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Abstract

These lecture notes accompany a mini-course given by the author at the 2023 CIME summer
school “Statistical Mechanics and Stochastic PDEs” in Cetraro, Italy.

The aim of these notes is to give a quick introduction to FK-percolation (also called
random-cluster model), focusing on certain recent results about the phase transition of the two
dimensional model, namely its continuity or discontinuity depending on the cluster weight ¢,
and the asymptotic rotational invariance of the critical phase (when the phase transition is
continuous). As such, the main focus is on FK-percolation on Z? with ¢ > 1, but we do
mention some important results valid for general dimension. We purposefully avoid results
specific to the case ¢ = 2 (i.e. the FK-Ising model), and focus on generic values of ¢q. To
favour quick access to recent results, the style is minimal, with certain proofs omitted or left
as exercises.

As a mise en bouche, the first chapter treats Bernoulli percolation (also called i.i.d. perco-
lation, corresponding to the case ¢ = 1), which is arguably the easiest of the FK-percolation
models to define and study. We could not resist the temptation to include here the very ele-
gant proof of the sharpness of the phase transition in general dimension due to Duminil-Copin
and Tassion | |. The role of this part is also to highlight the several levels of under-
standing of the phase transition of a statistical mechanics models: non-triviality, sharpness,
order of the phase transition, fine properties of the critical phase. The following chapters
discuss these topics for the two-dimensional FK-percolation model.

Chapter 2 is a quick introduction to FK-percolation (in general dimension), presenting
its basic properties and a summary of results not contained in this work.

The following chapters are specific to two dimensions. Chapter 3 contains a celebrated
result by Duminil-Copin, Sidoravicius and Tassion | | which establishes a dichotomy
between two types of phase transition: continuous and discontinuous. The identification of
the critical point and the sharpness of the phase transition follow easily.

In Chapter 4, we identify the type of phase transition depending on the cluster-weight ¢:
continuous for 1 < g < 4 and discontinuous for ¢ > 4. The strategy employed here is to relate
FK-percolation to the six-vertex model via the Baxter—Kelland-Wu (BKW) correspondence,
then to compute certain quantities in the six-vertex model using its transfer-matrix repre-
sentation. Eigenvalues of the transfer matrix may be estimated using the Bethe ansatz, then
translated by the BKW correspondence into estimates of probabilities of events in the FK-
percolation model, which ultimately allow us to determine the type of phase transition. We
do not detail here how the Bethe ansatz applies to the six-vertex model and how the afore-
mentioned estimates are obtained, but focus on their interpretation on the FK-percolation
side.

Finally, in Chapter 5, we examine the case 1 < ¢ < 4, when the phase transition is contin-
uous and we may speak of a critical phase. We present two powerful results from | |
on the (potential) scaling limit of the critical model: namely that it is invariant under ro-
tations by any angle 6 € [0,27] and that it is universal among certain isoradial graphs (see
Section 5.2 for precise definitions). The original paper is highly technical, and this chapter
aims to present a more streamlined version of the proofs, while leaving out certain details.
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Chapter 1

Bernoulli percolation: the basics

The simplest instance of FK-percolation is Bernoulli percolation (corresponding to cluster
weight ¢ = 1), where edges are open or closed independently of each other. This chapter
illustrates the concepts and phenomena valid for more general FK-percolation models in this
simpler setting.

1.1 Definitions

Fix a graph G = (V, E). In this chapter, G will be the hyper-cubic lattice Z¢ or subgraphs
of it, but for now we can consider general graphs.

Definition 1.1. For p € (0,1), let (w(e))eecr be i.i.d. Bernoulli random variables of parame-
ter p. Write P, for the law of w, it is a measure on Q = {0, 1}F.

We identify the configuration w with the subgraph of G with vertices V' and edges {e €
E :w(e) =1}.

We call an edge e with w(e) =1 open (in the configuration w), or closed if w(e) = 0. We

will also identify w with the subset of E formed of the open edges. Connections in w will be
denoted by <, or <> when w needs to be specified.

Percolation: existence of infinite cluster. When studying percolation, the questions
of interest revolve around the geometry of the connected components (or clusters) of w,
specifically the large ones. When G = Z?, the most basic question is whether w contains an
infinite cluster; it it does, we way that w percolates.

For G = Z% with d > 1, it is immediate that, for any p, the measure P, is tail-trivial. As
such

[P, [there exists an infinite cluster] € {0,1} for all p € (0,1).
Furthermore, the existence of an infinite cluster under IP, is equivalent to the positivity of
8(p) := Pp[0 is in an infinite cluster] =P, [0 <> oo,
with 0 <> co being an abbreviation for the fact that the cluster of 0 is infinite.
Monotonicity in p, definition of p.. The measures (Pp),c(,1) may be coupled in an

increasing fashion as follows. Let P be the probability measure on [0,1]¥ produced by
sampling i.i.d. uniforms (U.)cecr on [0, 1], and set

0 ifU.<1-
wple) = 1 = 7P for all e € F and p € (0,1).
1 ifU.>1—p,



Then w), has law P, for all p and
wp(e) < wy(e) for all e € E and p < p/, P-ass. (1.1)

Due to these properties, we call P an increasing coupling of the measures P,,.

More generally, (1.1) defines a natural partial order on {0, 1}¥ and we will abbreviate (1.1)
as wp < wy. An event is called increasing if its indicator function is increasing for this partial
order. In other words, increasing events are events which are stable under the addition of
open edges. Examples include {there exists an infinite cluster}, {0 <» oo} and {z <> y} for
any two points x,y € V.

Due to the increasing coupling above, the probabilities of increasing events are non-
decreasing functions of p. In particular p — 6(p) is a non-decreasing function.

Definition 1.2. The critical point (or point of phase transition) of Bernoulli percolation p. =
pe(Z%) € [0,1] is defined by

pe =sup{p € (0,1) : (p) =0} = inf{p € (0,1) : O(p) > 0}.

The equality of the two expressions defining p, is due to the monotonicity of 6(p). More-
over, as discussed above, we immediately conclude that

0if p < pe

[P, [there exists an infinite cluster] =< =
1if p > pe.

Fundamental questions. The questions that come to mind next are the following, in
increasing order of difficulty.

(1) Is the phase transition non-trivial, i.e., do we have 0 < p, < 17

(2) How do clusters behave away from p.?

In the sub-critical phase p < pe, all clusters are finite and we expect them to exhibit
exponential decay of radii:

P,[0 <> OA,] < e~clP)n for all n and p < pe, (1.2)

where ¢(p) > 0 is a constant depending on p, A,, := {—n,...,n}?is seen as a subgraph

of Z% and OA,, is the set of vertices in A,, with neighbours outside.

In the super-critical phase p > p., there exists at least one infinite cluster; we expect it
to be unique and all other clusters to have an exponential decay of radii:

P,[0 <> AA,, but 0 ¢ oo] < e~cP)n for all n and p > p., (1.3)

where ¢(p) > 0 is a constant depending on p.

(3) Does there exist an infinite cluster at p.? Or equivalently, do we have 6(p.) > 07
The same question may be rephrased as whether the phase transition is continuous
(0(pe) = 0) or discontinuous (6(p.) > 0). For d = 3, this remains one of the main open
questions in the field.

(4) If the phase transition is continuous (and therefore all clusters are finite at p.), what
is the rate of decay of Py, [0 <> OA,]| as n — oo? Furthermore, what is the geometry of
the large clusters under the critical measure?

In the rest of the chapter, we will answer the first two questions for Bernoulli percolation
on Z% for general d > 1, and the third for Bernoulli percolation on Z2. The same questions
will be considered for FK-percolation in the following chapters.



1.2 Non-triviality of p,

Throughout this section, we will work on Z¢ with d > 2 (in the case of d = 1, we trivially
have p. = 1; see Exercise 1.1). The goal of this section is to prove the following.

Theorem 1.3. For all d > 2, we have 0 < p, < 1.

Both bounds use the celebrated Peierls argument, named after the German-British physi-
cist Rudolf Peierls. This argument, most clearly illustrated in the proof of Proposition 1.4,
is a generic way of identifying trivial behaviour for models in perturbative regimes (that is,
when the parameters are close to their extremes). It studies the competition between energy
and entropy using coarse estimates.

Proof of Theorem 1.3. The proof follows directly from Proposition 1.4, which shows that p. >
Til and Proposition 1.6 which shows p, < 2/3. O

1.2.1 Lower bound on p,

Proposition 1.4. For alld > 2 and p < Til, there exists c(p) > 0 such that
P,[0 <+ dA,) < e~cP)n foralln > 1.

Proof. Let A,, be the set of simple paths on Z% of length n (i.e., containing n edges) starting
from 0. Observe that, for all n,

P,[0 < OA,] < P,[3y € A, formed only of open edges]
< E,[#{v € A, formed only of open edges}]

= Z [P, [all edges of v are open}|
’YeAn

= |An| - p".

Finally, it is immediate to check that |A,| < 2d - (2d — 1)"~!. Inserting this estimate in the
above, we obtain the desired conclusion. O

1.2.2 Duality of percolation

For the upper bound on p., we will work with the model in two dimensions. The advantage
of the two dimensional setting is the dual model, which we define here.

The dual of Z? is the lattice (Z?)* = Z? 4 (3,3). Each face of Z* contains a vertex
of (Z?)* at its centre; each edge e of Z? has a dual edge e* intersecting it and joining the two
faces separated by e. Duality may be defined for any planar graph; we only focus here on Z?
for convenience.

If w € {0,1}¥ denotes a percolation configuration on Z2, we define its dual configura-

tion w* by
wi(e*) =1—w(e) for all e € E.
The following observations are immediate but essential.

Fact 1.5. If w is sampled according to Py, then w* has law P1_p,.

Moreover, the finite clusters of w are surrounded by circuits of w*, and vice versa. We
will generally call everything that has to do with the percolation w* or the lattice (Z2)* dual,
while objects related to w and Z? are called primal. See Figure 1.1 for an illustration.



Figure 1.1: A piece of a square lattice (solid vertices and edges) and its dual (hollow vertices,
dashed edges). The primal open edges of w are red, those of w* are blue. Note that the
cluster of the central primal vertex is finite and surrounded by a blue circuit.

1.2.3 Upper bound for p,.
Proposition 1.6. For alld > 2 and p > 2/3,
P,[0 <> oo] > 0.

Proof. Since Z? is a subgraph of Z¢ for any d > 2, we have p.(Z%) < p.(Z?) for all d > 2.
Thus, we focus on Z? for the rest of the proof.

Fix some r > 0. For A, not to be connected to infinity, there needs to exist a dual
circuit in w* surrounding A,. This circuit intersects the axis N x {0} at some point (k+ 3,0)
with & > r and needs to extend to L*-distance at least k from the point (k + %, %) We
conclude that

P,[A, ool < P, |cluster of (k+ %, 1) in w* has L*-radius at least k
P P 272

k>r

= P[0 <> OA]
k>r

S Z e—ck _ 1716—0 e—cr’
k>r

where the equality is due to duality and translation invariance and the last inequality is
due to Proposition 1.4. Indeed, by assumption, 1 — p < %, and Proposition 1.4 provides a
constant ¢ > 0, independent of k or r, satisfying the above. Then, we may choose r = r(p)
such that

Py[A, 3 00] > 3.

Finally, the event above is independent of the configuration inside A,. As the probability
that all edges of A, are open is positive, we conclude that

P,[0 ¢+ 00] > P,[A, ¢+ oo and all edges of A, open] > 1P,[all edges of A, open] > 0.
O

As a byproduct of the proof, we also find that, for d = 2 and p > %, there exists ¢(p) > 0
such that

P,[0 <+ A, but 0 ¢ co] < e P for all n > 1.



1.3 Sharpness of the phase transition

We generally consider a percolation measure to have trivial large scale behaviour if the
relevant observables (namely connection probabilities) converge exponentially fast to their
limits. As a consequence, we call the phase transition of Bernoulli percolation sharp if for
all p # pc, Pp[0 <> OA,] converges exponentially fast as n — oo to §(p). Here we will be
concerned with sub-critical sharpness, which states the above exponential convergence for
all p < pe.

Theorem 1.7. Fiz d > 2. For all p < p. there exists c(p) > 0 such that

P,[0 < A,) < e~ for allm > 1. (1.4)

The proof given below is beautiful and surprisingly simple; it is taken from | |.

1.3.1 Derivatives of increasing events

Let A be an increasing event. We say that an edge e is pivotal for A (in a configuration w)
ifwU{e} € Abut w) {e} ¢ A.

Proposition 1.8 (Russo’s formula). Suppose that A is an increasing event depending only
on finitely many edges. Then p — Py[A] is a C* function and
4B, 4]

“a Z P, e is pivotal for A] = Ep[# pivotal edges for Al. (1.5)

eeE

Proof. Suppose that A depends only on the edges of A, for some n > 1. Consider the
percolation restricted to A, and write |w| for the number of open edges and |w€| for the
number of closed edges of a configuration w. Then

PP[A] = Zp‘wl(l - p)‘wc‘l{weA}-

Differentiating this, we find,
dPp[A w|— w*® ¢l |w we|—
2L S (ot (=) = I = T ey
=33 (M1 — 25 w0y ) Polw] Lweay-

For w such that wU{e} and w)\ {e} are both in A, the contribution of these two configuration
to the above sum is 0. The same is true when both w U {e} and w \ {e} are outside of A.
When wU {e} € A, but w\ {e} ¢ A, the contribution of the two configurations to the above
is

sPolw U {e}] = Pplw U {e}] + Pplw \ {e}].
This concludes the proof. O

1.3.2 The crucial quantity ¢,(5)

For a finite, connected set S of edges, at least one of which is adjacent to 0, write

0S = {u € V : u is adjacent to edges inside and outside of S}.



e

Figure 1.2: Left: An illustration of the argument in the proof of Lemma 1.9: once the
cluster C of 0 in S has been explored, for 0 to be connected to distance n, one of the red
vertices needs to be connected to distance n — diam(S) in the complement of C. Right: The
white region containing 0 is the set of edges S. Here 0 is connected to four vertices on 95.
When proving Lemma 1.10, .S denotes the connected component of 0 in the complement of
the cluster of OA,,.

It is also allowed to take S = (), in which case we set 9S = {0}. Let

op(S) =By [#{u € 05 : 0 S u}].

Above, &, refers to connections using only edges of S. See Figure 1.2 for an illustration.
The following two lemmas will imply Theorem 1.7 directly. The proofs of the lemmas are
deferred to the following two sections.

Lemma 1.9. For any p € (0,1), n > 1 any finite, connected set of edges S as above
P,[0 > A,] < @, (S) L/ diam)], (1.6)
Lemma 1.10. For any p € (0,1) and n > 1.

dP,[0 < OA,]

o > iréf ©p(S) - (1 =P,[0 < OA,]), (1.7)

where the infimum is over all finite connected sets of edges S as above.

One should think of (1.7) as stating that

dfgﬂ > inf op(S) - (1= 0()),

even though the derivative is not well-defined.

Proof of Theorem 1.7. Set
Pe = inf{p: igfgop(S) > 1/2}.

Then, for p < p., there exists S such that ¢,(S) < 1/2. Fix one such S. Applying
Lemma 1.9, we conclude that, for all n > diam(.5),

P,[0 < O] < 27 [n/diam(S)] < o=clp)n,



The above may be extended to all values of n > 1 by potentially modifying the value of the
constant ¢(p) >0

Conversely, for p > p., we claim the existence of an infinite cluster. First, notice
that infg ¢, (5) is increasing in p, and therefore infgy,(S) > 1/2 for all p > p.. More-
over, either 6(p) > 1/2 or, for any u € (p., p], (1.7) implies that

dP,[0 +» OA,]

- > inf u(S) - (1 = Puf0 ¢ OA]) > g,

as long as n is large enough that so that P,[0 < 0A,] < % . The existence of such an n is
guaranteed by the fact that 6(p) < 1/2. Integrating the above and taking n to infinity, we
conclude that

0(p) > §(p — pe) > 0.

The two cases above allow us to conclude that p. = p. and therefore that (1.4) holds for
all p < pe. O

1.3.3 The sub-critical regime via ¢,(S5): proof of Lemma 1.9

Fix S and n > 1. The lemma is only meaningful when ¢,(S) < 1, so when S contains all
edges incident to 0. We suppose this henceforth. Moreover, we may also take n > diam(S5),
otherwise the statement is trivial.

Write C for the connected component of 0 in the configuration w N S. Observe that,
if 0 <+ OA,,, then there exists u € 3S N C such that u is connected to dA,, outside of C. In
particular, u needs to be connected in w \ C to a point at a distance at least n — diam(S) of
itself. This event has probability at most P[0 <> A, _giam(s)]- Conditioning on C, applying
a union bound, then summing over the possible realisations C' of C, we find

Py oA < SBIC=C] Y BuS o, [C =]
C uedSNC

< ZIP’p[C =C]-10SNC]-Py[0 <> OA,_giam(s)]
c

= @p(s) ’ PP[O And aAn—diam(S)]'

Iterating the above proves (1.6). O

Remark 1.11. Applying the argument above to S formed of the 2d edges incident to 0, we
(almost) retrieve the Peierls argument of Proposition 1.4.

1.3.4 The super-critical regime via ¢,(S5): proof of Lemma 1.10

Fix n > 1. Recall from (1.5) that %ﬁam is equal to the expected number of pivotals for
the event {0 <> JA, }. Pivotals may be open or closed; we will lower bound here the number
of closed pivotals. We will work exclusively on A,, and therefore restrict ourselves to the
edges in this graph.

Write C for the set of edges connected to A, and Jext C for all edges of A,, adjacent to, but
not contained in C. If C contains 0 (that is, contains an edge incident to 0) then 0 <> 0A,
occurs, and there are no closed pivotals. When C does not contain 0, let S denote the
connected component of 0 in A, \ (CU 0extC) — see Figure 1.2 (right side). Notice that
any vertex u of 0.5 is separated from C by a closed edge which belongs to JextC. Moreover,



when u <+ 0 (a connection which necessarily occurs in S), the edge separating u from C is a
closed pivotal for {0 <» OA,,}. Thus

‘W > S Ey[#{u e dS: 0 u}|C=C]-By[C =]
c

= Z‘PP(S) - Pp[C=C]
C
> igf QOP(S) : Pp[o o Ay,

where the sum is over all possible realisations C' of C not containing 0 and where S is
determined by C. In the equality, we used the fact that the conditioning on C = C only gives
information on the edges of C' and JeC, but not on those in S. The spatial independence
of Bernoulli percolation is essential here. O

1.4 Complement: uniqueness of the infinite cluster

This section is not essential for the rest of the notes, but contains a beautiful argument which
we could not resist presenting. The reader only interested in the two dimensional case may
skip this section.

We focus here on the super-critical phase, that is, when 6(p) > 0. A more basic question
than the super-critical sharpness (1.3) concerns the number of infinite clusters. The following
result by Burton and Keane is a robust way of proving that, when an infinite cluster exists,
it is a.s. unique.

Theorem 1.12 (Burton-Keane | ). Fixd> 1. Then, for all p € (0,1) with 6(p) > 0,
P, [there exists exactly one infinite cluster] = 1.

Proof. Write N = N(w) for the number of infinite clusters in w. Notice that N is invariant
under any shift of w, and the ergodicity of the measures [P, under translations implies that /N
is IPp-a.s. constant. Our goal is to prove that this constant is either 0 or 1. We will do so by
first excluding the possibility that 1 < N < oo, then showing that N # co.

The former is easy. Indeed, assuming that p is such that P,[N = n] = 1 for some 2 <
n < oo, we may find k£ > 1 such that

[P, [all infinite clusters intersect Aj] > 1/2.
Note that the event above is independent of the configuration in Ag. It follows that
[P, [all infinite clusters intersect Ay and all edges of Ay are open] > %p‘AH > 0.

Finally, under the event above, N = 1, which contradicts the assumption that N =n > 2
a.s.

Let us now exclude the possibility of having infinitely many infinite clusters. This requires
a much more subtle argument — one which may fail in certain cases (see Exercise 1.3).
Assume now that p is such that Pp[N = oco] = 1.

Call a point u € Z% a trifurcation if it is connected to co by three distinct connected
components of w \ {u}. A local surgery argument similar to the one that allowed us to fuse
all the clusters into a single one in the previous part shows that, under our assumption,

P,[u is a trifurcation] = Pp[0 is a trifurcation] > 0,



for all u € Z%, where the equality is due to the invariance of P, under translations.
As a consequence, if we write T} for the number of trifurcations in Ay, we conclude that

E,[Ty] = |Ak| - Pp[0 is a trifurcation],
which in turn implies the existence of a constant ¢ > 0 such that
Py [Tk > clAr]] > c, (1.8)

for all k > 1.
This will come into contradiction with the following lemma, whose proof will be discussed
at the end of the section.

Lemma 1.13. For any configuration w and any k > 1, there exists at least Ty (w) points
on OAy.

Lemma 1.13 indeed contradicts (1.8), since it states that a.s., T} < |0Ag| < c¢|Ag| for k
large enough. We use here the fact that [0Ag|/|Ax| — 0, which is the hallmark of an amenable
graph. O

Proof of Lemma 1.13. The idea of this lemma is to consider a graph obtained from w N A
by repeatedly removing edges. First, remove edges contained in cycles of w N Ay in arbitrary
order until no cycles remain. Then repeatedly remove all edges of w N Ay that have an
endpoint of degree 1 strictly inside Aj.

These procedures transform w N Ay into a forest F'(w) whose leaves are all contained
in OA;. Moreover, all trifurcations of w contained in A have degree at least 3 in F(w);
indeed, the property of being a trifurcation is not affected by the passage from w to F(w).

