (€, a,b, ¢,d) with £g[(ab), (cd)] € [M ™1, M].

By Lemma [4.2] it is enough to prove that there exists § > 0 such that the probability
of a crossing (ab) <+ (cd) with free boundary conditions is at least 4.

The proof relies on a second-moment estimate for the random variable

N = > Bu 0] Lo (4.3)

u€(ab), vE(cd)

Step 1: First moment of V.
Let us start by estimating the first moment:

$o[N] = Y e = Y Zocswert)

u€(ab), vE(cd) weE (ab)* t€(cd)*

= Zg-c:[(ab)", (ed)*] = 1,

Note that in order to obtain the first inequality, we used Proposition 3.5, For the last one,
we used Theorems [3.3] and 3.4] to show that

1 < lg[(ab), (cd)] < Lo- cz[(ab), (cd)] < Zg« cx[(ab)”, (ed)T].
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Step 2: Second moment of N.

Corollary applied in (€, a, b, ¢, d) gives a separator I' C €2 between (ab) and (cd)
splitting €2 in two parts of comparable sizes (in terms of harmonic measure):

ZQ7C.[(CLb>,F] = Zgyc. [F, (Cd)] = ZQ’C.[(ab), (Cd)] = 1. (44)
We find:
GoN?] = D (e e A e RS Tt
u,v€(ab), v v'E(cd)
< > uo TIeh  T]gg[v < TIg v’ > T]odfu,u’ <> T v, 0" > T,

u,v€(ab), u’' W' e(cd)

Let ©; and €5 be the connected components of Q\ I' containing (ab), and (cd) respectively.
Wiring the arc I', the right-hand side factorizes into the product of two terms

SQI = Z ¢51 [U’ A F]gbgl [U A F]gbgl [u7 v F]’
u,vE(ab)
S _ I / Iy / I /A
Qo — Z ¢QQ [U/ A F]QSQQ [U A F]¢Ql [u ’U A F]
u/ v’ €(cd)

Assume for a moment that we possess the bounds
Sa, < Zoc.ab),T]?  and  So, < Zac.|T, (cd)* (4.5)
They imply, thanks to the definition of separators,
WOIN? < (Zoe.l(ab).T] Zoc, [T, (cd))** < Zoc,l(ab), (cd)]*/2.
Now, by Theorems [3.3] and [3.4] we get that
1= lo[(ab), (cd)] < Lo- cz[(ab), (cd)] < Lac.[(ab), (cd)] < Zqc.[(ab), (cd)].
We conclude that ¢ [N?] < 1.

Step 3: Proof of the two estimates in (4.5)).

We only show the first one, since the second one is the same. Using Lemma and
Corollary [3.4] we find

So, = > 66, [u Tlgg, [v < T]h, [u,v <> T
u,v€(ab)
S Z ZQ,C. (U, F)ZQ,C. (Ua F)
u,v€(ab) ZQ’C' [(U'U), F]
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Note that for any sequence of positive real numbers (uy,),>0, and a > 0, a comparison
between series and integral implies

n k a—1 n a
Zuk (Zu]) < é(Zuk> . (4.6)

Say that u < v if v and v are found in this order when going along the arc (ab) in the
counterclockwise order. In our case, (4.6 implies that,

Z Zo,cuw, I Zg,c,[v,T] < 9 Z Zo,cuw, I Zgc,[v,T]

u,ve(ab) ZQ,C. [(uv>7 F] a u-<v€(ab) ZQ’C' Kuv)’ F]
ZQ C [u, F]
= 2 ZQ,C. [U7 F] —
v%n gm,) Zo.c.[(wv), T

< Y Zoc v, T Zac.l(av),T]

vE(ab)
S Z ZQ7C. [U, F] ZQ,C. [(ab)v F]

vE(ab)
S ZQ,C.[<ab)7 F]gu

thus giving (4.5)).