Finally, it remains to prove by induction that the number of leaves of a forest is larger
than the number of vertices of degree at least 3. O

1.5 Ciritical planar percolation and RSW theory

We now focus on Bernoulli percolation on Z2, where the duality of the lattice allows us to
identify the critical point as p. = 1/2.

Indeed, recall from Section 1.2.2 that on Z2, if w ~ Py /2, then w* is also a percolation with
parameter 1/2, but on the dual graph, which in the case of Z? is identical to the primal graph.
This is a strong indication that p. = 1/2. In this section, we will confirm this prediction and
study the critical phase of two-dimensional percolation.

Theorem 1.14 (Critical percolation on Z?2). The critical point of Bernoulli percolation on 7>
is pe = 1/2.
Moreover, there exists a > 0 such that

T <P pl0 0A) <07 VR > 1 (1.9)
In particular, 6(p.) = 0.
Remark 1.15. From Theorem 1.7 we deduce that P,[0 <> OA,] decays exponentially fast

for p < 1/2. Duality allows to also deduce the super-critical sharpness (1.3).

The core of Theorem 1.14 is (1.9); the other statements follow readily using the sharpness
of the phase transition (1.2). The lower bound is a relatively straightforward consequence of
self-duality. More interesting is the upper bound, which makes use of the so-called Russo—
Seymour—Welsh theory (RSW), the cornerstone of the study of the critical phase of 2D
percolation.

10
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Figure 1.3: Left: an (n+ 1) x n rectangle is either crossed horizontally in the primal model
or vertically in the dual. At the self-dual point, these two events have equal probability 1/2.
Right: By symmetry, the probability to connect the lower half of the left side BottomLeft
to the right side of the square is at least 1/4. The same holds for connections between
the TopRight and the left side. Combining these two crossings with a vertical one ensures the
existence of a connection between BottomLeft and TopRight.

Theorem 1.16 (RSW for Bernoulli percolation). There ezists a constant ¢ > 0 such that,
foralln > 1,

P12 “—n,n] x [0,n] contains open crossing between its left and right sz’des] > ¢. (1.10)

Before proving the above, we mention a feature of Bernoulli percolation called positive
association (also sometimes called FKG inequality) which will be discussed in more detail
and proved in Section 2.1. For now, we simply state that, for any p € (0,1), if A and B are
both increasing events (or both decreasing events), then

P,[AN B] > P,[A]P,[B]. (1.11)

This property is curial to the proof of Theorem 1.16, as well as for its applications.

The proof below is not the shortest, nor the most general proof of (1.10), but it is similar to
that used for FK-percolation in Chapter 3. The first proof of this type of inequality appeared
in | , |; a number of variants of this type of inequality with different assumptions
of independence, positive association and symmetries appeared in | , , ,

| to quote only a few.

Proof of Theorem 1.16. Fix n > 1. Due to the self-duality of the model and the observation
that any rectangle either contains a left-right crossing in w, or a top-bottom crossing in w*,
we find that,

Py/o [{O} x [0,n] connected to {n + 1} x [0,n] inside [0,n + 1] X [O,n]] =1. (112

See also Figure 1.3 for an explanation. One should see this as an estimate of the probability of
crossing a square. The whole point of the theorem is to lengthen these crossings so as to cross
rectangles of some aspect ratio strictly greater than 1. Indeed, once this is done, the aspect
ratio may be increased by repeated applications of the positive association inequality (1.11).
We will use here the expression “uniformly positive” to mean bounded below by a positive
constant independent of n.
Write BottomLeft = {0} %[0, n/2] and TopLeft = {0} x[n/2, n| and BottomRight and TopRight

for their translates by (n,0); see Figure 1.3 for an illustration. We then claim that

n 2
P19 [BottomLeft M—) TopRight} is uniformly positive. (1.13)
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Indeed, by symmetry with respect to vertical reflections and (1.12),

n)? nl2
Py s [BottomLeft <25 {n} x [0,n]] > 1 and Py [{0} x [0,n] <25 TopRight] > L.

When the two events above occur and [0,7]? is crossed from top to bottom, then BottomLeft
is connected to TopRight. Applying (1.11), (1.12) and the bounds above, we conclude that
the probability in (1.13) is bounded below by % : i . %, and therefore is uniformly positive.

Consider now the two squares [—n,0] x [0,n] and [0,n] x [0,n]. Assume that in each of
them BottomLeft is connected to TopRight. These connections occur with uniformly positive
probability. When they do, write I';, for the topmost path realising the first connection
and I'g for the lowest path realising the second; see Figure 1.4.

Note that these “highest” and “lowest” paths are indeed well-defined, and that the event I';, =
~1, for some potential realisation 7, depends on the states of the edges on and above vy, but
not on those below.

We now claim that, for any potential realisations vz, and v or I';, and I'r, we have

Py o [Ty, X0 Ty = and T = 7g] > 1/2. (1.14)
Indeed, let o be the horizontal reflection with respect to the axis {0} x R composed with the
shift by (%, %) Consider the topological rectangle Q@ bounded by g, o(yr), 7z and o(vr)
(see Figure 1.4 for an illustration and additional details). Notice that all edges inside Q
are unaffected by the conditioning I';, = v and I'p = yg. Moreover, Q is symmetric with
respect to o and that it either contains a primal crossing between <7 and g, or a dual
crossing between o(yg) and o(vr). Since o maps one such crossing on the opposite one, we

conclude that
P12 [ L & Yr) > 1/2.

Inserting the above into (1.14), then averaging over 77, and g that realise the connections
in [-n,0] x [0,n] and [0, n] x [0,n], we obtain
Py/o [[—n, n] x [0,n] contains an open crossing between its left and right sides]
1 [0,77,]2 . 2
> 5Py [BottomLeft =y Topnght} >0

uniformly in n. O

Proof of Theorem 1.14. We start by proving (1.9). The lower bound is a simple consequence
of (1.12). Indeed, by the union bound we have

;< Z P12 {:c connected to {n + 1} x [O,nH < (n+ 1Py [O “ 8An+1}.
z€{0}x[0,n]

Dividing by n + 1 provides the desired bound.
We turn to the upper bound. By combining several crossings of translates and rotations
by 7/2 of rectangles of the form [—n,n] x [0,n] and using (1.11), we find that

Py /9 [An surrounded by an open circuit contained in Agn] >c

for all n > 1 and some constant ¢ > 0 independent of n. Moreover, the same holds for
the dual model. Observe that for k > 1, if 0 <> 9Ayk, then none of the annuli Agj+1 \ Ay;

12



Figure 1.4: In each square BottomLeft is connected to TopRight. The left and right red
paths are the topmost and bottommost, respectively, paths realising these connections in a
configuration w. The grey paths are their reflections o with respect to the medial line; by
construction, the red and grey paths intersect. When orienting the left red path from left
to right, call b its last intersection point with the left grey path, and a its endpoint on the
medial line. Let d = o(b) and ¢ be the endpoint of the lower red path on the medial line.
The blue o-symmetric domain Q is bounded by the arcs (ab) and (cd) of the red paths,
and their grey images through ¢. When sampling an independent configuration w in Q,
the probability that (ab) and (cd) are connected is 1/2. The explored regions (hashed) may
intersect Q, however the boundary of any such intersection is an open path. If one completes
the explored configuration w by pasting @ in the unexplored parts of Q, then whenever Q is
crossed in @, it is also crossed in w, leading ultimately to a left-right crossing of the 2n x n
rectangle.

for 0 < j < k may contain a circuit in w*. Finally, the configurations in these annuli are
independent, and we conclude that

Py/9 {0 — AQk} < 0<1_[ ) (1 — Py 3[Ay; surrounded by a circuit in w* N A2j+1]> < (1-¢)*.
<j<

This provides the upper bound of (1.9) for n = 2*. The general bound may be obtained by
inclusion of events and by adapting the exponent a.

We turn to the other statements in the theorem. As a consequence of the upper bound
in (1.9), 6(1/2) = 0, and therefore p. > 1/2. Conversely, Theorem 1.7 and the lower bound
in (1.9) imply that p. < 1/2. Thus p. = 1/2. O

Let us close this section by mentioning that the polynomial bounds (1.9) on the connection
probability form 0 to dA,, are just one of the consequences of the RSW theory. Indeed, the
RSW theory proved to be instrumental in the understanding of the critical phase of two-
dimensional percolation models.

It is expected that the contours of clusters of critical percolation on a rescaled lattice 572
converge, as § — 0, to a certain random family of curves on R? known as CLEg. This
is one of the central conjectures in percolation theory; it was only proved for a variant of
the model called site percolation on the triangular lattice in [ ) |. The RSW
theory essentially states that the family of cluster contours of critical percolation behaves
qualitatively like CLEg, but is not sufficiently precise to actually identify the scaling limit, or
indeed prove that such a limit exists. It does however show that sub-sequential scaling limits
exist and that they are locally finite.

13



1.6 References and further results

First proof of p.(Z?) = 1/2. The first derivation of the critical point of Bernoulli perco-
lation on Z? is due to Kesten | |. At the time, the sharpness of the phase transition
was not known, so (1.9) only implied p. > 1/2. To prove both the sharpness of the phase
transition and the fact that p. < 1/2, one may show “by hand” a sharp-threshold result. See
Exercise 1.10 for such a proof.

Sub-critical sharpness. The original proof of the sharpness of the phase transition for

Bernoulli percolation in general dimension was obtained in | , |. We presented here
a simpler proof due to Duminil-Copin and Tassion | |. Finally, a beautiful new proof
was obtained by Vanneuville | |; in addition to its elegance, this proof is remarkable as

it directly implies the exponential decay of the volume of the cluster of 0, rather than just
its radius. The exponential decay of the volume may also be deduced from that of the radius
through renormalisation arguments.

Super-critical sharpness. Up to now, we only discussed the sub-critical sharpness, that
is, the exponential decay of connection probabilities in the sub-critical regime. Recall that
in the super-critical regime, we also expect trivial large-scale behaviour, in that connection
probabilities converge exponentially to their limits (see (1.3) and Exercise 1.8). This indeed
the case for Bernoulli percolation in any dimension.

Theorem 1.17. Fiz d > 2 and consider Bernoulli percolation on Z*. Then, for all p > pe,
there exists c(p) > 0 such that

P, [0 <+ OA;, but 0 4 oo] < e—clp)n for allm > 1.

In two dimensions, this theorem is easily deduced from the sub-critical sharpness of
the dual model. For dimensions d > 3, the key ingredient in this proof is the celebrated
Grimmett-Marstrand theorem | |, which states that the critical point of Bernoulli per-
colation on a slab Sy = Z2 x {0,...,k}?"2 tends to that of Z¢ when k — oo.

1.7 Exercises: Bernoulli percolation

Observe that p. may be defined on any vertex-transitive graph in the same way as on Z.

Exercise 1.1. Show that p.(Z) = 1.
Exercise 1.2. Show that for the “ladder” graph Z x {0,1}, p. = 1.

Exercise 1.3. Let Ty denote the d + 1-regular tree (with the root having degree d rather
than d 4 1). Prove that p.(Ty) = é and observe that the Peierls argument works all the way
up to p.. Deduce that the phase transition is sharp in this case. Prove that for p > p., there
exists a.s. infinitely many infinite clusters on Tj.

Prove that P, (Ty) = 0. Show that P, [0 is connected to distance n] = n=®1+°(1) for an

exponent ag > 0 to be determined.

Hint: interpret the cluster of the root as a Galton-Watson process.
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Exercise 1.4. Show that p.(Z%) is decreasing in d. Show that it is strictly decreasing. Show
that p.(Z?) — 0 as d — oo.

Exercise 1.5. Show that p — 6(p) is right-continuous.
Hint: §(p) is the decreasing limit of the continuous and increasing functions p — P,[0 <+ OA,].

Exercise 1.6. Consider Bernoulli percolation on Z%. The goal of this exercice is to prove
continuity of p — 6(p) for all p # p.. Recall from Exercise 1.5 that this function is right-
continuous. Thus, we only need to prove left-continuity for p # p..

Fix p and assume that 6(p) > lim, », 0(u). In particular §(p) > 0 and p > p..
(a) Consider the increasing coupling P of Bernoulli percolation using uniforms (Ue)ccp.

Argue that our assumption implies that

P[0 <% 00 but 0 < oo for all u < p] > 0.

(b) Argue that, conditionally on wy,, (Ue)ecw, are ii.d. uniforms on [1 — p,1]. Conclude
that a.s. for any n there exists u < p such that w, = w, on A,,.

(¢c) Call a vertex v fragile (for some configuration (Ue)e) if v <% oo but v < oo for
all u < p. Prove that if 0 is fragile, then a.s. all vertices of the infinite cluster of w, are
fragile.

(d) Using the uniqueness of the infinite cluster for P, deduce that, for any u < p,
P, [there exists no infinite cluster| > 0.

Show that this implies p < p. and conclude.

Exercise 1.7. Prove Theorem 1.17 for Bernoulli percolation on Z? using the sub-critical
sharpness, duality and the fact that p. = 1/2.

Exercise 1.8. Consider Bernoulli percolation on Z¢ and p > p.(Z%). Using the super-critical
sharpness (Theorem 1.17) and the uniqueness of the infinite cluster (Theorem 1.12), prove
that

0(p)? <P,z < y] < 0(p)* + e—c@)llz—y| for all z,y € V,

for some ¢(p) > 0.

Exercise 1.9. (Compute p.(Z?) without RSW) Consider Bernoulli percolation on Z2. The
goal of this exercise is to prove that p. = 1/2 using Theorems 1.7 and 1.12, but without the
use of the RSW theory. We will also obtain here that 6(p.) = 0.

(a) Use the duality observation (1.12) and Theorem 1.7 to conclude that p. < 1/2.

The rest of the exercise is dedicated to proving that p. > 1/2. We proceed by contradiction
and assume that p. < 1/2 and therefore that 6(1/2) > 0. The reasoning below is sometimes
referred to as Zhang’s argument.
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Figure 1.5: The red path is the leftmost top-bottom crossing of the rectangle. A point on it
connected by a dual path to the right side of the rectangle is a pivotal for the top-bottom
crossing event. When one such point exists, one may use concentric dyadic annuli to create
a logarithmic number of pivotals.

(b)

(e)

For p € (0,1), if Ay,..., A are increasing events of equal P,-probability, show that

PAi] > 1— (1-P,| ij AN,

The above is called the square-root trick and is a direct consequence of the FKG
property (1.11). For k fixed, it may be used to argue that P,[A;] is close to 1
when ]P’p[Ule A;] is close to 1.

From 6(1/2) > 0, deduce that for any € > 0 there exists N such that
AC
Pyja[{N} x [-N,N] «% 00| > 1 —e.

Let En be the event that the left and right sides of Ay are connected to oo in A§; by
primal open paths, while the top and bottom sides of Ay are connected to oo in A§;
by dual open paths. Use point (c) to conclude that, under the assumption 6(1/2) > 0,

Pyjo[€n] — 1 as N — oo.

Argue that when £y occurs, either w or w* contains at least two infinite clusters. Use
Theorem 1.12 to conclude that 6(1/2) =0 and p. = 1/2.

Exercise 1.10. (Compute p.(Z?) using Kesten’s tools) Consider Bernoulli percolation on Z2.
The goal of this exercise is to prove that p. = 1/2 and the sub-critical sharpness without
using Theorem 1.7. Observe that (1.9) is a consequence of self-duality and the RSW theory;
it does not use the fact that p. = 1/2. Moreover, it implies that p. > 1/2. Write Cross,(n)
for the event that the rectangle [—2n,2n] x [0,n] contains a vertical open crossing.

(a)

Show the existence of a constant ¢ > 0 such that if p and n satisfy
Py[A, > 0Agy] <c,

then P[0 <+ OAg,] < e~k

Hint: use a “renormalised” Peierls argument, where a path from 0 to dAg, is shown
to cross a number proportional to k of disjoint but adjacent annuli Ay, (z) \ An(2)
with o € nZ?. Alternatively, see Proposition 3.7.
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(b) Prove the existence of a constant ¢ > 0 such that, for all p < 1,
E, [# pivotals for Cross,(n) ‘ Crossv(n)] > clogn

Hint: When Cross,(n) occurs, condition on the leftmost crossing, then create pivotals
by constructing a dual cluster that touches this crossing coming from the right. See
Figure 1.5 for inspiration.

(¢) Conclude that for p < 1/2,
P, [Cross,(n)] — 0 as n — 0o.

Using point (a), conclude that P, exhibits exponential decay of cluster radii.

(d) Expressing this result in the dual model, prove that 6(p) > 0 for any p > 1/2.
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Chapter 2

FK-percolation: the basics

This chapter contains a very brief introduction to FK-percolation (also called the random-
cluster model) on Z9. Full proof and additional details may be found in | , ,

|.

2.1 FK-percolation on finite graphs & monotonicity

We start by defining the FK-percolation measure on finite graphs. Fix some finite sub-
graph G = (V, E) of Z%. Define its boundary by

0G = {v € V(G) : incident to at least one edge outside of G}.

A boundary condition £ on G is a partition of G. Vertices in the same set of the partition
are said to be wired together.

Two specific boundary conditions play a special role, these are the free boundary con-
ditions, denoted by & = 0, where no vertices are wired together, and the wired boundary
conditions, denoted by & = 1, where all vertices are wired together.

Definition 2.1. For G as above, ¢ > 1, p € (0,1) and a boundary condition £ on G, define

£

G .p,q 2 the probability measure on {0, 1}F with

the FK-percolation measure ¢

1 3
B palw] = ZTP'“'(I —p)! P\l g
G.p,q

where k(w?) is the number of connected components of w where all vertices of each component

B\l g

of ¢ are considered connected. The constant Zg by = 2w pll(1 - p) (%) is chosen so

that gbg pq 1S a probability measure; it is called the partition function of the model.

Observe that Bernoulli percolation is a particular case of the above, obtained when ¢ = 1.
For g # 1, edges are not independent under (ﬁg’p, g e call this a dependent percolation model.
The questions of interest remain the same as in the Bernoulli case.

The first and most basic property of FK-percolation is the Spatial Markov property.

Proposition 2.2 (Spatial Markov property). For G as above, a subgraph H of G, p € (0,1),
q > 1 and & a boundary conditions on G,

¢£G,p,q[w on H|w on G\ H| = ¢§{,p7q[w on H] (SMP)

where ¢ is the boundary condition induced by ws on G\ H, that is, the wiring produced
by w& \ H between the vertices of OH.

The proof is a direct computation which we omit. We turn to the question of monotonicity.
Let us make a brief detour to address the general topic of monotonicity of measures.
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Ordering of measures: generalities. There are two ways to view stochastic ordering.
Consider two probability measures j, v on {0,1}*, where E denotes some finite set. We say
that p <4 v (v stochastically dominates p) if the two following equivalent conditions are
satisfied:

(a) there exists a probability measure P producing two configurations w,w’ such that w
has law p, w’ has law v, and w(e) < w'(e) for all e € E P-a.s. We call P an increasing
coupling of p and v;

(b) w[A] < v[A] for all increasing events A.

The equivalence of (a) and (b) is the content of Strassen’s theorem | |.
A second, related notion is that of positive association. We say that u is positively
associated if

p[AN B] > pul[A]u(B]

for all increasing events A, B. This may be understood as pu[-| A] >¢ p, for any increasing
event A.

The following criteria are particularly convenient for proving stochastic monotonicity and
positive association.

Theorem 2.3 (Holley & FKG lattice condition). For positive measures pu, v on {0,1}F,
(i) if plwNw)vlwUw) > pw)v(w') for all w,w’ € {0,1}F, then p <y v;
(i) if plwNw)plwUw') > pw)pw') for allw,w’ € {0,1}F, then u is positively associated.

Moreover, it suffices to check these conditions for w and W' that differ only for at most two
edges.

The proof of the above is a beautiful use of the Glauber dynamics; we direct the reader
to | | for details. It is worth mentioning that the condition in (ii) (sometimes called
the FKG lattice condition) is stronger than positive association; measures satisfying it are
sometimes called monotonic and have additional convenient properties.

Monotonicity properties of FK-percolation. Let us see how the properties above apply
to FK-percolation.

Proposition 2.4. For a finite subgraph G of Z¢, ¢ > 1, p € (0,1) and a boundary condition &
on G

(1) qjé‘,p,q is positively associated:

(;Sg%q[A NB] > ¢g7p,q[A] . ¢%7p,q[B] for all A, B increasing. (FKG)

(i1) for p’ > p and > & (in the sense that any vertices wired in & are also wired in (),
¢£G',p7q Sst ¢CG7P,7q_ (Mon)

In other words, gbng g 18 increasing in p and .

For the above, it is crucial that ¢ > 1. This is the main reason why the regime 0 < ¢ < 1
is much less understood than ¢ > 1.

An immediate consequence is that the free and wired boundary conditions produce the
minimal and maximal measures respectively:

0 1
PG pq Sst ¢£G,p7q <st PG p.g for any b.c. &.
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Proposition 2.4, together with the Spatial Markov property (SMP) will be used often,
sometimes in implicit ways; the novice reader will need some time to discover the full strength
of these tools combined. Most often they are used as follows. If H is a finite subgraph of G,

(b%%q <st ¢§;7/p’q’H <st qﬁ}{%q for any b.c. &, (2.1)

where | g indicates the restriction to H. Indeed, by (SMP), the middle measure is a mixture
of measures ¢§I for different boundary conditions &, for all of which the inequalities hold
due to (Mon). ‘Additionally, (2.6) also applies when the middle measure is conditioned on
events depending on the edges in G\ H.

To illustrate (Mon), let us compute the probabilities for an edge to be open in the simplest
setting: when G is formed of a single edge e.

D ifé=1

if £ = 0. (22)

gf)ﬁe}’p?q[e open| = {

Notice that the probabilities are indeed increasing in p and the boundary conditions. From
the above, we deduce the following domination of and by Bernoulli percolation.

P
p+(1-p)q

Corollary 2.5. For G, q, p and £ as above,

P__» _ <q ¢, <st Pp (2.3)

p+(1—p)g
where P. denotes the Bernoulli percolation on G.

Proof. We do not give a full proof, but limit ourselves to mentioning that gﬁgp g may be

obtained by sequentially sampling edges, using coin tosses with probabilities that depend on
the edge and the previously sampled edges. Throughout the process, all coin tosses have
parameters between m and p.

Alternatively, one may use the Holley criterion. O

Finally, let us mention that (2.2) also illustrates the finite energy principle, which states
that, for any fixed p € (0, 1), the probability that an edge is open is bounded away from 0
and 1, uniformly in the state of all other edge. This is often used repeatedly for edges in
a finite set to perform local modifications, with only a limited multiplicative impact on the
probabilities of the configurations.

Russo’s formula and sharp-threshold inequalities. As for Bernoulli percolation, it
will be useful to consider the derivatives of the probabilities of events as functions of p.

Proposition 2.6. Let G be a finite subgraph of Z%, q > 1, p € (0,1) and & a boundary
condition on G. Then, for any increasing event A,

0% palAl = 5 ZE (6% gl A N H{w(e) = 1] = 0, [AI6G;, glw(e) = 1]). (2.4)

The summand in the right hand side of (2.4) is the covariance between the state of the
edge e and the event A under the measure ¢%7p’q; write it simply Cov(w(e), A). Thus, the
sum is the covariance between A and the total number of open edges.

It may be useful to keep in mind that this covariance may also be interpreted as the
influence of the edge e on A.

B p gl AN {w(e) = 1}] — 65, [Al6G; , o[w(e)]
= 0 pqlw(@](1 = 0%, Jw(e)]) (8, [Alw(e) = 1] — 8%, [Alw(e) = 0]),
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where the first two terms on the right-hand side are bounded away from 0 uniformly in p €
(0,1), away from 0 and 1. In the above, we write gprq[ w(e)] for (;Squ[ w(e) = 1] since d)qu
is used as an expectation. We use the phrase “uniformly in p € (0,1), away from 0 and 1”
to mean uniformly in p € (¢,1 — ¢) for any € > 0. Both conventions will be used repeatedly
hereafter.

Proof. We have
1 3
S pglAl = —— > p¥I(1 — )P \WIghth),
G,p,q weA
Differentiating the above yields the desired result. O
The following result, combined with (2.4), will allow us to prove a sharp-threshold be-

haviour for certain connection probabilities. We state it here as it will be used in Section 3.3
to prove the sharpness of the phase transition of FK-percolation in two dimensions.

Theorem 2.7 (| ). Fiz a finite subgraph G = (V,E) of Z¢%, ¢ > 1, p € (0,1) and a
boundary condition & on G. Then, for any event A
1
9
) > 2.
ZCOV C¢ 7pq[ ]( ¢qu[ ]) gmaXeCOV(A,W(E)) ( 5)

eeE

where ¢ > 0 is a constant depending only on p and q, bounded away from 0 uniformly in p €
(0,1), away from 0 and 1.

In (2.5), the left hand side is p(1 — p)dpd)qu[ ] (see (2.4)), while gZ)qu[ 1(1 —QSqu[ D
is the variance of 14 under the measure ¢G7p,q. Thus, if no edge has a large covariance

with A and if ¢§ 4[] is neither close to 0, nor to 1, then (2.5) states that the derivative

of p— gpr q[ | is large It follows that ¢Gp q[ | quickly transitions from being close to 0 to
being close to 1 as p increases. We say it exhibits a sharp-threshold.

We will not prove Theorem 2.7, but direct the reader to | , Theorem 5.1| for details.
This type of inequality first appeared in | | for product measures on {0,1}¥ (which
is to say for Bernoulli percolation) and was then extended to product measures on [0, 1]
in | |. Finally, | , | explained how to transfer such inequalities to monotonic
measures such as FK-percolation.

Other related results also allow to deduce sharp-threshold behaviour, most notably the
OSSS inequality of | |

2.2 Infinite-volume measures

The monotone pushing of boundary conditions (2.6) allows to deduce that, for H a subgraph
of some finite graph G,

0 0 1 1
¢H7p7q SSt ¢G7paQ’H and ¢H7p7q ZSt ¢G7p7q H’ (26)
This in turn allows one to construct infinite-volume measures as monotone thermodynamical
limits.

Fact 2.8. For all p € (0,1) and q > 1, the following limits exist for the weak convergence

0 1
Ppg = nhﬂgo ¢An,p q and Ppg = nlggo d)An:p q

We say that p, — v if, for any event A depending on a finite set of edges, u,(A) — v(A).
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The same limits are obtained for general graphs G, that increase to Z%. Furthermore, both
limits above are translation-invariant and ergodic probability measures on {0, 1}E(Zd).

These infinite-volume measures satisfy the so-called Dobrushin-Lanford-Ruelle (DLR)
condition, which essentially states that the Spatial Markov property also holds in infinite-
volume. The DLR formalism allows one to define the general notion of infinite-volume mea-
sures (or Gibbs measures). In that context, Fact 2.8 states the existence of infinite-volume
measures. We will not go further in the DLR formalism in these notes.

It is generally not clear whether qﬁgq and ¢}D7q are equal. In other words, when sending
the boundary conditions to infinity, it is unclear whether they still manage to influence local
events.

It is a direct consequence of Proposition 2.4 that

gbg’q <st qb;q and gi);,’q <st gi)i,/’q for all p < p’ and i € {0,1}. (2.7)

En
An,p,q

tions &, are always sandwiched between gbg’q and qbzlhq.
Observe that we have not yet managed to compare (bZqu and (152,7 q for p < p’. The following
result allows us to do this.

Also, any limits (or infinite-volume measures) of ¢ for sequences of boundary condi-

Proposition 2.9. Fixz ¢ > 1. There exist at most countably many values of p € (0,1) such
that qbgq % gi)zl,’q. As a consequence, for all p < p/,

¢2’q SSt (ﬁll)’q SSt ¢2/,q‘ (2'8)

Essentially, the proposition states that the influence of decreasing the boundary conditions
can not compensate that of increasing the parameter.

Proof. We only sketch the proof here as it is a very general approach. Define the free energy
of FK-percolation with parameters p and ¢ as

f(p,q) = lim f3" (p,q) = lim ;7 log 73 o (2.9)

where the limit may be taken for any sequence of boundary conditions (¢,) and does not
depend on this sequence?.
t
Write? p = p(t) = 15, with ¢ > 0, and set

95 (p.0) = 15 (0.0) + Elog(1 — p) —— f(p,q) + dlog(1 - p) = g(p,q)-

Explicit computations show that

d 1
&gﬁn(m)zﬁ S R, le open], (2.10)
e€E(Ay)

which is increasing in p. We conclude that the functions t + g5 (p(t), q) are all convex, and
therefore so is t — g(p(t), q).

2This is relatively standard. It is based on the simple observation that 1 < Zf\:i,p’q/Z}\mp’q < ¢l%2nl The
“error” term ﬁ log ¢'%*»! tends to 0, since |9A,| = o(n?).
3This parametrisation is chosen to produce a convex function with no correction terms.
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As a convex function, ¢t — g(p(t),q) has left- and right-derivatives at all points, and is
differentiable at all except at most countably many points. Furthermore, taking the limit
as n — oo in (2.10), we conclude? that, for all ¢ for which t +— g(p(t), q) is differentiable,

ag(p, q) = qﬁg’q[e open] = ¢11)7q[e open] for any edge e.

The above, together with the stochastic ordering between (ﬁg,q and ¢11,,q implies that qﬁgg =
qbzl)’q. Then, (2.8) follows directly from the above and (2.7).

Remark 2.10. Using the the notation of the proof above, the differentiability of p — f(p, q) at
a point p(t) is equivalent to that of t — g(p(t), q) at t. It follows that p — f(p, ¢) has left- and
right-derivatives at all points and that these are equal for all p except at at-most countably
many points. When they are equal, and p — f(p,q) is differentiable, the infinite-volume
measure is unique. The converse implication may also be proved.

2.3 Phase transition

We are now ready to define the point of phase transition of FK-percolation, as we did for
Bernoulli percolation.

Definition 2.11. Fix d > 2 and ¢ > 1. Set

Pe = pe(q) = sup{p: qﬁgg[o < oo] = 0}.

As in the case of Bernoulli percolation, p. separates two distinct regimes. Indeed, using
Proposition 2.9 and the ergodicity of ¢2,q and q%q, we conclude that

e for p < pe, ¢})7q[0 < o0] =0 and qbll,,q—a.s. there exists no infinite cluster;
e for p > pe, d)?,,q[o +» o0] > 0 and d)g’q—a.s. there exists at least one infinite cluster.
In addition, the domination (2.3) by Bernoulli percolation allows us to deduce that

0<plq) <1 for all ¢ > 1 and d > 2.

We close this part with a useful application of the properties described above.
Proposition 2.12. If p is such that gi)ll,’q[O < 00| =0, then qﬁg’q = qbzl,’q.

Proof. This is a very instructive exercise, see Exercise 2.2. ]

2.4 References and further results

We list here some important known results which will not be discussed in these notes.

Edwards—Sokal coupling. One of the motivations for FK-percolation is its link to the g-
state Potts model, a spin model in which each vertex of a finite graph G is assigned a spin
in {1,...,q}. One way to view the coupling between FK-percolation and the Potts model
on G is the following. Consider an integer ¢ > 2 and p € (0,1). Sample a percolation

configuration w on G according to qboG%q, then assign independent spins in {1, ..., ¢} to each
cluster of w — that is, assign the same spin to all vertices in that cluster. The resulting spin
configuration has the law of the ¢-state Potts model with inverse temperature 5 = — log(1—p).

4This step requires some care: the derivative should be approximated by a finite increment, and the
convexity of f should be used.
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This correspondence is especially fruitful for ¢ = 2, when the corresponding Potts model
is the Ising model. In this case, combining tools from FK-percolation with those coming from
the Ising model (most notably its random-current representation) often yields results only
available for this specific value of ¢q. We will not focus on them in these notes.

Uniqueness of the infinite cluster. The argument of Burton and Keane that proves the
uniqueness of the infinite cluster is very robust and also applies to FK-percolation.

Theorem 2.13 (Uniqueness of the infinite cluster). Fiz d > 1 and ¢ > 1. Then, for
allp € (0,1) and i € {0,1},
i

[ezists o infinite cluster] =1 or ¢, [evists exactly one infinite cluster] = 1.

%
pq

Sharpness of the phase transition. The sharpness result of Theorem 1.7 was extended
to general FK-percolation with ¢ > 1 in | | via a revolutionary use of the OSSS
inequality.

Theorem 2.14. Fiz d > 2 and ¢ > 1. For all p < p.(q) there exists c¢(p) > 0 such that
Opgl0 > ON,] < e~elpIn for all n > 1.

At the time of writing, the super-critical sharpness of FK-percolation (in the sense of (1.3))
remains an open problem in dimensions greater than two.

2.5 Exercises: basics of FK-percolation

Exercise 2.1. Fix d > 2 and ¢ > 1. Prove that, for all p,

. 0 _ 1: 1 _ 0 . 0 _ 1: 1 _ 1
5% Pug = 5% Pug = Ppa and 111{%3 Pug = 111{(1}3 g = Ppa:

in the sense that, for all A depending on finitely many edges lim,, », qﬁg’q[A] = ¢27q[A].

Exercise 2.2.
(a) Fix a finite subgraph G = (V, E) of Z%, a boundary condition &, p € (0,1) and ¢ > 1;

write ¢ = (;S&qu. For A, B C V non-empty, recall that A <+ B is the event that some

point of A is connected to some point of B. Prove that, for any e € FE,
¢lA < Blw(e) =1 — ¢[A > B|w(e) =0] < ¢le <+ A and e +» Blw(e) = 1]. (2.11)

Hint: explore the cluster of e under ¢[-|w(e) = 1]. If it does connect A to B, prove
that the probability of A <+ B conditionally on the realisation of the cluster is smaller
than ¢[A < Blw(e) =0].

(b) Consider FK-percolation on Z? with ¢ > 1 and some p € (0,1). Using the same ideas
as above, prove that for any n < N and any increasing event A depending only on the
edges in A,

0 S ¢}\N,p,q[A] - ¢(/]\N,p,q[A:| S qb}\N,p,q [An A aAN]?

(¢) Deduce that if p is such that ¢}, ,[0 <+ co] = 0, then ¢ . = ¢} ..
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Chapter 3

Phase transition of planar
FK-percolation

For the rest of the notes, we focus on two dimensional FK-percolation. Unless otherwise
stated, we work on Z2. The cluster-weight ¢ > 1 will be fixed, and we remove it from the
notation. Whenever the choice of p is clear, we also remove p from the notation.

The goal of this chapter is to show that the planar FK-percolation exhibits a sharp phase
transition at its self-dual point and to establish a dichotomy between two types of phase
transition (continuous and discontinuous). Only in Chapter 4 will we establish which type of
phase transition the model undergoes.

3.1 Duality for FK-percolation

As for Bernoulli percolation, planar FK-percolation has a convenient duality property. For
simplicity, we will state this property in the simple case of measures on boxes A,, with either
free or wired boundary conditions. Write A% for the subgraph of (Z?)* formed of the edges
dual to the edges of A,,.

Proposition 3.1 (Duality). Fizn > 1, ¢ > 1, p € (0,1) and £ € {0,1}. If w is sampled

according to d)in o then w* has the law ¢};§ where p* € (0,1) is defined by

0*q’

*

p_ P
1—p 1-p*

=q. (3.1)

More general duality relations may be obtained, that is, for more general subgraphs and
more general boundary conditions. Most may be deduced from the above, by fixing the
configuration in parts of A, and applying (SMP). We will not detail these generalisations,
and will only use them in isolated places.

Proof. 1t suffices to consider the case £ = 1. A simple induction shows that
lw| + |w*| = | E] and E(w!) — E(w*) = (2n — 1)% — |w|. (3.2)

The first relation is obvious. The second is immediate for the empty configuration and may
be extended to other configurations by induction. Indeed, when adding an edge e to some
configuration w, either the number of connected components in the primal configuration de-
creases by 1 while that in the dual remains the same, or the number of connected components
of the primal configuration remains the same, but that in the dual increases by one.

The duality relation follows directly from (3.2). O
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It is immediate to check that the only point for which p = p* is the so-called self-dual
point

_ e
S 1+q

In light of the example of Bernoulli percolation (Section 1), it is natural to then conjecture
that p. = psq for all ¢ > 1. This was first confirmed in | | and will be deduced through
different means below.

Hereafter, we study the behaviour of the model at this self-dual parameter; that it cor-
responds to the point of phase transition and that the phase transition is sharp will be
consequences of our investigation. We start off with an RSW-type estimate for symmetric
quads.

A quad is a simply connected domain D with four marked points on its boundary a, b, ¢, d
in counter-clockwise order, with the boundary of D formed of two arc (ab) and (cd) of the
primal lattice and two arcs (bc) and (da) of the dual lattice (with a diagonal segment of
length 1/4/2 between each arc). The alternating boundary condition on (D,a,b,c,d) —
denoted alt — is produced by conditioning that all edges of the arcs (ab) and (cd) are open,
while all other edges of the lattice outside of D are closed.

We say that (D, a,b,c,d) is symmetric if there exists an isometry of R? that maps the
primal lattice on the dual so that D is mapped to itself, with the arcs (ab) and (cd) mapped
to the dual arcs (bc) and (da).

Psd = Psd (Q)

Corollary 3.2. Fiz q > 1 and a symmetric quad (D,a,b,c,d). Then

D
O ipaal(@b) & (cd)] = 15 (3.3)
Proof. The event w € {(ab) N (cd)} is the complement of w* € {(bc) N (da)}. Moreover,
if W~ gt then o(w*) has almost the same law, where o is the isometry for which D is

D,psdvq
symmetric. Indeed, o( ~ gb%lf;)sdg where the boundary conditions alt’ are identical to alt,
except that the two wired arcs are also wired together. This difference in boundary conditions
affects the weight of any configuration by a factor of at most ¢q. Thus, the Radon—Nikodim

derivative of gb%lf;sd?q with respect to ¢%?Psd7 o 1s between 1 /q and q. Tt follows that

w")
w*)

gt € {(be) B (da)}] = ¢t w € {(ab) B (cd)}]

D,psa-q D,psa-q
1 D
< 4 dp, qlw € {(ad) < (cd)}].
The above, together with the complementarity of the two events, proves (3.3). O

Remark 3.3. We will mostly use the above for quads (D, a, b, ¢,d) which are not really sym-
metric, but are “better” than symmetric. That is, quads so that if w ¢ {(ab) N (cd)}
then o(w*) € {(ab) N (cd)}. The proof of Corollary 3.2 applies readily to this case, as well.

3.2 Statement of the dichotomy theorem

Write H,, for the event that there exists an open circuit in Ag, \ A, that surrounds A,; also
denote by H the same event for the dual model.

Theorem 3.4 (Duminil-Copin, Sidoravicius, Tassion 2017). Fiz ¢ > 1 and let p = psg =
Va/(1+./q). Then exactly one of the two scenarios below occurs.
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(Con) There exists ¢ > 0 such that, for alln > 1
Prg\a, [Hnl > ¢ and ¢y, o [Hy] > e (3.4)
(DisCon) There exists ¢ > 0 such that, for allmn > 1
P00 = OA,] < e and [0 <S> OA,) < e (3.5)
The above implies quite easily that pyq is the critical point, along with the sub- and
super-critical sharpness of the phase transition.
Corollary 3.5 (Phase transition on Z?). For each q¢ > 1, we have

Pec = psd(ZQ) = 1_\,_/\6/5-

Furthermore, for all p # pe, gbg = <Z>]1) and there exists ¢ = ¢(p) > 0 such that
M0 <= DA, but 0 ¢ oo] < e " for allm > 1. (3.6)
Finally, p — 0(p) is a continuous function on (0, 1), except potentially at pe.

As such, Theorem 3.4 describes two possible behaviours at the critical parameter, which
in turn correspond to two types of phase transitions. Indeed, (DisCon) corresponds to a
discontinuous (or first order) phase transition, while (Con) corresponds to a continuous phase
transition (or one of order two or higher). For p < p, define the correlation length as

f(p)il = lim _% log ¢9\n,p,q[0 « 8An]7

n—oo

see Exercise 3.3 for details on why the limit exists. For p > p., set £(p) = £(p*). Corollary 3.5
shows that £(p) < oo for all p # p.. In addition, the following features hold for the two types
of phase transition.

Corollary 3.6. If (DisCon) occurs at psq, we have
e non-uniqueness of infinite-volume measure at criticality: (;Sgc #+ ¢11)c ;
e p— 0(p) is discontinuous at pe, as is the edge intensity p — gbg(e open);
e p— f(p,q) is not differentiable at p.;
e the correlation length &(p) is bounded uniformly in p € (0,1).
Conversely, if (Con) occurs at psq, we have
e uniqueness of infinite-volume measure at criticality: ¢26 = qblljc ;

e p— O(p) and p — qﬁg(e open) are continuous at p.. Moreover, there exist con-
stants ¢, > 0 such that

ent < g, [0 <5 O] < 0T for alln > 1; (3.7)

p > f(p,q) is differentiable at p..

the correlation length tends to infinity as p — pe.

Section 3.3 discusses how Theorem 3.4 implies Corollaries 3.5 and 3.6. We then focus
on the proof of Theorem 3.4, the heart of this Chapter. Section 3.4 proves an instrumental
RSW estimate (sometimes referred to as the pushing lemma). Then, in Section 3.5, we prove
a renormalisation inequality which implies Theorem 3.4.
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A2n \ An o~ A2n \ An

’ \‘ A4n
OA N

Figure 3.1: Left: The events H,, and H:, respectively. Right: If 0 is connected to OAy, then
there exists a path of at least | N/8n] disjoint but neighbouring translates of A4, by points
of (nZ)? for which H* fails. The black annuli are the translates of Aa, \ A, for which H}
fails; the grey boxes are the corresponding translates of Ayy,.

3.3 Consequences for the phase transition

The main goal of this section is to prove the sharpness of the phase transition and compute
the value of the critical point for FK-percolation on Z? using Theorem 3.4. There are ways
of proving these facts without referring to Theorem 3.4 (e.g. via the general sharpness result
Theorem 2.14 — see Exercise 3.1 — or following | ]), but as we are ultimately interested
in the behaviour of the model at p., Theorem 3.4 will be proved anyway, and the sharpness
follows fairly quickly. Additionally, the two regimes of Theorem 3.4 will allow us to further
describe the phase transition.

Before proving Corollaries 3.5 and 3.6, we state a so-called “finite size criterion” for the
exponential decay of cluster radii.

Proposition 3.7. Fizp € (0,1). There exists 6 > 0 such that,
sup{gp, [Hi] i n>1} > 1 -6 (Ie>0 st ¢ [0 A, < e Vn > 1).

The same holds for the dual model.

Proof of Proposition 3.7. The implication from right to left is obvious since
1— ok, [H2] < 0A.|g}, [0 < DA,

We focus below on the opposite implication. The idea of the proof is described in Figure 3.1.

Fix some k,n > 1. For N = 8kn, the occurrence of 0 +» 0Ax implies the existence of a
family of k points @1, ..., 7) € (nZ)? so that the translate A, (z;) <> Aoy (7)€ of (H})¢ occurs
for each ¢ = 1,...,k and so that z; is at a L°°-distance 8n from z;_1. The number of such
families of points may be bounded above by C* for some fixed constant C, while

k

Oh | HAR(@:) & Aan(20)}| < (1= 6}, [HA))".