Step 4: Lower bound for crossing probabilities.
By the Cauchy-Schwarz inequality,

¢0 N 2
S ((ab) & (ed)) = h(V > 0) = Kyl(Ixso] > LI =1
P N?]
where we used the two first steps. Our bound depends on M only. U

5 Arm exponents

5.1 Quasi-multiplicativity

Define A, (z) := x+ [-n,n)* and A, = A,(0). Also set S, y(z) = An(z) \ An(z) and
Snn = SN (0).
A classical use of Theorem implies the following lemma

Lemma 5.1. For any o, there ezist 5, > 0 and 3. > 0 such that
(n/N)P < ¢[Ay(n,N)] < (n/N)%.

Another easy consequence of Theorem (in fact of a weaker result, see Proposition 5.11
of [DCHNI0]) is the following
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Proposition 5.2 ([DCHNIQ]). There exist ¢c,cc > 0 such that for any k < n,

6(ANB) - $(A)b(B)| < c (5) o(A)6(B)

n
for any event A (resp. B) depending only on the edges in the box Ay (resp. outside A,,).

An important consequence of this property is the following: up to uniform constants,
the probability of existence of j arms does not depend on the boundary conditions. In
particular,

ng(AU(n, N) ‘ fz2\A2N) = ¢(As(n,N)) a.s. (5.1)
uniformly in n, N, where F, is the o-algebra generated by (the state of) the edges in €.

Let us define the notion of well-separated arms. In words, well-separated arms extend
slightly outside the boxes and their ends are at macroscopic distance of each others,
see Fig. 2l More precisely, for small, fixed § > 0, j paths 71, ..., 7; with end-points
T = Y N ON,, Yy = 7 N OAN are said to be well-separated if

e the points y, are at distance larger than 20 N from each other.
e the points x;, are at distance larger than 20n from each other.
e For every k, yj is ox-connected up to distance 0N of S, y in Asn(yk),
e For every k, xy is og-connected up to distance on of S, y in Agy, ().

Let AsP°(n, N) = A%P(n, N) be the event that A,(n, N) holds true and there exist
arms realizing A,(n, N) which are § well-separated. The previous definition has several
convenient properties.

Lemma 5.3. Fix 0 <1 small enough. For every ny < nao,

AT (n1,n2)] = AT (201, n2)].

Proof Condition on A3*P(2n;,ny) and construct j disjoint tubes of width ¢ = £(9)
connecting (z + Agsn,) \ A2,y to disjoint boxed Ty + 0Ag,, for every k < j, where
T € OA,,. It easily follows from topological considerations that this is possible when §
is small enough. Via Theorem , the oy-paths connecting zy to dAgs,, () N Agy,, to
O\, can be extended to connect to JA,, while staying in tubes with positive probability
¢ = c(0,po). O

Proposition 5.4. Fiz 0 <1 small enough. For every ny < ny < %,

PlATY (n1,m3)] = H[AFP(n1,m2)] - [ATP (N2, n3)].
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JA\n

O\, .

Figure 2: On the left, the five-arm event Aycooc(n, N). On the right, the event
Ai?;goc(n, N) with well-separated arms. Note that these arms are not at macroscopic
distance of each others inside the domain, but only at their end-points.

Proof of Proposition 5.4 We have
G[AFP(n1,m2) N ATP(2n2,13)] = [ AT (11, 12) |[ATP (202, 113)] - [ ATP (202, 13)]
> G[AFP(n1,na)] - 9| ASP (200, n3)]
G[AFP(n1,m2)] - P[ATP (2, 13)]

thanks to and Lemma and it suffices to prove that ¢[ASP(ny, ns) N AP (202, n3)]
and ¢[ASP(ny,ns)] are comparable. To do so, condition on A5P(ny, ny) N ASP(2n,, ng) and
construct j disjoint tubes of width € = £(d) connecting (yx+ Asn, ) \ An, t0 (g +Agsn, ) N Aoy,
for every k < j. It easily follows from topological considerations that this is possible
when ¢ is small enough. Via Theorem , the oy-paths connecting x5, to OAasn, (xr) N Ay,
and yx to OAgn, (yx) \ Apn, can be connected by a oj-path staying in a tube with positive

probability ¢ = ¢(d, pg). Therefore,
G(ATP (1, m3)) = co[AFP (1, n2) N ATP (202, 13)]

which concludes the proof. 0

This proposition, together with Lemmal5.1} has the following consequence. Fix p € (0,1)
and § < 1 small enough. There exists o = a(d) > 0 such that for every n; < ny < ng,