=1
Thus, we obtain exponential decay of ng/l\N [0 ¢+ OAN] as soon as 1 — ¢}, [H}] < s =:0. O
Proof of Corollary 3.5. The proof depends on which of the cases (DisCon) and (Con) occurs

at psq. We will prove all claims of the corollary separately in the two cases, except for the
continuity of 6, which will be discussed at the end of the proof.

(DisCon) If (DisCon) holds for pyq, then (2.8) implies that qﬁ}, has exponential decay of
cluster radii for all p < psq. In particular, gz% contains a.s. no infinite cluster, which implies
that p. > psq and <Z>g = qbll) for all p < psq (see Proposition 2.12).
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Applying the same reasoning for the dual model proves that p. < psq and that for all p >
Psd there exists a unique infinite-volume measure, for which w* has exponential decay of
cluster radii. The super-critical sharpness (3.6) follow directly.

(Con) If (Con) holds for pgq, a more involved argument is necessary: it requires the use of
some form of sharp threshold technique (here in the form of Theorem 2.7) and the finite size
criterion of Proposition 3.7. We start by proving that, for any p < psq,

1= 0, g [H2] = 0k, fn 2 Ohan] —50, 53)
As explained in Exercise 3.2, (3.4) implies the existence of a > 0 such that
Dy g [0 6> ON] <7 for all n > 1. (3.9)

Exercise 2.2 allows to bound the influence of any individual edge e € Ay, on the increasing
event A,, <+ 0As,, as follows

Cov({An < OMan},we) < O, p[An < OAop |we = 1] — R, ,[An > Ooy]
< ¢9x4mp[e < OAgy, and e > Ay |we = 1]
< cdly, pl0 4 ON, 0] < I, (3.10)

where ¢, ¢ > 0 are constants that are independent of n and uniformly positive in p, away
form 0 and 1; Cov is the covariance under ¢9\4n,p; the second inequality is given by (2.11);
the third is due to (Mon) and the last to (3.9) and (Mon).

Our assumption (Con) also shows that sup,, >, ¢9\4n7psd [An, <> OAgy,] < 1. Applying Propo-
sition 2.6, Theorem 2.7 and using (3.10), we conclude that p — ¢9\4n,p [Ay, <> OAgy,] satisfies
a sharp-threshold principle below pgq, which is to say that

¢9\4mp[An < OAop) m 0 for all p < pyq.

Notice the difference in boundary conditions when compared to (3.8). To overcome this, we
write

1 « 0
(b}\ [An o 8A2n] < ¢A4n,p[An <~ 0Aoy, | HQn] < ¢A4n,p[An &~ 8A2n]
= Sl [ A 0 Oon] = 08, [, | A 5 A2

where the inequality is obtained by exploring the outermost circuit realising H5, and “push-
ing” boundary conditions as in (2.6). Similarly, we have that

. 1 * : 1 *
péplsrdl;fnzl Phian,p [Han | An ¢ OA2n] 2 rlbgfl ¢A4n\1\2mpsd [H32n] >0,

due to our assumption that (Con) occurs at psq. This yields (3.8).

Finally, Proposition 3.7 allows us to conclude that, for all p < pgq, qﬁllj exhibits exponential
decay of cluster radii (3.6), and therefore that #(p) = 0 and d)g = gbzl) The same reasoning
applied to the dual model proves (3.6) for p > psq. We also conclude that p. = psq.

In closing, let us study the continuity of 8. By general monotonicity arguments, it may be
proved that for any p € (0,1),

ii}r;@(u) = qﬁg[O < o0] and }LI{‘I;)Q(U) = (15;[0 < 0.

Thus, for any point p where qﬁg = (ﬁ}o, f is continuous. ]

29



Next, we prove the finer consequences of (Con) and (DisCon) on the phase transition,
namely those listed in Corollary 3.6. We do not give detailed arguments here; see the exercises
for additional indications.

Proof of Corollary 3.6. Assume first that (DisCon) occurs at pgq. Then (3.5) directly implies
that ¢) # ¢, .

A general approach similar to that used in the proof of Proposition 2.9 shows that p —
f(p,q) is not differentiable at p. and that lim, ~,. ¢, = qﬁgc and limp\ p,, ¢p = q%c. This
immediately implies the discontinuity at p. of p — 6(p) and p — ng(e open). It also implies
that

. _ 0
ph}ﬁcf (p) =& (pe),

where £°(p.) is the correlation length of gbgc, which, by (3.5), is finite.

Assume now that (Con) occurs at pgg. Then a standard RSW construction shows that (3.7)
holds for p = psq (see Exercise 3.2).

The uniqueness of infinite-volume measure follows from the fact that ¢;,_[0 <> co] = 0 (see
Exercise 2.2), which in turn follows from (3.7). Then, by standard monotonicity arguments,
we find that p — 6(p) and p — ¢,(e open) are continuous and p — f(p,q) is differentiable
at pe.

Finally, Exercise 3.4 explains that £(p) must diverge at p. if qbgc does not have exponential
decay of cluster radii. O

3.4 RSW in strips

Throughout this section, we work with p = psq an omit it from the notation. Set Stripy =
Z x [-N, N]. Let 1/0 be the boundary conditions that are wired on the top of Stripy and
free on the bottom. The following RSW theorem is central to the proof of Theorem 3.4.

The measure gbé{?ipN is defined as a limit of measures on rectangles [—M, M] x [-N, N]|
as M — oo; the boundary conditions on the lateral sides of the rectangles are irrelevant due
to the finite energy property.

Theorem 3.8 (RSW in strips). There exists ¢ > 0 such that, for any p > 1 and N > n,

/0

Stripy “—pn,pn] X [—n,n] crossed hom’zontally] > cP. (3.11)

The same applies to crossing probabilities for the dual model.

The proof of the above is similar to the corresponding proof for Bernoulli percolation
(Section 1.5), with a few exceptions. Here, the measure is not invariant under rotations
by /2 or vertical reflections, but is invariant under horizontal translations and reflections.
It has a self-duality property which may be used to obtain a “initial estimate” similar to (1.12).

The lack of invariance under rotations by 7/2 and vertical reflections will lead to the use of
rectangles rather than squares, and to an adaptation of the notions BottomLeft and TopRight.
Finally, in FK-percolation one should be aware of the effect of boundary conditions. The
construction of the symmetric domain in the proof of (1.14) is designed exactly for this
purpose, and will also apply here.

Theorem 3.8 is a consequence of the following lemmas. Write Rect(m,n) = [—m,m| X
[-n,n] and Cp(Rect(m,n)) and C,(Rect(m,n)) for the events that Rect(m,n) contains a
horizontal and a vertical crossing, respectively.
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oN ] om

Figure 3.2: By combining vertical crossings of horizontal translations of Rect(m,n)
and horizontal crossings of translations of Rect(2m,n), we produce horizontal crossings
of Rect(km,n). We work here in a horizontal strip with wired boundary conditions on
the top and free on the bottom.

Lemma 3.9. (Duality) For any N > n and m > 1,

Ol [Cn(Rect(m,n))] + dgar, . [Co(Rect(m, n))] = 1. (3.12)

Strip Strip

Lemma 3.10. (Non-degenerate horizontal crossings) There exists a constant 0 < ¢ < 1/2
such that, for any N > n

Sl [Ch(Rect(en,n)] > c. (3.13)

Lemma 3.11. (Lengthening crossings) There exists a constant ¢ > 0 such that, for any N >
n andm >1,

gbl/o. N[%(Rect@m,n))} > cgbl/o. N[Ch(Rect(m,n))} (bé{?lp [ (Rect(m,n))]2. (3.14)

Strip Strip

Of the three lemmas, the last one is the most important and hardest to prove. Before
proving the lemmas, let us see how they imply Theorem 3.8.

Proof of Theorem 3.8. Fix N > n. Observe that the finite energy property implies that

G8imin [Cr(Rect(m + 1,n))] >

Strip = (p—l— ) ¢1/0 N [Ch(Rect(m, n))] y (315)

Strip

since for any w in Cp(Rect(m,n)), opening at most two edges produces a configuration
in Cp(Rect(m + 1,n)).
Let cg > 0 be the constant given by Lemma 3.10 and let m be the largest value for which

B8 [Cr(Rect(m — 1,0)] = co.

Then, by Lemma 3.10, m > cgn. Moreover,

S0, [CuRect(m )] > 1 and 0%, [0 (Rect(m.n)] = 1/2,
where ¢; = (mf ¢p is a uniformly positive constant — for the first inequality, see (3.15),
for the second we use Lemma 3.9 and the fact that ¢ < 1/2.

Lemma 3.11 now implies that

qﬁég)ipN {Ch(Rect(2m, n))] > o
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for some uniformly positive constant co. Then, by combining horizontal and vertical crossings
as in Figure 3.2, we conclude that, for any k > 2,

¢1/0. N[Ch(Rect(km,n))] > ¢1/0- N[Ch(Rect@m,n))} ¢1/0 [ (Rect(m,n))]k_ > (%Cg)k.

Strip Strip Strip

In light of the fact that m > ¢on, this implies (3.11).

Finally, observe that, by the duality of gbé{?ip]v, the probability in (3.11) is the same for
primal and dual crossings. This allows us to conclude that (3.11) also holds for w*. O

We now turn to the proof of the three lemmas.

Proof of Lemma 3.9. Note that if w ¢ Cp(Rect(m,n)), then w* € C,(Rect(m,n)), and vice-

versa. Moreover, if w ~ qﬁé{gpN, then w* has the same law as the vertical reflection of w.
Thus
1/0 1/0
DStmipy | € Co(Rect(m,n))] = g5, [w" € Cy(Rect(m, n))]
These two observations together yield (3.12). O

Proof of Lemma 3.10. We will prove by contradiction that

OStmipy, [Cn(Rect(n/3,m)] > 1k,

which suffices to deduce (3.13). Assume the opposite for some n. Then (3.12) implies that

1/0
Pty [Co(Rect(n/3,m))] > §.
Consider now the translates Rect;, = Rect(n/3,n) — (2n/3,0) and Rectrp = Rect(n/3,n) +
(2n/3,0). By (FKG),

¢éégp [ »(Rectr) NC, (RectR)} %

Define the leftmost crossing I';, on Recty, and the rightmost crossing I'g of Rectr, when
these two rectangles are crossed (see Figure 3.3). Let D be the part of A,, between I'z, and I'g.
Then, conditionally on I';, and I'g, the boundary conditions induced on D by the configuration
outside dominate the alternating boundary conditions (see the proof of Theorem 1.16 for how
the conditioning on I', and I'g affects the configuration between I';, and I'g). Note that D

is not symmetric, but if w ¢ {T'y, N I'r} then o(w*) € {I'g, & I'r}, where o is the rotation
of the lattice by 7/2 composed with the shift by (1/2,1/2). Corollary 3.2 (or more precisely
Remark 3.3) implies that

(bé{?ipN L L ‘ I'y,Tr| >

1
14q-

Finally, notice that when the event above occurs, Rect(n/3,n) is crossed horizontally. Com-
bining the last two displays we conclude that

Oy, [Ch(Rect(n/3,n)] >

1
4(1+q)°

which contradicts our assumption. O
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Figure 3.3: The vertical crossings I';, and I'p are the leftmost and rightmost crossings of
their respective rectangles. Identifying them only has an influence on the state of the edges
on them and in the hashed areas. Conditionally on I';, and I'r, the part D of Rect(n,n)
left between them (in light blue) is “narrower” than a square and has boundary conditions
that are wired on its lateral sides. As such, it is crossed horizontally with probability at
least 1/(1 + q).

1/0

Proof of Lemma 5.11. Fix m, n and N as in the statement. Since we work only with ngtripN,

we denote this simply by ¢.
Write a, b, ¢, d for the corners of Rect(m,n) in counter-clockwise order, starting with the
top left corner; see Figure 3.4, left diagram. Let v be the topmost point on (ab) so that

6[(av) << (ca)] > Lg[Ch(Rect(m, n))]. (3.16)
Then the same lower bound holds for ¢[(vb) Jectlmm), (cd)]. Write w for the horizontal

reflection of v, belonging to the side (¢d). Then, by (FKG),

Rect(m,n) Rect(m,n)
> —

(cd)] p[(ab) (wd)|¢|Cy(Rect(m, n))]

We call the event on the left-hand side above £(Rect(m,n)).
Write Recty for the translate of Rect(m,n) by (—m,0) and Rectg for its translate
by (m,0). Then, by the above and (FKG),

6[€(Rectr) NE(Rectr)] > & 6[Ch(Rect(m,n))] "6 [C,(Rect(m,n))]".  (3.17)

Write T'z, for the topmost path realising £(Recty) and ' for the bottommost realis-
ing £(Rectr). When the events are not realised, write I'y, = () and T'g = (), repsectively.

Let o be the horizontal reflection with respect to the axis {0} x R composed with the shift
by (%, %) Conditionally on I'y, and I'g both different from @), write Q for the quad obtained
as follows. Due to the definition of £, I'z, necessarily intersects o(I'r); let b be the last such
point of intersection along I'z,, when going from left to right; set d = o(b). Let a and ¢ be
the endpoints of I';, and I'g, respectively, on {0} x R. Then Q is the quad delimited by the
arcs I'r, between a and b, o(I'r) between b and ¢, I'g between ¢ and d and o(I'f) between d

and a. See Figure 3.4, right diagram.
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Figure 3.4: Left: with v chosen as in (3.16), the probability of obtaining a “diago-
nal” crossing, i.e., from (vb) to (wd), is bounded away from 0 by a universal multiple
of ¢[Ch(Rect(m,n))]”6[C,(Rect(m, n))].

Right: in two side-by-side copies of Rect(m,n), if both the left and right rectangle contain
diagonal crossings as in the left picture, then we may construct a symmetric domain Q with
points a, b, ¢, d on it boundary, as depicted. If Q is crossed from (ab) to (cd), the left side of
the left rectangle is connected to the right side of the right rectangle.

Then Q is invariant! under o, with the wired arcs (ab) and (cd) being mapped by o
onto the free arcs (bc) and (da). As such, we would like to argue that Corollary 3.2 applies,

and provides a lower bound on the probability of (ab) & (cd) under the measure conditional
on 'y, and I'p. Notice, however, that parts of @ may have been explored when determining I',
and I'r, which complicates our analysis (see Figure 3.4, right diagram, hashed regions). Still,
the measure in the unexplored part of @ induced by the conditioning on I';, and I'g is the
measure with wired boundary conditions on (ab) and (ed), random boundary conditions
on (bc) and (da), conditioned that all explored edges are open — indeed, the edges inside
the explored region have no influence on the measure outside, only those of the boundary of
the explored region do, and they are all open. As such, the measure in Q@ induced by the
conditioning on I'y, and I'g dominates the measure with alternating free and wired boundary
conditions on the arcs of 0Q, for which Corollary 3.2 applies.
We conclude that

$[T1 < TR|TL. TR > £ (3.18)

when I';, # () and T'r # 0. Finally notice that, when the event above occurs, Rect(2m,n) is
crossed horizontally by an open path. Combining (3.18) with (3.17) proves (3.14). O

3.5 Proof of the dichotomy: Theorem 3.4

In this section, we work with p = pgq and omit it from the notation. By Theorem 3.8, the
comparison of boundary conditions and (FKG), we conclude that

P[H,] > ¢ and QU[HE] > ¢ (3.19)

for all n and some constant ¢ > 0. Notice here that the boundary conditions are favourable
to the events H,, and H, respectively.

!This is not formally true, but a finite energy argument allows us to apply Corollary 3.2.
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Figure 3.5: Left: For m < n/20, combining several instances of H,, produces H,. Comparing
boundary conditions and using (FKG), we conclude that u,, > (ﬁ%%\ A [Hnl > uS™™ for some
universal constant C.

Right: Consider the point z on the right side of dA,, that is most likely to be connected
to 0 in A,. Then, under the measure ¢9\2N, the point (—n,0) is connected to  — (n,0)
with probability at least |6T1n|¢9hv [0 <+ OAy]. The same holds for connections between (n,0)
and x — (n,0). When both connections occur, (—n,0) connects to (n,0).

When the boundary conditions are adverse, the events H,, and H;; may have much smaller
probabilities. For n > 1, set

Up = (b([{mn [Hy).
Proposition 3.12. There exists § > 0 such that, if up, < 6 for some ng > 1, then
U0kng < 27k for all k > 1.

This proposition, together with the finite size criterion of Proposition 3.7 and some clever
but fairly standard manipulations, imply the dichotomy theorem.

Proof of Theorem 3.4. Proposition 3.12 implies that the sequence? (uy),>1 is either uni-
formly bounded away from 0, or converges exponentially fast to 0. When the former occurs,
a standard geometric construction (see Figure 3.5, left diagram) also implies that d)?\%\ A, [H7]
is uniformly bounded away from 0. By self-duality, we deduce (3.4).

Assume now that the latter occurs, which is to say uy < e~N for all N > 1 and
some ¢ > 0 independent of N. We will prove (3.5).

Consider n < N, with N an integer multiple of n. Let z € JA, be a maximiser

of qb?\N [0 LN x]; by symmetry, we may take x on the right side of A,,. Using (FKG) (see also
Figure 3.5, right diagram), we find that

(%[0 € OAL])" < 03[0 4% 2]? < 6], [(~n.0) ¢ (n,0)].

Furthermore, combining the event on the right-hand side above and its rotations C'N/n times
— where C' is some fixed constant — we may construct Hy. Applying (2.6) to push the free
boundary conditions further, we find

)

(#Ran [(=7,0) ¢ (n,0 "<uy <e .

2Formally, this only works directly if we limit n to powers of 10. To access all values of n, one may observe
that for any n/200 < m < n/20, u, > uS,, where C is some fixed constant; see Figure 3.5.
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100kn| | 100kn|

Figure 3.6: Left: The event CNENENG with the elements required by each event highlighted.
Its probability may be bounded from above by the probability of the primal circuits of C
occurring, conditionally on the dual paths. This produces an upper bound of ufl Conversely,
its probability is bounded from below in several steps: first construct C, then, conditionally
on C, the dual paths forming € N € and G appear with probability at least (cg ce)k.

Right: Construct C by first requiring that Hygg, occurs. Conditionally on this event, C occurs
with probability at least cg As such, C has probability at least cé UL0kn -

The last two displays allow us to conclude that there exists ¢g > 0 such that
<Z>9\N [0« OA,] < e " for all N >n > 1.
Taking N — oo in the above, we conclude (3.5). O

Proof of Proposition 3.12. The central element of this proof is the following renormalisation
inequality. There exists a constant C' > 0 such that for any n, k > 1,

Indeed, Proposition 3.12 follows from the above by taking § = 1/2C. We now focus on
proving (3.20).

The constants ¢, below are positive and independent of n and k. Figure 3.6 may be
useful in understanding the proof. Fix k,n > 1 and assume for simplicity that k£ is odd.
Define the event C as the intersection of the translates of H,, by the (20jn,0) with j =
—(k—1)/2,...,(k—1)/2. By a standard exploration argument, (FKG) and the monotonicity
in boundary conditions,

k
1000 €] = IR 000 [C | Hiokn] DX, 000, [Hiokn] = (6" [Hnl)" 6% 0r, [H10kn] > €6 t10kn,

where c¢ = inf,, ¢'[H,], which is strictly positive by (3.19).

Write £ for the event that there exists a dual horizontal crossing in [—100kn, 100kn] x
[2n, 4n] and & for the vertical reflection of this event. Then, repeated applications of (3.11) at
scales N = 100nk(3/4)?, producing horizontal dual crossings of translates of [—100kn, 100kn] x
[—N/2,N/2], imply

Clogk

R [ENEICT> ] exp(—c-100k- (3)) > &,
7=0

for universal constants C, cg > 0.
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Finally, when £ N € occurs, write G for the event that there exists a dual crossings
between the topmost dual path realising £ and the bottommost path realising £, in each
of the squares [20jn — 10n,20jn — 2n| x [—4n,4n] and [20jn + 2n,20jn + 10n] x [—4n,4n]
with j = —(k—1)/2,...,(k—1)/2. By pushing of boundary conditions (2.6) and (FKG), we
conclude that

~ 2k 2k
¢9\1ookn [g ‘ enen C] 2 qb?\lin [C” (A4n)] = (ﬁ) )

where the last inequality is due to (3.3).
Combine the three displays above to deduce that

Do [C1ENENG] > @) [CNENENG] > cfyy wiokn,

where cio; > 0 is a universal constant.

Now, when £ N € NG occurs, each of the disjoint annuli Ag, \ Az, + (20j7,0) contains
a dual circuit. These may be explored from the outside, leading to independent measures in
each of their interiors, with free boundary conditions. Thus

(Z)OAkan [C ‘ E,' N g N g] S ufl

The last two displays combine to prove the desired inequality (3.20). ]

3.6 Exercises: FK-percolation on Z?, fine properties

Exercise 3.1. Consider FK-percolation on Z? with ¢ > 1 and p = 1;/\5/(}' Prove that

gb[go ] [0n+1] [[O, n| x [0,n + 1] crossed from left to right by an open path] =c,

for all n, where ¢ is the boundary condition where the left and right sides are wired (and
wired to each other), while the top and bottom are free. Why is ¢ # 1/27

Assuming the sharpness of the phase transition (Theorem 2.14) and the uniqueness of the
Va4

+/q°
Why can’t we conclude that the phase transition is continuous, as in the case of Bernoulli

percoaltion?

infinite cluster (Theorem 2.13), proceed as in Exercise 1.9 to prove that p.(Z?) =

Hint: Zhang’s argument applies well when there exists a unique infinite-volume measure.
Ve
T+q°
primal and dual model have infinite clusters. Use Proposition 2.9 to find such a parameter

for which the infinite-volume measure is unique.

Assuming p. < show the existence of an open interval of values of p for which both the

Exercise 3.2. Consider FK-percolation on Z? with some ¢ > 1, p = psq(q). Assume that we
are in the case (Con) of Theorem 3.4. Show that there exists ¢ > 0 such that

en~t < d)i% [0 JA,) <n™¢ for all n > 1 and all boundary conditions &.

Deduce that ¢[|Cy|] = oo, where Cy is the cluster of 0, and ¢ is the unique infinite-volume
measure (here used as an expectation).

Exercise 3.3. Fix p € (0,1) and ¢ > 1. We wish to prove that
Uy = Llog ¢}, [0 > OA,]. (3.21)

converges. If p < p., we denote the limit by —1/&(p).
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(a) Using (FKG) and the comparison of boundary conditions, prove that for all m,n > 0

1
DX o prgl0 > ODgy ] > G (] DN pigl0 > ONR]ON [0 < OApy],

where C is some universal constant.

(b) Use this fact to prove the existence of the limit in (3.21).

Hint: Use the subadditivity lemma that states that if a sequence (ay,)n>0 satisfies ap4pn <
an + ap, for all m,n > 1, then Za, converges to inf, a,.

(¢) Show that gbg’q exhibits exponential decay of cluster radii if and only if {(p) < oc.
Moreover prove that then

gbg’q[O & OA,] = e /EP)Fo(n) as n — oo.

(d) For p > p., write £(p) = &(p*) with p* being the dual parameter to p. Observe
that, p* < p.. Show that there exist universal constants ¢, C' > 0 such that

e~ Cn/Ep) < qbgq[() < 0N, but 0 <5 oo < e /&) for all n large enough.

(e) For p > p., prove that

¢27q[0 & OA, but 0 5 co] = e 2/E@)+on) as n — oo.

Exercise 3.4. The goal of the exercise is to study the continuity of £(p) for p < p..
(a) Prove that p — £(p) is increasing for p < p.
(b) Prove that p — &(p) is continuous for p < p.
(c) Assume that £%(p,.) := lim,, »,. £(p) < 00 as p /* p.. Prove then that

¢2C7q[0 < 0N, = e~ "/E pe)toln) as n — 0o,

and in particular that (DisCon) occurs at pe.

(d) Conclude that, if (Con) occurs at p., then £(p) — oo as p / pe.

Exercise 3.5. Consider the torus Ty = (Z/NZ)? as a finite graph. Fix an increasing
event A which is invariant under the translations by (1,0) and (0, 1). Notice that, for ¢ > 1
and p € (0,1), we may define ¢, ,, as the FK-percolation measure on {0, ..., N}? with
periodic boundary conditions (that is, where we wire each (x,0) to (x, N) and each (0,y)
to (N,y) for 0 < z,y < N).

Use (2.5) to prove that, for some constant ¢ > 0 depending only on p and ¢,

d
@QSTNJLQ[A] > ¢y pqlAl(1 — d1y,pqlA]) log N.

Exercise 3.6. Consider FK-percolation on Z? with some ¢ > 1 and p = pyq. Assume that
we are in the case (DisCon) of Theorem 3.4.

(a) Using ¢° = (¢!)*, show that, for any fixed edge e, ¢°[e open] < 1/2.
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(b) Write ¢r,, pq for the FK-percolation measure on the square torus of side-length 2n.
Prove that, for any fixed edge e, ¢r,, pqle open] = 1/2.

(c) Assume that the only Gibbs measures® of FK-percolation on Z? which are invariant
under translations and rotations by 7/2 are the linear combinations of ¢° and ¢! (this
may be proved using relatively soft tools, see Exercise 3.7). Prove that

1
OTop pg — %qbo + %d) as n — 00.

(d) Is limy, ¢y, pq ergodic?

Exercise 3.7. Fix ¢ > 1 and p € (0,1). Let ¢ be Gibbs measure for FK-percolation on Z?2
which is invariant under translations (by two linearly independent vectors) and rotations
by 7/2. Furthermore, assume that ¢ is ergodic with respect to translations.

(a) Follow the proof of Theorem 1.12 and observe that it applies to ¢. Conclude that ¢
contains a.s. at most one infinite cluster.

(b) Use the same construction as in Exercise 1.9 to prove that ¢-a.s. there exists no infinite
primal cluster or ¢-a.s. there exists no infinite dual cluster.

(c) Deduce that the only Gibbs measures of FK-percolation on Z? which are invariant
under translations and rotations by 7/2 are the linear combinations of ¢° and ¢'.

Hint: use an ergodic decomposition.

Exercise 3.8. Fix ¢ > 1 and p € (0,1). Let ¢ be a Gibbs measure for FK-percolation on Z?2
which is invariant under translations and rotations by 7/2. Assume that there exists ¢ > 0
such that

gzb[w contains a horizontal crossing of [0, 2n] x [0, n]] >c and
¢[w* contains a horizontal crossing of [0, 2n] x [0, n]] >c for all n > 1.
Prove (without using Theorem 3.4) that
(b[w contains a horizontal crossing of [0, kn| x [0, n]] > and

< P[Hp] <1—-56 for allm > 1,

and the same for the dual, for some 6 > 0. Does this imply that ¢[0 <> 9A,] — 07

3For the purpose of these exercises, Gibbs measures should be understood as the potential limits of finite
volume measures.
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Chapter 4

Continuous/discontinuous phase
transition

Theorem 3.4 identified two types of phase transition for FK-percolation on Z2. The goal of
this chapter is to determine which values of ¢ correspond to which type of phase transition.

Theorem 4.1. The phase transition of FK-percolation on Z? is continuous if 1 < ¢ < 4, and
discontinuous if ¢ > 4.

The theorem above was proved in a series of papers via different methods. Originally, the
continuity was proved in | | and the discontinuity in | |. Alternative proofs
of these two reults were obtained in | | and | |, repsectively.

We will present here a proof of both the continuity and discontinuity regimes inspired by
the method of | |. It consists in the explicit computation of the rate of decay of
a certain event that allows us to distinguish the cases (Con) and (DisCon) of Theorem 3.4.
The computation is done by relating critical FK-percolation to the six-vertex model, which
we define below. The free energy of the six-vertex model is then estimated by applying the
Bethe ansatz to its transfer matrix and computing its leading eigenvalues.

This section is meant to highlight the links between FK-percolation and the six-vertex
model, and the very different techniques that may be used to analyse them. A more spe-
cific take-home message is that the continuity/discontinuity of the phase transition of FK-
percolation corresponds to the delocalisation/localisation of the height function of the corre-
sponding six-vertex model, which in turn corresponds to the differentiability /non-differentiability
of the free energy of the six-vertex model as a function of its “slope”, at 0 slope.

The actual computation of the six-vertex free energies with different slope will not be
detailed as it does not employ the type of tools highlighted in these notes.

4.1 Six-vertex model on the torus

Let L, M € 2N and write Ty as = (Z/LZ) x (Z/MZ) for the torus of width L and height M.
A six-vertex configuration on Ty a7 is an assignment of directions (or arrows) to each edge
of Ty, ar with the restriction that any vertex has exactly two incoming and two outgoing edges;
we call this restriction the ice rule. As a result, there are only six possible configurations at
each vertex, whence the name of the model.

Each possibility carries a weight (see Figure 4.1). Consider three positive parame-
ters a,b,c > 0. The weight of a configuration & is

wey (@») — a#vertlces of type a | b#vertlces of type b C#vertlces of type ¢
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Figure 4.1: The six possible vertex configurations obeying the ice rule. The weights are
chosen to be invariant under total arrow reversal.

It is standard to parametrise the model via

2 2 2
A a® + c ’
2ab
as models with equal A are expected to behave similarly. Henceforth, we focus exclusively

on the case a = b = 1, for which A =1 —¢?/2 € (—o0,1).

Preservation of arrows. Partition the vertical edges of the torus into horizontal rows. It

is a direct but crucial consequence of the ice rule that, in any six-vertex configuration, the

number of up-arrows is the same in each row. We call this the preservation of up-arrows.
Define the partition functions

L/2
ZN (M) = Y wev(@)  and  Zev(Towm) = Y. Zfo.
& with L/2 + k k=-L/2

Up-arrows per row

Finally, for o € [-1/2,1/2], define the free energy of the (sloped) model as

lim  lim 74 log ZSe™ (T1m).

— lm lim L =
fov=lim lim 7y log Zey(Tr,n) and  fev(a)= lim lim

Simple combinatorial manipulations (see, for instance, | , proof of Cor 1.4]) show
that the limits exist no matter the order in which L and M are sent to infinity. Moreover,
they show that

fev = fev(0) =

. . 0
i, i, i 108 260 (TLn)

4.2 Relation to FK-percolation: BKW correspondence

We next present a correspondence between critical FK-percolation on (a 7/4-rotated version
of) the torus and the six-vertex model described above. It is sometimes called the Baxter—
Kelland-Wu (or BKW) correspondence | |. Figure 4.3 sums it up.

Notice that T as is a bipartite graph; consider a bipartite colouring in black and white
of its vertices. Let Ty ), be the graph containing only the black vertices of Ty, a, with edges
between vertices at a distance v/2 of each other. Write Qpk for the set of FK-percolation
configurations on T} ,, and ¢r, ,, for the associated FK-percolation measure (the param-
eters p and ¢ will be fixed and omitted from the notation). As on any finite graph, the
FK-percolation measure may be defined on T}, ,; with no mention of boundary conditions;
alternatively ¢r, ,, may be viewed as a FK-percolation measure on a rectangle with periodic
boundary conditions.

Write & for the event that w € Qpk contains at least k vertically crossing clusters, where
clusters are counted on the cylinder obtained by cutting Ty, s horizontally at height 0 — see
Figure 4.2. The BKW correspondence will be used to prove the following.
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Figure 4.2: See the torus Ty, ys as a vertical cylinder. The event &, (here with k& = 3) requires
the existence of k clusters of w (in red) between the bottom and top of the cylinder. This
leads to the existence of at least 2k paths between the bottom and top of the torus in the loop
configuration w® (in orange). If all these paths are oriented upwards, the resulting six-vertex
configurations will have an excess of 2k up-arrows. Indeed, any retractible loop contributes
the same number of up- and down-arrows to each row, regardless of its orientation.

Proposition 4.2 (BKW correspondence). For ¢ > 1, p = p.(q) = Ve andc= /2 + V@

T+/4
fFK = fGV + i logq + log(l + \/a) and (4.1)
&1, 0 [Ear] M = exp (fov(a) — fov(0) + o(1)) for any a >0,  (4.2)

where fri is the finite energy of the FK-percolation defined in (2.9) and o(1) in the last line
denotes a quantity converging to 0 as M — oo, then L — oo.

The rest of the section is dedicated to proving this result. Henceforth, ¢ > 1 is fixed and

we set p = 1_‘!\% and ¢ = /2 +,/q.

Parameters of the correspondence. First, we define a parameter linking ¢ and ¢. Let A
be such that

A et = V4.

Notice that A is real for ¢ > 4 and purely imaginary for 1 < ¢ < 4. For ¢ # 4, there are two
possible choices for A (up to sign change); we do not impose a canonical choice. Then,

N>
>

c=¢e2 +e
Loop configurations. We define two more types of configurations needed in describing
the BKW correspondence. An oriented loop on Ty, ps is an oriented cycle of Tz, ps which is
edge-disjoint, non-self-intersecting and such that it turns by +m/2 at every visited vertex.
We may view oriented loops as ordered collections of edges of E(Tz, ar), quotiented by cyclic
permutations of the indices. Unoriented loops (or simply loops) are oriented loops considered
up to reversal of the indices. A (oriented) loop configuration on Ty, js is a partition of E(Ty, ar)
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Figure 4.3: The different steps in the correspondence between the FK-percolation and six-
vertex models on a torus. From left to right: A FK-percolation configuration and its dual, the
corresponding loop configuration, an orientation of the loop configuration and the resulting
six-vertex configuration. Note that in the first picture, there exist both a primal and dual
cluster winding vertically around the torus; this leads to two loops that wind vertically (see
second picture); if these loops are oriented in the same direction (as in the third picture),
then the number of up arrows on every row of the six-vertex configuration is equal to % +1.

into (oriented) loops. Write Qf,,, and Qf . for the set of configurations of unoriented and
oriented loops, respectively.

Associate the following weights to unoriented and oriented loop configurations. For an
unoriented loop configuration w®, write £(w®) for the number of loops of w® and fy(w®) for
the number of loops that are not retractable (on the torus) to a point. For an oriented loop
configuration w®, write ¢_(w®) and ¢4 (w®) for the number of retractable loops of w® which
are oriented clockwise and counterclockwise, respectively. Set

wo(w®) = /") - (%)Eo(wo) for all w°® € Q

We(w®) = M+ (@)=t (w) for all w® € Q

o .
Loop»
O

Loop-

Additionally, for FK-percolation configurations w and six-vertex configurations &, recall the
weights

||

wFK(W) = (1 - psd)|E\w|qk(w) and w6V(w) — c#type ¢ vertices

Correspondence between configurations. The correspondence between configurations
is best described in Figure 4.3.

Unoriented loop configurations are in bijection with FK-percolation configurations: as-
sociate to any FK-percolation configuration w the unique loop configuration whose loops do
not intersect any edge of w or w*.

An oriented loop configuration w® is said to be coherent with the unoriented loop con-
figuration containing the same loops. It is also said to be coherent with the six-vertex
configuration whose edge-orientations are given by the orientations of the loops.

Notice that for any unoriented loop configuration w®, there are 26«°) oriented loop configu-
rations coherent with it. Similarly, for any six-vertex configuration &, there are 2#vertices of type
oriented loop configurations coherent with .

Correspondence for weights. The following lemmas relate the weights of the different
configurations. Both results are obtained via fairly direct computations which we will only
sketch; full proofs are available in | |
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Figure 4.4: The 8 different types of vertices encountered in an oriented loop configuration.

Lemma 4.3. For any w € Qpk,

w®) s(w Lo(@®) 5w o
wrk(w) = C Vg« = ¢ ()T S ), (43)

w® coherent w. w

where w® is the loop configuration corresponding to w and the sum is over the 2¢°) oriented

loop configurations coherent with w®. The term s(w) € {0,1} is the indicator that w contains

a cluster that winds around Ty, pr in both the vertical and horizontal directions. Finally, C =
\/aLM/Q

TS

The first equality is proved by induction on the number of open edges of w. The second
is obtained by observing that in the sum on the right-hand side, every retractable loop of w®
appears with its two possible orientations, thus with a total weight of e* + e * = \/q; non-

ﬁ)(o(w).

retractable loops appear with a weight of 2, compensated by the term ( 5

Lemma 4.4. For any siz-vertex configuration &,

wey (J) = Z we(w?). (4.4)

w® coherent w. &

The key here is to see w,(w®) as V@27 where wind(w®) is the total winding of all

loops of w®. This winding may be computed locally: vertices of type a and b produce a total
winding of 0, while vertices of type ¢ produce a total winding of £+, depending on how the
loops are split at the vertex. See also Figure 4.4.

Consequences for the partition functions: proof of Proposition 4.2. Summing (4.3)
and (4.4) over all configurations, we easily find that

ZFK - ¢TL,M[(%>ZOQ_S] = > (%)ZO(UJO)Q_S(W) ~wpk (w) = C'- Zev,

UJEQFK

with C given by Lemma 4.3. This is not exactly an equality between the two partition func-

0
tions, due to the term ¢r, ), [(%) Oq_s]. Note, however, that this term is of no significance

for the free energy. Indeed, ¢y is bounded by L + M, so

. . 1
frk == lim lim i log Zpk (Tr,am) = fov + +logq —log(1 + \/q).

L—o00 M—00
This proves (4.1).

We turn to (4.2), and prove a more general fact. Fix & > 0. For a six-vertex configura-
tion &, write K (&) for the excess of up-arrows on each row, that is, the number of up-arrows
on any one row minus L/2. Use the same notation for oriented loop configurations w®.

When & and w® are coherent, K (dJ) = K(w®). In particular, the oriented loop configura-
tions coherent with {& : K (&) = k} are exactly those with K (w®) = k.
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For an unoriented loop configuration w®, write Ji(w®) for the number of ways in which
its vertically-winding loops may be oriented to produce w® with K(w®) = k. For most w°®,
we have Ji(w®) = 0. Indeed, to have Ji(w®) > 0, w® needs to have at least 2k loops winding
vertically around the torus (where a loop winding vertically more than once is counted with
multiplicity) — see also Figure 4.2. Finally, these loops are all counted in £y(w®). Indeed, any
retractable or horizontally-winding loop contributes the same number of up- and down-arrows
to each row; inbalances come only from loops winding vertically around T, /.

For an unoriented loop configuration w®, write £;(w®) for the number of non-retractable
loops of w that do not wind vertically around the torus (in particular, they wind horizontally).
Observe that re-orienting the retractable loops of w®, or those contributing to ¢5,, does not
change K(w®). Thus, applying (4.4), then (4.3), we find

: ‘ L2
z\ = > we(w®) =) Jp(w )W 0(w°)
w?: K(w®)=k WO
1 o 2€h(wo) _ ZFK ° QZ}L(WO) —s(w
=5 %:Jk(w )Wq Wk (w) = - DT, 0 {Jk(w ) N ek s( )]'

All terms in the expectation on the right-hand side, except Ji(w®), are ultimately unim-
portant. Moreover, most of the contribution comes from configurations with Ji(w®) = 1. The
important observation is that Jg(w®) # 0 only if there are at least k& primal clusters cross-
ing Ty, ar vertically (where clusters are counted on the cylinder obtained by cutting Ty, ar
horizontally at height 0).

Recall that we are interested in fgy () which corresponds to the partition function over
configurations with an excess K (&) = aL. Crude upper and lower bounds on the terms
appearing in the probability above suffice to prove that

fev(a) = frk + Lh_Igo A}lgloo 7 108 1, [Ear] — §logq —log(1 + \/q)

Together with (4.1), this proves (4.2) (also observe that fey = fev(0)).

4.3 Solving six-vertex via the transfer matrix

The following theorem is obtained by estimating the leading eigenvalues of blocks of the
transfer matrix of the six-vertex model via the Bethe ansatz. It will be used in our case to
distinguish between continuous and discontinuous phase transitions of the FK-percolation
model.

Theorem 4.5. As o\ 0, we have

Ca+ o(a) if ¢ > 2,

4.5
Ca?+o(a?) if0<c<2, (4.5)

fov(0) — fov(a) = {

where C' = C(c) > 0 is a positive constant.

Below, we give some details of the Bethe ansatz approach and the ingredients needed to
prove Theorem 4.5. We do not provide a full proof here, as it is highly technical and does
not involve tools relevant to the rest of these notes. See | | for a full proof.
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Figure 4.5: The unique possible completion between Z (bottom configuration) and Z’ (top
configuration) that obeys the ice rule. The two types of c-vertices are marked in red; the

matrix entry corresponding to the transition from & to & is c¢?.

Transfer matrix formalism. We identify the possible configurations of vertical arrows on
one row by {#+}¥. Consider the matrix V = V7, defined by

V(f, f/) _ Z C#type ¢ vertices VSL_", f/ e {:I:}L,

possible completions

where the completions refer to the possible assignments of horizontal arrows between & and 7
that obey the ice rule. See Figure 4.5 for an example. Formally, V' is an operator acting
on (C?)®L which may be viewed as a 2l-dimensional vector space with an orthonormal
basis (Uz)zc(+y2 indexed by the possible vertical arrow configuration on one row.

The transfer matrix is split into blocks corresponding to the number of up-arrows on each
row (recall that this number is conserved). Indeed, if # and Z’ have a different number of
up-arrows, then V(Z,#) = 0. Write V(*) for the block with L/2 + k up-arrows. Then, it is
immediate to check that

Z§) (T pr) = Te(V )M, (4.6)

Furthermore, each such block has non-negative entries and may be shown to be irreducible.
It follows by the Perron-Frobenius theorem that each V(*) has a single eigenvector of maximal
eigenvalue (with all other eigenvalues being of strictly smaller modulus). We call these the
PerronFrobenius eigenvector and eigenvalue, and write A¥) = A(®)(L) for the latter.

Then, (4.6) implies

k _
23 (Tear) = (AP L) (1 + 0= M)),
for some € = ¢(L) > 0. Since Zéf/) (Tr,ar) is used to determine the free energy with slope «,
we find

fov(a) = lim plog Al*(L).

Statement of the Bethe ansatz for the six-vertex model. The Bethe ansatz is a
general method for producing eigenvectors and eigenvalues of certain transfer matrices. It
originates in the work of Bethe | |. We state it below in the context of the six-vertex
model.