[ AP (ny,my)] < (Z—;’)a-(;ﬁ[,qf,ep(nl,ng)} (5.2)
G[AFP (g, n3)] < (Z—j)a'ﬁb[fliep(nun:’»)]- (5.3)

Our main objective is now to prove the following:
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Proposition 5.5. Fiz 0. For everyn < N, we have
¢[AFP(n, N)| < ¢[As(n, N)].

Indeed, if A%*P(n, N) and A,(n, N) have uniformly comparable probabilities, Theo-
rem [[.2] follows from the previous statement:

Proof of Theorem We have for n; < ny < ngs:

(ﬁ[Aa(nl,ng)} < ¢[Aa(n1,n2)|Ag(2n2,n3)} -(ﬁ[AJ(Qng,ng)}
= QS[AU(nl,nQ)] -(;S[AU(Qng,ng)]
= gb[Af,ep(nl,ng)] -ng[Affp(Qng,ng)}
< GAFP(n1,n0)] - O[AFP (12, ns)]
< ¢[As(n1,n2)] - ¢[As(n2, n3)],

where in the second line we used (5.1)), in the third, Proposition and in the fourth,
(6.3). Now,

¢[As(n1,n3)] > G[AXP(ny,n3)]
> ¢[AXP(n1,ng)| - 9[AXP(n2, n3)]
= ¢[Aa(n1,n2)} '¢[Ao(n27n3)}

where in the first and third lines, we used Proposition [5.5, in the second Proposition 5.4}
O

Therefore, we only need to prove Proposition Let us start with the following two
lemmas:

Lemma 5.6. For any ¢ > 0, there exists T > 0 such that for everyn >0

gbgn . (3T disjoint crossings of Spo2,) < €

uniformly in boundary conditions &.

Proof It is sufficient to show that for € > 0, there exists 7" > 0 such that the probability
of T disjoint vertical crossings of [0,4n] x [0,n] is bounded by € uniformly in n and the
boundary conditions. In fact, we only need to prove that conditionally on the existence of
k crossings, the probability of existence of an additional crossing is bounded from above
by some constant ¢ < 1.

In order to prove this statement, condition on the k-th left-most crossing ~,. Assume
without loss of generality that v, is a dual crossing. Construct a subdomain of [0, 4n| x [0, n]
by considering the connected component of [0, 4n| x [0, ] \ 7% containing {4n} x [0,n|. The
configuration in €2 is a random-cluster configuration with boundary conditions £ on the
outside and free elsewhere (i.e. on the arc bordering the dual arc 7). Now, Theorem [1.1

23



implies that €2 is crossed from left to right by a primal and a dual crossing with probability
bounded from below by a universal constant. Indeed, cut the domain €2 into two domains
Q2 =QN][0,4n] x [0,n/2] and s = QN [0,4n] x [n/2,n] and assume €, is horizontally
crossed and €25 is horizontally dual crossed). This prevents the existence of an additional
vertical crossing or dual crossing, therefore implying the claim. 0

The previous proof harnesses Theorem in a crucial way, the left boundary of
being possibly very rough, previous results on crossing estimates would not have been
strong enough.

Lemma 5.7. For any ¢ > 0, there exists 6 > 0 such that for every 2n < N,
gbgnn 2N( any set of crossings of S, n can be made well-separated ) > 1—¢

uniformly with respect to the boundary conditions &.

Proof Fix n and the boundary conditions &.

Consider T large enough so that the probability that there exist more than 7' disjoint
crossings of S, 2,, is less than e.

Fix 6 > 0 such that in any subdomain of the annulus Sy, ., OAs, is not connected or
dual connected to A, with probability 1—e /T, uniformly in the domain and the boundary
conditions on Sy, ,. The existence of § can be proved using Theorem .