Recall that A =1 — ¢?/2 and set

and D :=(—mw+pu,m™—pn).
0 ifc>2 ( H 2

arccos(—A) if ¢ <2
po=
Let © : D? — R be the unique continuous function which satisfies ©(0,0) = 0 and

e 4 e — 2A
e~ 4 et — QA

exp(—i6(x,y)) = V).
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For z # 1, set

L(z) =1+ &= M(z):=1- €

1—2z°

Theorem 4.6 (Bethe ansatz for V). Fiz 0 < k < L/2 and setn = L/2—k. Let (p1,p2,...,Pn) €
D™ be distinct and satisfy the equations

n
k=1
where Ij = j — " for j € {1,...,n}. Set ) = 3 |z2n () Vg, the sum is over T € {£}*
with n up arrows and ¥ (Z) is given by
n
PY(T) = Z Ay H exp (ipg(k):xk) ,  where Ay :=¢(0) H ePok) (e Po(k) felPo(t) _2A),
o€, k=1 1<k<t<n

for o an element of the symmetry group &,,. Then

Vi = A,
where
H L(e™7) + H M (e5) if all p1,...,pn are non zero,
A= di=t j=1
[2 + (N —1)+¢? Z@x@(o,pj)} T M(e?7) if pe=0 for some L.
j#e J#t

In words, the above explains how a solution to (4.7) may be used to produce an eigen-
vector and eigenvalue for V. The proof of the above is an intricate, but ultimately direct
computation; a full proof may be found in | |. It is expected that there exists ex-
actly one solution to (4.7), which produces the Perron—Frobenius eigenvector and eigenvalue
of V(%)

Let us assume that one may find solutions p1,...,p, to (4.7), and that their empirical
distribution defined as py = % ity dp, converges to a measure p(x)dz on D admitting a
density — this is sometimes called condensation of the Bethe roots. Then (4.7) implies that

2mp(x) =1+ A)@xG(x,y)p(y)dy Ve € D (4.8)

and

lim %logA:/ log’M (eix> p(z)dz. (4.9)
D

L—o0

The condition (4.8) allows one to determine p, which may then be injected in (4.9) to obtain
asymptotics for A.

We will not prove Theorem 4.6 here, nor how it applies to extract Theorem 4.5. We limit
ourselves to the following observations.

e The difficulties in applying this method are: prove that (4.7) has solutions and that
these solutions do condensate as L. — oco. Show that the resulting vector is not null, and
therefore that the resulting A is an eigenvalue. Prove that A is the Perron—Frobenius
eigenvalue of the corresponding block of V. Finally, when this is done, one needs to
compute sufficiently precise estimates on the resulting eigenvalue, using the continuous
version of the Bethe equations (4.8) and (4.9).
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e The Bethe ansatz changes form at A = —1, corresponding to ¢ = 2. Outside of this
value, it depends smoothly on A.

e These difficulties were overcome in | | and | |. Proving that A is
indeed the Perron—Frobenius eigenvalue was done by considering the model (for finite L)
at the “trivial” cases A = 0 and A = —oo, where the computations are explicit, then

proving that A — (¢, A) is an analytic function, hence preserving the positivity of .
The condensation is also proved using this type of evolution in A: it is proved that 1 (A)
can not continuously “escape” a region of condensation.

e The estimates obtained for A®*) /A(©) are not sufficiently fine to apply to k = 1 (or small
values of k). For our purpose k = aL suffices, where the estimates are more robust.

e The ultimate computation of A®) /A©) proves (4.5).

4.4 Deducing the type of phase transition

A direct consequence of Proposition 4.2 and Theorem 4.5 is the following estimate on ¢, ,[€ar]-

Corollary 4.7. We have

—Ca+ o(a) if ¢ > 4,

4.10
—Ca?+o(a?) if1<q<4, (4.10)

L—oo M—

lim L 7 log ér, , [Ear] = {

with C' = C(/2 4+ /q) > 0 given by Theorem 4.5.
This corollary implies directly Theorem 4.1.

Proof of Theorem 4.1. Fix q¢ > 1. Define the correlation length at criticality as
€' =€ (pe,q) = —lim 5 log ¢ [0 > O] = —lim 1 1og ¢°[0 > OA].

The equality of the two limits may be obtained by standard arguments, see Exercise 3.3.

Also define

(n) = ¢1,1(0,—n/2) < (0,n/2)].

Then, a straightforward analysis shows that %log n(n) — —& L
We claim that there exists a universal constant ¢ > 0 such that, for all 4 <2k < L < M,

FM (L AR) M < gy (4] < LFem (DM D), (4.11)

with o(1) denoting a quantity converging to 0 as M — oo.

For the lower bound, cut up the cylinder in vertical rectangles Rect; = [j Q—Lk, (7 + l)i] X
[0, M] for j =1,...,2k. Using RSW techniques!, we may construct k dual clusters crossing
the cylinder vertically in the rectangles Rect; with j even with a probability of at least K M/L
for some constant ¢ > 0. Conditionally on the existence of these clusters (or, more gener-
ally, on any configuration in the rectangles with j even), the probability that each of the
rectangles Rect; with j odd contains a vertical crossing is at least 7(L/ 4k‘)4kM/ L Indeed,
combining 4kM /L translates of {(0,—&) < (0, £)} using (FKG), one obtains a crossing
of Rectj. The lower bound in (4.11) follows.

'Here, (3.11) does not apply directly, but one may easily prove the same estimate in periodic rather
than 1/0 boundary conditions
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For the upper bound, assume that & occurs. Start from an arbitrary point and explore
the closest primal clusters to the left and right of this point that cross the cylinder vertically.
When conditioning on the value of these clusters, the measure in the rest of the cylinder
has free boundary conditions. Moreover, the unexplored part contains at least k — 2 other
crossing clusters. We explore these clusters one by one, from left to right. After each cluster
is explored, the probability that another cluster exists is at most L¢®[0 <+ OA ;). This proves
the upper bound in (4.11).

When taking k = aL, then taking M — oo, L — oo and then aw — 0, (4.11) translates to

1
1 .

—o(1) <1 .
& —oll) = lmsup =7

L—oo

log ¢1, \[Ear] < €1+ 0(1),

where o(1) denotes a quantity tending to 0 as & — 0. When combining the above with (4.10),
we conclude that &(p¢, ¢) = oo if and only if 1 < ¢ < 4. Theorem 3.4 allows us to conclude. [J
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Chapter 5

Rotational invariance of the critical
phase

This chapter aims to give an overview of the recent result of | | which states that
the critical FK-percolation on Z? is asymptotically rotationally invariant. Henceforth, fix ¢ €
[1,4] and omit it from the notation.

5.1 Results: rotational invariance and universality

Loop topology. To state our results, we first need to describe how the large scale geometry
of percolation configurations should be understood. Recall from Section 4.2 that a percolation
configuration w on Z? may be encoded by the loop configuration w®. The latter is formed
of two types of loops: those with primal edges on the inside and those with primal on the
outside (we will always consider cases where w® contains no infinite paths). In this chapter,
we will consider w® as an oriented loop configuration, with each loop being oriented so that
the primal lies on its right side — this is not the same orientation as that used in the BKW
correspondence of Section 4.2. We will also identify w® and w to avoid overburdening notation.

For two loops v and ' of oriented loop configurations define the loop distance between
them as

d(v,7") = inf |y = 7], (5.1)

where the infimum is over all orientation-preserving parametrizations of v and 4" by S'.
For two families of oriented loops F and F’, define the Camia—Newman distance | |

by
don(F, ./T/) <e

if for each loop 7 of F contained in A,/ of diameter greater than e there exists a loop 7' € F
such that d(vy,7") < e, and vice versa.

Finally, if ¢ and ¢’ are probability measures producing oriented families of loops (or
equivalently percolation configurations on some rescaled lattice 07Z?), set

den(e, @) <e

if there exists a coupling P of ¢ and ¢’ producing configurations F and F’ such that
Plden(F, F') <€ >1—e.

With the distance defined above, we can formally mention a central conjecture in two-
dimensional percolation.
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Conjecture 5.1. For q € [1,4], the critical FK-percolation measures G572 p..q 0N the rescaled
lattice 6Z2 converge, as 6 — 0, to the nested, full plane CLE, measure with

S

r(q) = 4m/ arccos(—5").

We will not describe here what CLEj is, but simply mention that it is a measure on fami-
lies of loops, which depends on a parameter £ > 0. For details, see | , , ,
) |. A similar conjecture may be expressed in finite domains. A fundamental
property of CLE,, and conjecturally of scaling limits of critical statistical mechanics models,
is that they exhibit conformal invariance.

From the perspective of discrete models, the convergence to CLE, should be viewed
as the most precise information on the critical phase. In particular, it may be used to
determine different critical exponents, such as the one-arm exponent «; and the influence
exponent ¢, which in turn determine (almost) all critical exponents via the so-called scaling
relations | ].

Rotational invariance. The goal of this chapter is to prove that FK-percolation on Z?2,
when rescaled, becomes asymptotically rotationally invariant. As a consequence, any subse-
quential scaling limit of its loop representation is invariant (in law) under rotations.

Theorem 5.2. Fiz q € [1,4] and 0 € [0,2n]. Write ¢ingp2 for the critical FK-percolation
measure on the rescaled lattice 572, rotated by 6. Then, for any § > 0,

don(@sz2, Peiosze) < CO°,
where ¢, C > 0 are universal constants.

In light of the above, we say that ¢52 is asymptotically rotationally invariant. The sup-
posed conformal invariance of the scaling limit of FK-percolation may be viewed as a result
of two more basic invariances: with respect to rotations and homotheties. Indeed, conformal
transformations are locally compositions of rotations and homotheties, and mixing arguments
between local and global features suggest that these two types of symmetries imply overall
conformal invariance. This points to a three part program for proving Conjecture 5.1, and
more generally conformal invariance of scaling limits of 2D statistical mechanics models:
invariance under homotheties, invariance under rotations and combining the two to deduce
conformal invariance. It may be argued that the invariance of the scaling limit under rotations
is the most mysterious step in this program. Indeed, any scaling limit is, by construction,
invariant under homotheties; the last step should be the result of mixing between scales,
something that is expected in most models and their scaling limits.

At the time of writing no general proof is available for the existence of the scaling limit, nor
for the implication between scale, rotational and conformal invariance. The only exceptions
are for the FK-Ising model (¢ = 2) | , | and for a variant of Bernoulli percolation
(g=1)] , |, where the existence of a conformally-invariant scaling limit was proved
by different means.

Our proof of rotational invariance is intimately related to a universality result (see The-
orem 5.3 below), which is naturally stated in the context of FK-percolation on isoradial
graphs.

Universality on rectangular isoradial lattices. We describe now an inhomogeneous
FK-percolation model on some distorted embedding of the square lattice Z2. These notions
may appear strange at first, but will be shown to fit in the more general framework of isoradial
graphs (see Section 5.2).
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For a € (0,7) let L(c) be the embedding of Z? in which horizontal edges have length 2 cos a
and vertical edges have length 2 sin a, rotated by an angle a/2. Consider the FK-percolation
model on L(«) with cluster-weight g and different edge-parameters ppor and pyert for the “hor-
izontal” and “vertical” edges (that is, the edges of lengths 2cosa and 2sin«) respectively,
given by

Phor _ 1 — Pvert sin(ra) . 1 —1(va
1_ph0r—q P _\fsin(r(w—a)) with r := = cos (2)
Write ¢pq) for the unique infinite-volume measure on L(«) with the parameters above —
the uniqueness of the measure will be discussed below. We call L(«) an isoradial rectangular
lattice, and ¢, its associated FK-percolation model.

Notice the duality relation (3.1) between ppor and pyert, which implies that ¢r, () is self-
dual. In the particular case of oo = 7/2, ®L(r/2) 1s the critical FK-percolation on 72, rotated
by m/4. It was proved in | | that ¢p(,) shares the qualitative features of critical
FK-percolation on Z2, most importantly an RSW property (see Theorem 5.7).

The models ¢, for different values of & may be related via a series of star-triangle trans-
formation (see Section 5.2.4); features that are stable under these transformations may then
be transferred from ¢ép,r 2y to all other ¢r ). This strategy was used in | , |
for RSW estimates, and will be used here to prove the following universality result.

Theorem 5.3 (Universality for isoradial rectangular lattices). Fiz g € [1,4] and a € (0,7).
There exist constants ¢, C > 0 such that, for all § > 0,

den(@sr(a), Porir/2)) < CO°. (5.2)

In light of the above, we say that ¢sy o) and @s1.(/2) are asymptotically similar.

Observe that Theorem 5.3 readily implies Theorem 5.2. Indeed, for any o € (0, ), e'/2R
is an axis of symmetry for (), and therefore for ¢ ,). Then (5.2) implies that ¢p (/o) is
asymptotically invariant under the reflection with respect to ¢®/2R. The composition of the
reflections with respect to the horizontal axis and to €’®/2R produce the rotation by a, and
we deduce the asymptotic invariance of ¢r,/2) by said rotation.

As such, it would be tempting to assume that we will first prove Theorem 5.3, then deduce
Theorem 5.2. This will not be the case in these notes. We will rather start by proving the
following weaker version of Theorem 5.3.

Theorem 5.4 (Universality up to linear deformation). For every q € [1,4] and o, 8 € (0, ),
there exist constants c,C > 0 and an invertible linear map Mpg 4 : R? — R? such that

don [¢5]L(6)7 (z)&]L(a) o Mg,a] <Cdé°  foralld>0.

The statement should be understood as w ~ ¢s1,3) and W'~ Ps1L(a) may be coupled so
that the loop representations of w and M 3, ;(w' ) are close! for dcy with high probability.
Theorem 5.3 is equivalent to Theorem 5.4 with the input that M5, =id.

Once Theorem 5.4 is proved, we will show the asymptotic rotational invariance of ¢y, /2)
(i.e. Theorem 5.2) by an argument similar to the one described above — see Section 5.4.1.
Then, in Section 5.4.2, we will use Theorem 5.2 to prove that M./, , = id for all a € (0, 7),
thus deducing Theorem 5.3.

One may also prove in a more direct way that My, , = id, deduce Theorem 5.3, then
Theorem 5.2, using different methods. We prefer the more convoluted strategy described
above for a series of reasons.

or equivalently such that Mg o(w) and w’ are close.
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Let us start by mentioning that the proofs below blend two types of arguments: qualitative
features of critical FK-percolation (essentially the RSW property and its consequences) and
some form of exact integrability. Exact integrability is commonly considered equivalent to
invariance under the star-triangle transformation (a.k.a. Z-invariance), but is mostly used in
much stronger forms, such as the explicit computation of certain partition functions. Our
aim here is to isolate as much as possible the use of exact integrability, and to limit it to the
star-triangle invariance.

Theorem 5.4 only uses qualitative features of critical FK-percoaltion and the star-triangle
transformation. It does not claim that the isoradial embedding (i.e. the exact ratio between
the lengths of the horizontal and vertical edges of L(«)) ensures universality in the sense
of (5.2). A separate argument is needed for the latter, which necessarily involves exact
integrability.

Indeed, the more direct route to Theorem 5.3 mentioned above involves proving that M 5 , =
id using explicit computations of certain partition functions of the six-vertex model based
on the Bethe ansatz (similar to those of Section 4.3). As for ¢y, /2), any FK-percolation
model ¢r,,) may be related to an inhomogeneous six-vertex model on 72, as in Section 4.2.
Write ¢r, ,,(a) for the corresponding model on the L x M torus (that is, the torus with L
columns and M rows) and recall the definition of & from Section 4.2. The Bethe ansatz
also applies to the latter model (the eigenvectors are actually independent of o) and one may
show that

log ér, 1y(e) €] = (14 0(1)) s log b1, 11 n/ L& (5.3)

ME? sin(«) ME?

as M — oo, then L — oo and k/L — 0, in a certain regime of values of k.

It is most instructive to think of (5.3) for & = 1. It suggest that the asymptotic of
the probability under ¢y, for an interface to cross vertically a tall cylinder of Fuclidean
dimensions L x M is independent of the angle «. As such, it is not entirely surprising
that (5.3) ultimately may be used to prove that M, , = id. Unfortunately, this implication
is technically challenging, especially since we are unable to prove (5.3) for k = 1, but need to
take k — oo as L — oo. Still, it should be mentioned that the first version of | |
did use the strategy outlined above, and a more detailed sketch may be found there.

In the present approach, we avoid the use of (5.3), or any form of exact integrability other
than the star-triangle transformation. That My s, = id will actually follow form a subtle
interplay between Theorem 5.4, an additional symmetry of ¢p(r/2), and the way that the
star-triangle transformation acts on isoradial graphs. In addition to ultimately being shorter
and more self-contained, this argument illustrates that the star-triangle transformation alone
implies that the isoradial embedding is the “correct” embedding to ensure universality. The
author finds the latter quite remarkable.

Some additional remarks We close this section with some additional remarks and ex-
tensions of the results listed above.

Remark 5.5. The constants ¢ and C' in Theorem 5.3 may actually be chosen uniformly in a.
Thus, the universality result extends to the model obtained when taking o — 0, sometimes
called the quantum (or continuum) FK-percolation model (see | , Sec. 9.2] for a descrip-
tion and | , Sec. 5| for more details on this step).

To simplify the exposition, we will not focus on the independence of the constants ¢, C
on « in this manuscript.

Remark 5.6. The universality result of Theorem 5.3 extends beyond isoradial rectangular
lattices. Indeed, it is proved in | | that it extends to all bi-periodic isoradial graphs.
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Additionally, the universality principle suggests that any bi-periodic critical planar FK-
percolation model lies in the same universality class as ¢p(r/2), and therefore (5.2) should
also apply to it, if properly embedded.

The author expects that the a refinement of | | may incorporate all isoradial graphs
(even non-periodic), but is unlikely to go beyond that. Indeed, Theorem 5.3 and its exten-
sion | | makes crucial use of the star-triangle transformation, for which isoradial graphs
are a stable and natural class. It would be interesting to find additional transformations
that allow to exit the class of isoradial graphs, while preserving the large scale geometry
of the percolation model. We mention here the related works of | | on more general
embeddings for the Ising model.

Structure of the chapter. The following section contains background on isoradial graphs,
the associated FK-percolation model and the star-triangle transformation. It introduces some
of the notions used in the following sections, as well as the results of | ) |, which
are a precursor to those presented here. Theorem 5.4 is proved in Section 5.3. This is the
most technical part of Chapter 5; it is self-contained and may be skipped in a first reading.
Theorems 5.2 and 5.3 are proved in Sections 5.4.1 and 5.4.2 respectively.

5.2 FK-percolation on isoradial graphs; the star-triangle trans-
formation

This section contains a brief introduction to isoradial graphs and the FK-percolation associ-
ated to them.

Isoradial graphs were introduced by Duffin in | | in the context of discrete complex
analysis, and later appeared in the physics literature in the work of Baxter | | under the
name Z-invariant graphs. They have been studied extensively, in particular in the context
of statistical mechanics; we refer to | , , , , | for literature on
the subject.

5.2.1 Isoradial graphs

A rhombic tiling G° is a tiling of the plane by rhombi of edge-length 1. Any such graph is
bipartite, and we may divide its vertices in two sets of non-adjacent vertices Vo and V,. The
isoradial graph G associated to G° is the graph with vertex set V, and edge-set given by the
diagonals of the faces of G° between vertices of V4. If the roles of V4 and V, are exchanged,
we obtain the dual of G, which is also isoradial. The term isoradial was introduced by
Kenyon | | and refers to the fact that each face of G is inscribed in a circle of radius 1.
The rhombic tiling G° is called the diamond graph of G.

A train-track (or simply track) of G is a bi-infinite sequence of adjacent faces (7;);cz of
the diamond graph G°, with the edges shared by each r; and r; 11 being parallel. The angle
formed by any such edge with the horizontal axis is called the transverse angle of the track.

Isoradial graphs considered in this paper are of a very special type, see Figure 5.1. They
will all be isoradial embeddings of the square lattice; moreover we assume that all rhombi
of G° have bottom and top edges that are horizontal. A consequence of this assumption is
that the diamond graph contains horizontal tracks t; with transverse angles «; € (0,7) and
vertical tracks sj, all of which have transverse angle 0. Each track of one category intersects
all tracks of the other category but no track of the same category.

For a sequence of track angles @ = (a;)iez € (0,7)%, denote by L(a) the graph whose
horizontal tracks have transverse angles «;, in increasing vertical order. When «; = « for
every i, simply write L(a) = L(a). Note that L(«) has identical rectangular faces and is
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Figure 5.1: An example of a graph L(e), where «; is equal to 7 for i < 3, and some angle «

above. The diamond graph is drawn in light black lines; the solid and hollow dots are the
vertices of V4 and V,, respectively. The actual isoradial graph G is drawn in thicker black
lines.

rotated such that €’®/2R acts as an axis of symmetry. In particular, IL(%) is simply a rescaled
and rotated (by an angle of 7/4) version of Z2. These are indeed the isoradial rectangular
lattices described in Section 5.1.

When considering isoradial graphs G = (V, E), we keep the notation A,, = [-n,n]? and
identify it with the subgraph spanned by the vertices of V' contained in A,,. We write 0\,
for the set of vertices v € VN A,, that have a neighbour in V' N A,.

5.2.2 FK-percolation on isoradial graphs

The isoradial embedding of a graph G = (V, E) produces different edge-weights for the edges
of GG as functions of their length, or more commonly the subtended angle. Indeed, if e is an
edge of G and 6, is the angle of the rhombus of G° containing e and not bisected by e (see
Figure 5.2), we set

Vasin(r(m —6e))

if 4
sin(rfe) + /gsin(r(m — 0.)) Ha=n
21 — 20, .
re=\ oa ifg =1, (5.4)
. \/asinh(r(.ﬂ —6.)) if g >4,
sinh(rfe) + /g sinh(r(r — 6.))

where r := %cosf1 (@) forg <4 and r := %cosh_1 (@) for ¢ > 4 — the case ¢ > 4 is not
relevant for this presentation, but we give the formula to emphasise that the weights exist
for all ¢ > 1 and change nature at ¢ = 4. Notice that when 6, = 7/2 we find

— 4
Pe = 13 -

For ¢ > 1, define an infinite-volume FK-percolation measure ¢ on G as any proba-
bility measure on {0, 1}E with the following property. For any finite set F' C E and any
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Figure 5.2: The edge e and its subtended angle 6.; the red edges are those of G and the grey
ones are those of the diamond graph. The dual graph (blue edges, hollow vertices) is also
isoradial.

configuration? wg on F¢,

1

_ ] — We (1 _ 1-we \ kr(w)
¢clwon F|w = wy on FC 7o (F) (egpe (1 —pe) )q ) (5.5)

where kp(w) is the number of connected components of w that intersect F' and Z“°(F) is a
normalising constant.

A similar definition may be formulated on finite isoradial graphs with arbitrary boundary
conditions. The basic properties of FK-percolation (see Section 2) extend readily to this
setting. Notice that the lattices L(«) and the associated parameters for FK-percolation
given by (5.4) are indeed those mentioned in Section 5.1.

Duality. Recall that if G is an isoradial graph, then so is its dual G*. Assuming that G
possesses a unique infinite-volume FK-percolation measure, we have that

if w~ ¢, then w* ~ Pg=.

In other words, the dual of an isoradial measure on some graph G is the isoradial measure on
the dual graph G*. We stated the result here only for infinite-volume measures, but similar
statements may be formulated in finite volume.

5.2.3 RSW property and consequences

As in the case of the square lattice, it was proved in | | that, for ¢ € [1,4], there exists
a unique infinite-volume measure on a large variety of isoradial graphs and that it has similar
properties to the critical FK-percolation on Z2. Most importantly to us, the RSW estimates
of Theorem 5.7 also hold for the isoradial rectangular lattice which we will use below.

Theorem 5.7 (RSW on isoradial rectangular lattices). For any 1 < q¢ < 4 and p,e > 0,
there exists ¢ = c(p,€) > 0 such that for any a = (a; : i € Z) € (0,7)% containing at most
two values, any n > 1 and any event A depending on the edges at distance at least en from
the rectangle R := [0, pn] x [0,n]

¢ < PL(a) {{0} x [0, 7] & {pn} x [0, n] ‘A] <l-c. (RSW)

In the above ¢p,) denotes any infinite-volume FK-percolation measure on L(a). The
statement is actually about finite volume measure with arbitrary boundary conditions; it is
stated using the infinite-volume setting to avoid introducing additional notation.

2The conditioning in the right-hand side of (5.5) is degenerate, but may be properly defined using standard
manipulations; we leave this to the reader.
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When discussing isoradial graphs, it is convenient to think of edges as closed segments
in the plane R? = C. Then, (open) paths are piecewise linear paths running along (open)
edges; they are not required to end at vertices of the graph.

Remark 5.8. Notice that the bounds in (RSW) are uniform in the angles of the lattice L(a); in
particular, we have uniform RSW estimates for ¢r,,) as a — 0. This fact requires additional
arguments than RSW estimates which only hold for angles o bounded away from 0 and 7.
A full proof may be found in | |.

We limit Theorem 5.7 to lattices L(a) with at most two different angles for the horizontal

tracks as this statement follows directly from | | and suffices for our purposes. An
RSW estimate holding uniformly for all rectangular square lattice L(a) with no restriction
on the angle sequence may also be derived from | | but requires additional work.

Henceforth, fix ¢ € [1,4].
For isoradial graphs G, ¢o will denote an infinite-volume measure on G with
parameter ¢ and edge-weights given by (5.4).

For all practical purposes, one may consider the infinite-volume measure to be unique.

Unique infinite-volume measure. It is a direct consequence of (RSW) that, for all
1 < ¢ <4 and L(a) an isoradial rectangular lattice as in the statement of Theorem 5.7,
there exists a unique infinite-volume FK-percolation measure ¢r, ). Furthermore, under this
measure, neither the primal nor the dual configurations contain infinite clusters.

Mixing. A second consequence of (RSW) that we will use repeatedly is the mixing property.

Proposition 5.9 (Mixing property). For every ¢ > 0, there exist Chix, cmix € (0,00) such
that for any a = (a; : i € Z) € (0,7)% containing at most two values, every r < R/2, every
event A depending on edges in A, and every event B depending on edges outside Ag, we
have that

|61(e)[A N B] = 109 [A]61(e) [B]| < Crni (r/ R) ™ b () [A] 1) [ B]-

Proof. The argument is identical to the one on the square lattice, see e.g. | , Proposi-
tion 2.9). ]

IIC measure. Fix two angles o, € (0,7). Write Lpix for the lattice L(a) with v =
(a;)icz with a; = « for i even and «o; = [ for i odd. The (RSW) property applies to
these lattices, and that allows us to define the half-plane IIC measure. This construction is
tedious, but relatively standard, so we will only state the results here, and direct the reader
to | , | or Exercise 5.7 for details on the proofs.

Recall that the horizontal tracks of Lyix are denoted (tx)rez and the vertical ones (sg)rez.
Consider the origin of R? to be the vertex between ¢y and ¢; and between so and s1; we will
assume it to be a primal vertex. The cell (i, 7) is the set of primal and dual vertices contained
between so;_1 and s9;11 and between to;_1 and t2;41. We associate to the cell (1,7) its lower
left lattice point (due to our definition, this is a primal point) — see Figure 5.3.

Define the unit vectors® of R? ey = (0,1) and ejyy = (sin3,—cos3). For a finite
cluster C of a configuration w on Ly, consider the leftmost cell of maximal vertical coordinate
intersected by C. Write Top(C) for its associated lattice point. Write Bottom(C) for the

3We choose to work here in the basis (evert, €1at) as the two directions are well adapted to the lattice Lg —
this is ultimately visible in Proposition 5.26. The proof would however also work in any basis containing evert,
as explained in Exercise 5.9.

o7



Figure 5.3: A red cluster C with the cells containing Top(C) and Right(C) marked in blue.
Note that there are three topmost cells visited by C, the marked one is the leftmost.

lattice point of the rightmost cell of L, of minimal vertical coordinate intersected by C.
Consider the lattice points Left(C) and Right(C) corresponding to the cells intersected by C of
minimal, respectively maximal, scalar product with ej,. When multiple choices are possible,
let Left(C) be the bottommost such point and Right(C) be the topmost. Finally, write

=
o
[

(Top(C), evert); B(C) = (Bottom(C), eyert);
L(C) = (Left(C), e1at); R(C) = (Right(C), é1at)- (5.6)

We call these the extremal coordinates of C with respect to (evert, €lat)-

Write x,, for the primal vertex of Ly« between tg, and to,+; and between sg and s;.
Similarly, write y, for the primal vertex between tg and t; and between s9, and son41.
Write C,, for the cluster of the vertex . The IIC measure is given by the following proposition.

Proposition 5.10. (IIC measure) The following limits exist and are called the half-plane
1IC measures in the lower, upper, right and left half-planes, respectively:

qbgff = ngrjloo DL [ : ‘ Top(Cy,,) = 0}, ]ES;(B = 7115{)10 DL [ ‘ Bottom(C,,, ) = O},
Lo = Tim ¢, [ [Left(Cy,) = 0] and Lofi= Tim ¢r,, [ |Right(Cy,) =0].

The measures above refer to the local environment around the extrema (in the sense
of (5.6)) of large clusters. Indeed, it may be shown that extrema of a typical large cluster
are distributed according to gbii’:, even when the cluster is conditioned on (reasonable) large
scale features. This is a manifestation of a wider principle of mixing between the local and

large scale features of the model and is a consequence of the (RSW) property.

Lemma 5.11. There exist constants C, cyic > 0 such that the following holds for allr < R/2.
For any configuration wg on A%, any union C of clusters of wy with some x € C, and any
event A depending on A,. ,

)(b]llffi;T[A] — PLi [A ‘ w=uwp on AR, C; NAR =C, Top(Cy) = 0] ’ < C(r/R)™me,

as long as the conditioning is non-degenerate*. Moreover, the same holds for all other direc-
tions Bottom(+), Left(-) and Right(-), with the corresponding IIC measure.

“The conditioning due on {w = wo on A%} is always degenerate, but should be understood as imposing
certain boundary conditions on the restriction of the measure to Ar. Here, by non-degenerate we mean that
there exists at least one configuration in Agr such that C; N A% = C and Top(C;) = 0. In particular, all
clusters of C should touch Ag.
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In the above, the constants C, cic > 0 only depend on the RSW property, and therefore
are uniform over the choice of lattice L,ix. As mentioned above, Lemma 5.11 is a consequence
of (RSW) in the spirit of previous IIC constructions | , , |; its proof is sketched
in Exercise 5.7. Proposition 5.10 follows from Lemma 5.11.

Arm exponents. Arm exponents generally describe the speed of decay of certain connec-
tion probabilities in critical FK-percolation. The RSW property allows to obtain bounds for
such exponents (but does not generally prove their existence), and compute some exactly.
We state here the bounds necessary for our arguments.

Proposition 5.12. There exist constants C, arm > 0 such that, for any @ = (o i € Z) €
(0,7)% containing at most two values and any r < R

P [Ar <= AR] < C(r/R)*™, (5.7)
L(r/R)* < ¢ [3C with Top(C) € A, and CNA§, # 0] < C(r/R)%. (5.8)

The second line is also valid for Bottom instead of Top. It also holds that

L(r/R)? < 61, [3C with Left(C) € A, and CNAG #0) < C(r/R)?  and  (5.9)
OL(a[3C with Left(C) € A, and CN A% # 0] < C(r/R)', (5.10)

for some ¢ > 0. The same with Right instead of Left.

The events above are called the one arm- and the half-plane three-arm event, respectively,
from A, to a distance R. The direction of the half-plane depends on which extremum of the
cluster we consider.

We will not provide the proof of Proposition 5.12, but mention that it is a consequence
of (RSW) and certain symmetries of the lattice. The interested reader may consult Exer-
cise 3.2 for the bound (5.7) on the one-arm probability and Exercises 5.4 and 5.5 for the
three-arm probabilities (5.8), (5.9) and (5.10). A full proof is available in | |.

It is remarkable that the exponent of the half-plane three-arm probability in (5.8) and
(5.9) may be computed exactly; we say that the three-arm half-plane exponent is universal,
in that it does not depend on ¢ € [1,4]. Notice that (5.9) only holds for Ly, while for
a generic lattices we only have the weaker bound (5.10) at this stage. This is because the
proofs of (5.8) and (5.9) use the invariance of the lattice under translations orthogonal to
the direction of the extremum. All lattices L(a) are invariant under horizontal translations,
which allows us to deduce the exponent for Top and Bottom, but not for Left or Right. The
lattices Lyix are invariant under two non-collinear translations, which allow to extend (5.8)
to the lateral extrema.

The bound (5.10) requires a more involved argument. While Theorem 5.3 ultimately
implies that the exponent for (5.10) is also equal to two, it is not possible to prove this at
this stage. We mentioned this bound here, as it is necessary for the proof of Theorem 5.4.

5.2.4 Star-triangle and track-exchange transformations

Star-triangle transformation. The star-triangle transformation, also known as the Yang—
Bazter relation is a relation between statistical mechanics models indicative of the integra-
bility of the system — see | |. We will use it here in the context of FK-percolation on
isoradial graphs.

Fix some isoradial graph G. A triangle ABC is a face of the graph bounded by three
edges; a star ABCO is a vertex O of degree three, together with its neighbours A, B,C. In
the diamond graph, the three edges forming a triangle or star correspond to three rhombi that
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Figure 5.4: The three rhombi together with the drawing, on the left, of the triangle (in which
case the dual graph is a star) and, on the right, of the star (in which case the dual graph is
a triangle).

form a hexagon — see Figure 5.4. For a given triangle ABC' in G, there exists a unique way to
rearrange these three rhombi to form a star ABCO; and vice-versa. This process of changing
the graph as above is called the star-triangle transformation; it transforms isoradial graphs
into other isoradial graphs. Its crucial feature is that it preserves connection probabilities in
the FK-percolation measures associated to the isoradial graphs.

Lemma 5.13. Let G be an isoradial graph and ABC be a triangle in G. Write G' for the
graph obtained by replacing the triangle ABC with the corresponding star ABCO. Then the
connections between all vertices of G under ¢ and the corresponding vertices of G' under ¢¢r
have the same law.

Note that the lemma above does not state anything about connections involving the
vertex O, which is natural as this vertex does not exist in G.

A convenient way to use Lemma 5.13 — which also provides a proof — is via an explicit
coupling. The idea to couple the configurations before and after applying a star-triangle

transformation appeared already in | , , , |. That a coupling
that preserves connections as described below exists is essentially equivalent to Lemma 5.13;
the novelty of | ) , ) , | and the present chapter is to

follow the geometry of large clusters while applying a large number of such transformations.

Definition 5.14 (Star-triangle coupling). Consider an isoradial graph G containing a trian-
gle ABC and let G’ be the graph with the star ABCO instead. Introduce the star-triangle
coupling between w ~ ¢ and w' ~ ¢ defined as a random map w — w’ as follows (see
Figure 5.5):

e For every edge e which does not belong to ABCO, w. = w,,

e [f two or three of the edges of ABC are open in w, then all the edges in ABCO are
open in W/,

e If exactly one of the edges of ABC is open in w, say BC, then the edges BO and OC
are open in «’, and the third edge of the star is closed in ’,

e If no edge of ABC is open in w, then wg, 45 has

— no open edge with probability equal to ¢ I;g‘;" I;gC;B 1;§ gc,

1-poB 1-poc
POoB  Poc ’

— the edge OA is open and the other two closed with probability ¢

— similarly with cyclic permutations for B and C.

In the above, p. is the parameter given by (5.4) for edges e of G or G'. The random choices
in the last point are made independently of w.
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Figure 5.5: A picture of the transformations in the star-triangle coupling. In the first line,
the outcome is chosen at random according to the probabilities listed in the definition. The
reverse map (grey arrows) has a random outcome in the last line.

Let us make a few observations concerning the coupling. First, note that the transfor-
mation uses extra randomness in one case and that it is not a deterministic matching of the
different configurations. Second, the coupling preserves the connectivity between the vertices,
except at the vertex O. Third, in the coupling, given w’, the edges of ABC' in w are sampled
as follows:

e If there is one or zero edge of ABCO that is open in w’, then none of the edges in ABC
is open in w,

e If exactly two of the edges in ABCO are open in ', say AO and BO, then the edge AB
is the only edge of ABC' that is open in w,

e If all the edges of ABCO are open in w’, then

— all the edges of ABC' are open in w with probability 1-2AB__PEC__PCA

q1l-pap 1-ppc 1-pca’

_ 3 3 313 1 _paB _PBC
AB and BC are open and CA is closed with probability equal to T T

— similarly with cyclic permutations.

Track-exchange operator. The previous star-triangle operator gives rise to a track-
exchange operator defined as follows. For L. = L(a) and i € Z, let L' = L(a’) be the
lattice obtained by exchanging the tracks t; and ¢;_;, that is, exchanging «; and «a;_1 in the
sequence a.

Fact 5.15. There exists a random map T; from percolation configurations on 1L to percolation
configurations on L. such that

o Ifw~ ¢r, then T;(w) ~ dr/;
e w and T;(w) are equal for all edges outside of t; and t;—1;
e wvertices outside of t; Nt;—1 are connected in the same way in w as in T;(w);

o the modification is local in the sense that there exists ¢ > 0 such that, when w ~ ¢,
T;(w)(e) is determined® by w on A,(e) with probability at least 1 — e~°".

The exact nature of the coupling between w and T;(w) is not important. One such
coupling may be obtained by compositions of the star-triangle transformation; we direct the

5BLy that, we mean that one may produce a random sample T;(w) determined by w on A.,(e) so
that T;(w)(e) = Ti(w)(e) with high probability.
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reader to | | for a full description. Other such couplings may also be constructed,
see for instance | |.
We finish this section by a useful corollary of the track-exchange operation.

Corollary 5.16. If a and B are sequences of angles containing at most two angles each and
satisfing a; = B; for a <1i < b, then the law of the boundary condition on the strip between t,
and t, (including these tracks) induced by the configuration outside of this strip is the same

m ¢L(a) and ¢IL(B)-

A consequence of this proposition is that the laws of the configurations under ¢ ()
and ¢r,g) restricted to the strip between ¢, and t; are the same.

Proof. Recall that the track-exchange operator preserves the connection properties between
vertices that are not between the tracks being exchanged. From this, one may deduce that
for every event A concerning connections between vertices on the boundary of the strip,
contained above and below the strip

PLio)[A] = Hm oy qem)[A] = Hm ¢y gom)[A] = ors)[A]. (5.11)
where
i if |7 < R,
o = . ?f|}’LE‘<_'<2R b
a® =g g, ifi>R, and AU .= TR 1S 2R -0,

o Q4+ R+a if — 2R —a S 1 < —R,
i+ R ifi < —R, .
Pitpra Bi otherwise.

In the first and last equalities of (5.11), we used the notion of measurability and the unique-
ness of the infinite-volume measure. The second equality is due to the properties of the
track-exchange operator, specifically the fact that the track exchanges involved in transform-
ing L(a®) into L(B®) do not affect the points on t, and t;, and therefore do not change
the connections between these points. ]

5.3 Universality up to linear transformation

The goal of this section is to prove Theorem 5.4. To start, let us sketch an approach to
proving the more powerful Theorem 5.3, so as to see exactly why Theorem 5.4 is indeed more
accessible than Theorem 5.3.

The idea behind proving Theorem 5.3 is to progressively transform L(3) into L(a) us-
ing track exchanges, as in Figure 5.6. Throughout the transformation, we will follow the
evolution of the configurations, specifically of their large clusters. As track exchanges do
not break primal nor dual connections, large clusters survive the transformations, but their
boundaries may be progressively altered. We would like to argue that these alterations act
as i.i.d. modifications of the cluster boundaries with 0 expectation. As a result, the cluster
boundaries move throughout the transformation, but only by o(NN), and all large clusters
remain essentially unchanged.

There are three major difficulties in the above reasoning: encode the cluster boundary
in a tractable way, prove that the modifications are i.i.d. (up to small errors) and that they
are of 0 expectation. The latter is the most delicate point, as it essentially states that the
isoradial embedding is the exact embedding that compensates for the inhomogeneity of the
model. Ignoring this point, one expects the cluster boundaries to move according to a random
walk with a (potentially non-zero) drift. This leads us to Theorem 5.4, and also allows us
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to explicitly identify the linear transformation Mg ,, which accounts for the drift. In the
canonical basis of R?, write

Mg o = (5.12)

1 Drift)as+Driftvert cos 8 sin a+sin 3
< sin 3 (sin a«—Driftvert) sin 8 )
’

0 1+ Driftvert 1 sin a+sin 8

sin a—Driftvert ) sin 8

where Drift),; and Driftyet are the expected increment produced by one transformation to
the top- and right-extremum of a large cluster (a proper definition is given in (5.19); see also
Remark 5.21 for the relation between the drift and Mgz, ).

We mention the transformation Mg . here so as to emphasise that it does not depend on
the different quantities chosen in the proof of Theorem 5.4. Indeed, the drift is determined by
the local environment around the extrema of an incipient infinite cluster (see Section 5.2.3).
In particular, we will prove that it is continuous in « and 3, which will be useful later on.

Lemma 5.17. The map (B,«) — Mg, is continuous and Mg, is invertible for all o, 5 €
(0,7).

The proof of Lemma 5.17 is deferred to Section 5.3.7, when all the necessary notions will
have been introduced. The rest of the section is dedicated to proving Theorem 5.4. This is
the most technical part of Chapter 5; the structure of the proof is described at the end of
Section 5.3.1, after having introduced the relevant notation.

5.3.1 Setting of the proof of Theorem 5.4

We will now fix some notation necessary for the proof of Theorem 5.4 and sketch some of
its elements. Fix two angles @ and 8 and N > 1. We will be interested in the “large” loops
contained in the observation window [—N, N x [0, N] for configurations w and w’ sampled
according to ¢rg) and ¢r(,), respectively. More specifically, our goal is to construct a
coupling between w and w’ so that the loops of w of diameter larger than ¢N contained
in [—N, N] x [0, N] may be paired up with loops of w’ which are close for the distance (5.1)
and vice-versa — here £ > 0 denotes some arbitrarily small quantity, ultimately chosen as a
small negative power of N.

The exact choice of €, as well as the proper definition of diameter of a cluster will be
given below. For this section, however, we limit ourselves to a rough description. Hereafter,
call clusters of diameter at least e N macroscopic.

Lattices and track exchanges. Write Ly = L(«) for the sequence a given by a; = [
if i < K :=[N/sin ] and a; = « otherwise.
Define the lattices (IL;):>0 inductively as follows. For ¢ > 0 set

TioTzgo0Ts50...(L if t odd
Lt+1—{ 10130150 ( t) 1 O (513)

T20T4OT60...(Lt) if t even.

Write S; for the transformation applied when passing from L; to L;4+1. See Figure 5.6 for an
illustration.

It may appear as though we apply an infinite number of track exchanges when passing
from L; to 41, but this is not actually the case. Indeed, the transformations T; are non-
trivial only then the tracks ¢;—1 and ¢; have different transverse angles. When passing from Lg
to L1, only the tracks tx 41 and tx are exchanged.

Generally, each lattice IL; for ¢t < K is formed of a §-block of transverse angle 5; above
which is a mized block of alternating tracks of angles o and (3, above which is an infinite block
of tracks of angle « called the a-block.
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Figure 5.6: From left to right: The initial lattice Ly, with tracks of angle S at the bottom
and « at the top; the blue region is the cell (0, 1) of the lattice. Applying Spo Sy transforms
this Ly into Ls; the mixed block is red. After more transformations, a block of angle « start
appearing at the bottom (blue), which by time K + K’ covers the whole window [—N, N| x
[0, N].

For t > K, the 8-block disappears and a block of tracks of angle a starts forming above ¢g.
Above this block, there is a mixed block with alternating tracks of angles @ and S (in total
there are 2K such tracks), above which we find again a block of tracks of angle a. A quick
computation shows that the lower boundary of the mixed block is at height (K — t)sinf
for t < K and at height (¢t — K)sina for t > K.