With probability 1 — 4¢, no crossing ends at distance less than 6N of a corner of .S, y.
It is thus sufficient to work with vertical crossings in the rectangle [N, N] x [n, N].

Now, condition on the left-crossing v; of [N, N] x [n, N] and set y to be the ending
point of 77 on the top. As before, construct the domain 2 to be the connected component
of {N} x[n,N]in [-N, N] X [n, N]\ v1. With probability 1 —¢/7", no vertical crossing will
land at distance 0N of y by ensuring that 2N S5z 5 contains open and dual-open circuits.
Moreover, Theorem |1.1} allows to construct a path P in Agzy(y) \ ([N, N] x [n, N]\ Q)
connecting ; to the top of As2n(y) with probability ¢ > 0. The construction costs at most
a factor of ce/T" (in terms of probabilities) and ~; is guaranteed to be isolated from other
crossings. Iterating the construction 7" times, we find the result.

The same reasoning applies to the interior side and we obtain the result. 0

Proof of Proposition The lower bound ¢[ASP(n, N)] < ¢[As(n, N)] is straight-
forward. Let us prove the upper bound for Sy on, first with only the separation on the
exterior (the definition is an obvious extension of the definition of well-separated paths).

Define AP/ (27 2%) to be the event A,(2",2*%) with separation on the exterior only. Let
By, be the event that crossings in Sye-1 o1 can be made well separated. Lemma ensures

that ¢(B¢) < e. Note that A, (2",2%) N B, C A/ (27 2%). We thus have
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Q

Figure 3: The construction of open and closed paths extending the crossing and
preventing other crossings of finishing close to the path.
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Since annuli are separated by macroscopic areas, we can use ([5.1]) repeatedly to find
N-1

B(A,(2",2Y) < > 9[As(2",2%), Bi]C)(Bii2)CH(Brsa) - -

x>

3

=

IN

¢[Asep/ext(2n )} (05) (N—n)/2

Eod
2:

1

< (Z 2N n « CE (N— n)/Q) QS[AZep/eXt(Qn,QN)}

where we used ([5.2)) in the third line. Choosing € small enough, we obtain § such that
¢|:AU(2TL’ 2N)} ,<\ (b[A‘STep/ext(Qn’ 2N>:|

One can then obtain the separation on the interior in the same way. Now, fix n < N
arbitrary. take s, € N such that 257! <n < 2% and 2" < N < 2""1. We have

¢[Aa(n7 N)] < ¢|:AU(2872T>] = ¢[A(sjep(2572r>} = (b[Azep(nw]V)}
using and a last time. ([l

5.2 Corollaries of Theorem [1.2|
Proof of Corollary The proof is classical and uses Proposition 0

Let Al(n, N) be the event that there exist arms from the interior to the exterior of
Sh.n, and such that v, ends on NIj.
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Figure 4: Only one site per rectangle can satisfy the following topological picture.

Proof of Corollary We treat the first case only, as the other cases are similar and
easier. By quasi-multiplicativity, we only need to look at the case k = 1.

Let us first prove the lower bound. Fix n > 0. Consider the following construction:
assume there exist a horizontal crossing of [—n,n] x [-n/4,0] and a dual horizontal
crossing of [—n,n] x [0,n/4]. This happens with probability bounded from below by ¢ > 0
not depending on n. By conditioning on the lowest interface I' between an open and a
closed crossing of [—n,n] x [-n/4,n/4], the configuration above it is a random-cluster
configuration with free boundary conditions. Let €2 be the connected component of A, \ T
containing [—n, n] x {n}. Assume that [—n/4,0] x [—n,n] N is crossed horizontally by
a closed path, and that [0,n/4] x [—n,n] N Q is crossed horizontally. The probability of
this event is once again bounded from below uniformly in n, thanks to Theorem [1.1} Note
that we need a strong form of crossing probabilities in order to guarantee the existence of
the last crossing since the boundary of {2 can be very rough.

Summarizing, all these events occur with probability larger than ¢ > 0. Moreover,
the existence of all these crossings implies the existence of a site in A, /4 with five arms
emanating from it. The union bound implies

(n/4)?¢[ Aocooc(n/4)] > ¢

In order to prove an upper bound for ¢[A,coec(n)], recall that it suffices to show it for
well-separated arms for which we choose landing sequences. Consider the event described
in Fig. [l Topologically, no two sites in A,, can satisfy this event simultaneously, which
implies the claim. 0
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Proof of Corollary Fix n < N, we have
O(Avcococ(n, N)) < d(Aocococ(n, N),no arm finishing at the bottom).

Conditioning on five arms (starting the exploration from the bottom for instance), it can
be shown that

B (Ageococ(n, N),no arm finishing at the bottom) < ¢"(A.(n, N))d(Agcoce(n, N)).
The result follows from Corollary [I.2] and the fact that Theorem [I.1] implies
¢"(Ae(n, N)) < (n/N)"

for some v > 0. The same proof works with ococc replacing ocococ. 0]

5.3 Spin-Ising crossing probabilities

The FK-Ising model (¢ = 2) and the spin-Ising model are coupled, through (a special case
of) what is usually referred to as the Edwards-Sokal coupling [ESSS].

Let us first recall that the Ising model (with free boundary conditions) on a discrete
domain €2 (or more generally a graph) is a random assignment of +1 spins (o), to the
vertices of €2, where the probability of a spin configuration is proportional to

exp (—BH (0))

where
H (o) = —ZUin,
inj
and where 8 > 0 is the inverse temperature; the sum is over all pairs of adjacent vertices.
We can specify boundary conditions by imposing (i.e. conditioning) that spins o, at
vertices z € Jf) take a specified £1 value (we speak of £+ boundary conditions) or let them
free (free boundary conditions).

Theorem 5.1. Let 2 be a discrete domain, let £ = E be the set of boundary conditions,
where the vertices in 2 C 0 are wired together and the other vertices are free. Consider
a realization w of the FK-Ising model on ) with boundary conditions & and parameter
p€0,1]. Let o € {il}Q be the spin configuration obtained in the following manner:

e Set the spins of all the vertices belonging to the cluster containing E to +1.

o [or each cluster K that is not the cluster containing E, sample an independent fair
+1 coin toss, and give that value to the spins of all the vertices of K.

Then o has the law of an spin-Ising configuration, at inverse temperature 5 = 1—e™P, with
+ boundary conditions on the wired vertices of & and free boundary conditions elsewhere.

As explained in the introduction, through this coupling, crossing probabilities are
related to spin correlations (see [DCHNI0], for example of applications).
We now make use of this coupling to prove Corollary
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Proof of Corollary Let us show the lower bound only (the upper bound can be
obtained by self-duality arguments).

By Theorem [5.1], we can couple this Ising model with an FK-Ising model with boundary
conditions (bc)U(da) (the sites on (be)U(da) are wired, and the sites on (ab)U(cd) are free).
Use Corollary [3.2] to split € into three “fair shares” (1, a, &4, z3, b), (Qa, Tp, T, Zc, T4) and
(Qs,¢,d, x4, x.), with

lo, [(az,) , (Tpd)] = Lo, [(7p7a) , (Te4)] X Loy [(cd) , (z47.)] < 1

(the constants depend on M only). By Theorem there exists o > 0 such that with
probability at least «, there is no FK crossing (ax,) <> (zpb) in €7, with probability at
least « there is no FK crossing (cd) <> (xq4x.), with probability at least « there is an
FK-Ising crossing (zp7,) <+ (z47.). So, with probability at least a®, we can ensure that
there is an FK-Ising crossing (ab) <+ (cd) in €, that does not touch (bc) U (da). Sampling
a spin-Ising configuration from the FK-Ising model, we get that with probability at least
%a?’, there is an FK-Ising crossing with spin —. Note that we use the fact that this crossing
is not connected to (bc) U (da). O
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