Set K’ to be the smallest even integer larger than N/sina. Then, in Lg g/, the win-
dow [=N, N] x [0, N] is fully contained in the bottom a-block of the lattice.

The configuration chain. To the lattices (L¢)i>0, we will associate a Markov chain of
configurations (w¢):>0 with the property that

wr ~ P, for all t > 0.

As such, we obtain a coupling of the laws (¢r,)¢>0. In this coupling, the loops of diameter
at least e N of wy may be paired up with loops of wy | g that are close in the sense of (5.1).
Corollary 5.16 states that wg N ([—=N, N] x [0, N]) has the law of a configuration sampled
according to ¢r,g), while wr g N ([N, N] x [0, N]) has the law ¢r ).

The actual Markov chain (w¢)>¢ is a little complicated to define (see Section 5.3.2), but
the following construction offers a good understanding of it. Sample wy according to ¢r,,.
Since the track exchanges appearing in S; act on disjoint tracks, they may be performed
simultaneously to w; and we write

w1 = St(we) for all t > 0.

Dynamics of macroscopic clusters. Notice that for ¢ even, S; does not affect vertices
of t; Nt;—1 with j odd. For t odd, it does not affect the vertices in ¢; N¢;_1 with j even. In
particular, the connections between any such vertices are preserved when applying S;. As a
consequence, any primal or dual cluster of diameter at least 2 of w; has a naturally associated
cluster in wyyq.

Clusters may still disappear throughout the process (w¢)i>0, but they do so by progres-
sively shrinking to a single point, then disappearing when that point is erased from the lattice.
Conversely, new small clusters may appear and potentially grow in size. We will argue below
that new clusters do not grow to size e N by time K + K’, nor do initial macroscopic clusters
disappear by this time (except on events of vanishing probability). This will allow us to
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follow the evolution of all macroscopic clusters of wg, and pair them to macroscopic clusters
of the final configuration wg 1 x.

In addition, we would like to argue that the contours of macroscopic clusters are affected
throughout the process by i.i.d. increments, with a potential drift. Making sense of this state-
ment is challenging as the contour of a cluster is a complicated object. To simplify things, we
will only follow the extremal coordinates (see (5.6)) of mesoscopic clusters — by mesoscopic
clusters, we mean clusters of diameter at least n/N for some 0 < n < €. We will eventually
prove that controlling the evolution of the extremal coordinates of mesoscopic clusters suffices
to control the shape of macroscopic clusters in the sense of (5.1) (see Section 5.3.5).

Finally, we would like to argue that each transformation affects the extremal coordinates
of mesoscopic clusters in (almost) i.i.d. ways. As will be apparent below, the increments of
the extremal coordinates of the mesoscopic clusters of w; when applying S; depend on the
local environments in wy around these points. These local environments will be shown to have
a local law independent of the large scale features of wy, in the spirit of the IIC construction
of Section 5.2.3. This will guarantee that the increments are identical in law (up to errors
vanishing as N — oo) and that they have expectations Driftyey and Drifty,, given by the I1C
measures.

That the increments are i.i.d. in time is more challenging. While we expect some ap-
proximate form of independence to hold in the chain (w)¢>o defined above, we are unable
to prove it. To circumvent this problem, we will perform a resampling when passing from w;
to wi+1, which will ensure that the large scale information of w; is preserved, but the local
environments around the extrema of mesoscopic clusters are resampled.

Structure of the proof. In Section 5.3.2 we define the notion of mesoscopic cluster and
the actual configuration chain (w¢)s>0. This includes an explicit procedure for the resampling
of the configuration around the extrema of mesoscopic clusters.

The goal of Sections 5.3.3 and 5.3.4 is to prove the stability of mesoscopic clusters —
Proposition 5.20 — which states that, at first order, the extremal coordinates of mesoscopic
clusters move during the process (wt)¢>0 as dictated by the drift.

Section 5.3.5 explains how the knowledge of the extremal coordinates of mesoscopic clus-
ters allows to determine the shape of macroscopic clusters. The key here is to consider the
homotopy classes of contours of macroscopic clusters in the punctured plane obtained by
removing the mesoscopic clusters. It will be a consequence of our definition of (w¢):>0 and
of the stability of mesoscopic clusters that these homotopy classes are preserved throughout
the process.

Finally, in Section 5.3.6, we put together the elements of the previous sections in order
to prove Theorem 5.4.

Section 5.3.7 contains certain additional properties of the matrix Mpg ,, namely the proof
of Lemma 5.17 and relation between the vertical and lateral drift, which will be crucial when
proving Theorem 5.3.

5.3.2 Actual coupling: resampling of extrema

In this section, we define the actual Markov chain (w;);>o. Write PP for the probability measure
governing this chain. For simplicity, assume that K and K’ are even.

Fix some 0 < 1 < 1; the choice of i will be explained in Section 5.3.6. We will use the
term “universal constant” to mean a positive constant independent of N and 7.

A cluster C in some configuration w on some lattice L; is called n-mesoscopic (or simply
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mesoscopic) if

nN < T(C) —B(C) < n'/2N and
T(C) < N, L(C) > —N, R(C) < N. (5.14)

we call T(C) — B(C) the wvertical diameter of C. Write Meso(w) for the set of mesoscopic
clusters of w and
H(w) = (T(0). B(C). L(C). R(D) ¢y sy
for the extremal coordinates of all mesoscopic clusters.
Sample wy ~ ¢r,,. For ¢t > 0 even, assuming wy, . . . ,w; already defined, sample a configu-
ration wy /9 on L as follows. The goal here is to have wy /9 ~ ¢r,.
Recall that Lpx denotes the lattice L(ex) with @@ = («;)iez, where a; = a for i even

and «; = B for 7 odd. First, sample i.i.d. configurations (C;FOp)jeN, (CJBOttom)jeN» (CJLeft)jGN

and (C]Right) jen according to the lower, upper, right and left half-plane IIC measures (bg:f,

¢HC,B IIC,L
L

mix ]Lmix

and qbgfi’xR, respectively (see Proposition 5.10).

Fix R = n°N, where C' > 0 is a sufficiently large universal constant — we will assume
that (C'—1)arm — 2 > 1, where aapm > 0 is given by (5.7). Define the extremum boxes of w;
as Ar(z) for z € {Top(C), Bottom(C), Left(C), Right(C) : C € Meso(w;)}. We say that an
overlap error occurs at step t if any of the following occurs:

e two extremum boxes intersect;

e two distinct clusters of vertical diameter at least n/N/2—2R intersect the same extremum
box;

e there exists an extremum box that intersects two distinct blocks of the lattice (i.e., a-
block, S-block or mixed block).

If an overlap error occurs, set w4 /2 = Wi

If no overlap error occurs, set w;;1/5 = wy everywhere except in the extremum boxes
contained in the mixed block. We will now describe how to sample w; 15 in each of these
boxes. We will do this in such a way that the mesoscopic clusters of w; and w1/ are
identical outside of the extremum boxes and have the same extrema in w; and wy /9.

Enumerate the boxes in an arbitrary way and sample them sequentially. Suppose that the
configuration w1 /o in the boxes numbered 1...,7—1 has been sampled and let us describe
how to sample it in the i*" box. Assume that this box is centred at a point 2 = Top(C)
for some C € Meso(w;); the same procedure applies if x is of the type Bottom(C), Left(C)
or Right(C).

To start, let us describe the law £ of the configuration in Ag(x) under ¢r,, conditionally
on the previously sampled edges, on the fact that the mesoscopic clusters of w and w; are
identical outside of the extremum boxes and on their extrema being the same in w and w;. It
is qSiR(x), where ¢ are the (random) boundary conditions given by the configuration outside®,
conditioned that all pieces of C in w; \ Ag(z) are connected in w inside Ag(x), but not
to any other points of Ar(z)¢, and that Top(C) = z. Indeed, this conditioning ensures
that C N Agr(z)¢ remains the restriction to Ag(z)¢ of a mesoscopic cluster of w with same
extremal coordinates as in wy. Moreover, the resampling in Ag(x) may not produce additional
mesoscopic clusters, since C is the only cluster of vertical diameter at least nN/2 — 2R
intersecting Ar(z).

Sthe boundary conditions are random, as other un-sampled boxes may influence the boundary conditions
induced by the outside configuration on Ag(z).
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We sample w; /9 in Ag(z) according to L, as follows. Let r = n“R for some large fixed
constant C' > 0 — formally, we need C' > 3/crc, where e > 0 is the constant given by
Lemma 5.11. Write drvy for the total variation distance between the restriction of £ to A, (x)
and the law of CiT °P inside A, translated by =.

Sample a Bernoulli variable err; of parameter dry and sample w5 inside Ag(z) ac-
cording to £ so that,

err; =0 = w1 = CiTOp + x on A (),

where CZTOP + z is the translate of CiTOp by x. This is indeed possible due to the definition
of dpv. We say that a coupling error occurs at step t if there exists ¢ with err; = 1.

This concludes the construction of w; 1/o. Notice that w1/, has the same law as wy,
namely ¢p,. Set

w1 = St(wi1/2) and wit+2 = St1(Wt1)-

We have thus constructed the Markov chain (w;)¢>0 and have ensured that w; ~ ¢, for
all t. Keep in mind the fact that the resampling is done only at even time steps.

5.3.3 Controlling the errors

For t > 0 even and C a mesoscopic cluster of w;, write C for the corresponding cluster
in wyyo; note that C is a well-defined object, but may be non-mesoscopic. We say Ext(C) for
some Ext € {Top, Bottom, Left, Right} is frozen if it is at a distance at least two from the
mixed block, otherwise we call it active. That Top(C) and Bottom(C) are frozen is determined
by T(C) and B(C), respectively, and hence may be read off H(w;). The same is not true for
Left(C) and Right(C).

Define the increments of the extrema of mesoscopic clusters as

A+A(C) = A(C) — A(C) for A € {T,B,L,R}.

If Top(C) is frozen, then A;T(C) = 0. The same holds for Bottom(C). For the left and right
extrema, this is not the case as, even when Left(C) or Right(C) are frozen, a point which is

almost extremal in the direction ej,y and which is not frozen may move and become Left(C)
or Right(C), respectively. However, the increment of all extrema is zero if both Top(C)
and Bottom(C) are frozen and on the same side of the mixed block.

Define the same quantities for the IIC. More precisely, if CiT °Pis the IIC configuration

used in the sampling of w; /9 around the top of C, and if we write CTC for the IIC cluster
of ¢°? and CMC for the corresponding IIC cluster of (Syy1 0 S;)(¢;°P), set

ACT(C) = (Top(CMC) — Top(CHC), evert ).

When applying S; to Lnix, each track of angle § is exchanged with the track of angle o above
it. As such, the vertices at the bottom of the tracks of angle § in Ly remain unchanged,
and we can make sense of the image of any cluster containing at least one such point. In
particular, there exists a well-defined notion of image of CIC after application of S;. The
same holds for S;y1. Notice that S;(Lyix) is simply a translate of Lyix and that the effect
of Syy1 on Sy(Lpmix) is to again exchange each track of angle 8 with the track above it. As
such, it would be tempting to think that the effect of the two transformations on the top of the
IIC is identical: that is not the case, as the cells of Ly« are distinct from those of S¢(Lmix),
which affects the definition of Top(-). It is, however, the case that Ly,ix and (S¢+10S¢) (Lmix)
are identical (up to translation), including in their partition in cells.
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If no IIC configuration was used in the sampling of Top(C) (for instance, because the
top was frozen or because an overlap error occurred), then define AIT(C) using some
arbitrary CZ-T P different from the ones used for other clusters. Define AI'CB(C), AICL(C)
and AI'CR(C) analogously.

If Top(C) is active, set

ASTT(C) = AT(C) — AICT(C);

if it is frozen, set A{"™"T(C) = 0. Define A§"B(C), A¢"L(C) and AF"R(C) in the same way.

Throughout this process, the variables A/ A(-) are i.i.d., and therefore their sums be-
haves like independent random walks. The error part may affect this dynamics, but will be
proved to be small. We do so by a crude L'-bound.

Proposition 5.18. There exist universal constants c¢,C > 0 such that, for alln > N—¢
P[3C € Meso(wt) and A € {T,B,L,R} : A{"A(C) # 0] < Cn. (5.15)

The rest of this section is dedicated to the proof of Proposition 5.18. To start, we state
a bound on the number of mesoscopic clusters of any configuration w;.

Proposition 5.19. There exists C > 0 such that, for all N and 0 <n <1 and all t > 0,
oL, [w has more than ?7% 7-Mmesoscopic clusters] < CeMC forall A >1 (5.16)

This is a direct consequence of the RSW theory and will come to no surprise to the
experts.

Proof of Proposition 5.19. Fix N, n and t. Write Nyeso for the number of n-mesoscopic
clusters. Notice that any such cluster needs to cross an annulus A, n/4(z) \ A, n/s(7) for
some x € %22 N[—N,N] x [0, N] from the inside to the outside. For any such x, write N,
for the number of such crossing clusters. Then we have

Nmeso < ZNxa (517)

where the sum is over all z as above. There are O(n~?2) terms in the sum.

It is a standard consequence of (RSW) that the variables N, have exponential tails.
Moreover, since (RSW) is uniform in boundary conditions, the variables N, may even be
bounded by variables N, with exponential tails and which are independent for points at
mutual distance larger than 7N. The conclusion follows by splitting the sum in (5.17) into a
bounded number of sums, each of which is bounded by i.i.d. variables N, with exponential

tails. O

We now turn to the proof of Proposition 5.18 which is also based on the RSW theory
and on the IIC-mixing estimate of Lemma 5.11. There are no major difficulties here, but the
proof is tedious due to the multiple sources of error possible.

Proof of Proposition 5.18. To have Af™A(C) # 0 for some C € Meso(w;) and A € {T,B, L, R},
one of the following must occur:

(1) an overlap error occurs at step ¢,
(2) a coupling error occurs at step ¢ or

(3) we have A;T(C) # A'CT(C) for some C € Meso(w;), even though the environment
in A, (Top(C)) is given by the corresponding IIC configuration, or the same for B,L
or R instead of T.

68



We analyse each scenario separately.
(1) A relatively straightforward analysis based on Proposition 5.12 shows that

Ploverlap error occurs at step t] < Cn, (5.18)

for some universal constant C' > 0. Indeed, pave our observation window by overlapping
boxes {A4r(z) : 2 € RZ* N [~N, N] x [0, N]}. For an overlap error to occur, at least one of
the following needs to occur in wy:

e there exists a box Ayp(z) with three arms in a half-plane and at least one an additional
primal arm to a distance nN/2 — 8R, or

e there exists a box Ayp(z) that intersects two distinct blocks of the lattice and has three
arms in a half-plane to a distance nN — 4R.

In the above, by “three-arm in a half-plane” we mean one of the events in (5.8) or (5.9).
There are O(N/R)? potential boxes in the first category and O(N/R) in the second. By a
union bound and Proposition 5.12, we conclude” that (5.18) holds for appropriately chosen
constants.

(2) Lemma 5.11 implies that
Plerr; = 1] = dpv < C(%)CHC < Cnd,

where the last inequality is due to the choice of r. Combining the above with Proposition 5.19,
we conclude that

P[coupling error occurs at step t] < Cn

for some universal constant C > 0.

(3) This type of error may appear for two reasons (we describe them in the context of the
top of clusters):

(3.a) the configuration in A, 5(Top(C)) after applying S;11 o S; is not identical to the one
given by the IIC or

(3.b) the top of the cluster C or that of the corresponding IIC cluster shifts by more than r/2
to the left or to the right when applying S¢41 o S, thus exiting A, /5(Top(C)).

Scenario (3.a) is very unlikely to occur. Indeed, for any given cluster C, scenario (3.a) has
a probability bounded above by Ce™“" for universal constants C, ¢ due to the way that the
start-triangle transformations combine to form track exchanges. More generally, it is implied
by the fact that the track exchanges are local transformations. Performing a union bound over
the mesoscopic clusters of w; and using Proposition 5.19, we conclude that the probability of
(3.a) is bounded above by Cnp~2e~" for potentially modified universal constants C, c.

For scenario (3.b) to occur, an almost-top of some mesoscopic cluster C needs to exist
at a distance at least r/2 from Top(C) in wy, or the equivalent for the IIC clusters — see
Figure 5.7. By a union bound on the possible positions of Top(C) and that of the almost-top,
using (5.8), we find® that the probability of such an event is bounded above by a multiple of

n~2 Z k2 =g 2L

k>r

Recall that 7 was fixed to be equal to n¢N for some fixed constant C. Thus, the probability
above is bounded by n~2=¢/N.

"Bounding the probability of the events comprising three arms in the upper or lower half-plane is a
straightforward application of (5.8). For “lateral” arm events, a more careful approach is needed which
combines (5.9) and (5.10). A detailed analysis available in | .

8 This is not entirely true: (5.8) applies for vertical extrema, but for lateral extrema a more delicate
analysis which combines (5.9) and (5.10) is necessary. A detailed proof is available in | .
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Figure 5.7: A step in the transformations LL;. The mixed block is pink, the two other ones
are blue; notice that the bottom block is of angle «, which indicates that t > K. The two red
clusters are mesoscopic; the extrema are marked, as are the extremum boxes. All extrema of
the left cluster are active, for the right one, only the top and right are active, the other are
frozen.

Notice the potential error for the move of the top of the left cluster: there exists a second
point (marked in red) in the cluster that may move up and overtake the top.

Summing the different potential sources of error we find that

P[3C € Meso(wy) : AT(C) # 0 or AF™B(C) # 0]
< C(n+Cn2e™ + 9 2"9/N) < 3Cn,

provided that n > N~ for some fixed (small) constant ¢y > 0. O

5.3.4 Stability of mesoscopic clusters

Write?
Driftvers = SE[AJCT] = E[AJ'“B]  and  Drifti,, = JE[A[CL] = JE[A[R]. (5.19)

The equality between these two quantities is a simple consequence of symmetry. Moreover, a
simple argument'? based on the finite energy property shows that — sin 8 < Driftyer; < sina.

Fix a mesoscopic cluster C of wg. For ¢ > 0, assuming that the cluster remains mesoscopic
in each wy with 0 < s < ¢, write C; for the cluster in w; and set

A (C) = A(Cy) for A € {T,B,L,R}.

Write 7.1 . (C) for the first time that Top(C;) is not frozen. Write Tmeso(C) for the first

time ¢ that C; ceases to be mesoscopic. Finally, set 7. ;(C) for the first time ¢ > 71, (C) such

that, either C; is not mesoscopic or Top(C;) is frozen again. The evolution of T;(C) is then
stationary up to 7o, (C) and after 7.1 ;(C) (the latter is by convention if 7.1 (C) = Tineso(C))-
Apply the same construction for Bottom(C) to define 75,,,(C) and 72 ,(C). Note that

T+ (Q), TS]%M(C), TETnd(C), Tgfld(C) and Tieso(C) are determined by the process (H(wy))¢, with

9The pre-factor 1/2 appears since A{'°T is an increment over two time steps of the process (wt)s>o-

0The non-strict inequalities are immediate. Indeed, applying S; o S to (;Silfi’j the top of the IIC cluster
may increase or decrease by at most one cell in the vertical direction. The height of a cell of Lix is sin a+sin 8
and the transformation S1 o Sg shifts all cells vertically by sina —sin 8. Thus —2sin 8 < AI°T < 2sina a.s.

The finite energy property allows to derive the strict inequalities. The same holds for Bottom.
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the first two even determined by its initial value:

Bo(C)
sin 3

Here, and throughout the rest of the proof, we ignore integer parts in the definition of time-
steps. We do not define the same stopping times for Left(C) and Right(C), as they would
not be determined by (H(w¢)):; we will work around this minor difficulty.

Assuming that the steps of (T;(C), B.(C),L;(C), R,(C)) are exactly given by Drift, and Drifty,
respectively, and that Tyes0(C) = 00, we would find that, for A € {T,B}

To(©) and 75 . (Q)=K —

sin B start

t (O)=K—

start

A(C) = Ag(C) + ((t AT (C) — T4 (C)) V 0) - Driftyere,

Tend start

1 + Driftyert/ sin 5
sin o — Driftyert

where  T2UAC) = A0(C)

end + K
is the equivalent Té‘r‘ld under the assumption that A; moves deterministically with an increment
of Driftyert at every step when A is active.

For L;(C) and R¢(C) the dynamics, even under the assumption that their steps are de-
terministic, is not that straightforward. This is because it is not clear when exactly Left(C;)
and Right(C;) are frozen or active. Nevertheless, we can expect that

IL4(C) = Lo(C) = (£ A 7o ™ T (C) = Tutare(©) V 0) - Driffty

end

< C(To(C) — Bo(0)),

for some constant C. This is because the ambiguity in whether Left(C;) is frozen or active
only occurs when Top(C;) and Bottom(C;) are in different blocks of L;, and this only occurs
for O(To(C) — Bo(C)) steps of the process. The same holds for R¢(C).

With this in mind, for constants ¢,C' > 0 to be fixed below, we say that a cluster C €
Meso(wp) is ¢, C-stable if

Timeso(C) > K + K’ and, for all 0 <t < K + K’ and A € {T,B,L,R}

< Cn°N, (5.20)

end start

|44(C) = A0(C) = ((t A oo ™™ (C) = it (C)) V 0) - Driif,

where Drift, is Driftyey for A = T, B and Drift),; for A = L, R. Note that we use T:)rlft T(C) for

all directions, even the bottom — this will prove irrelevant as the difference between TD”& T(

and 7'(? fjlft B(C) will be absorbed in the error term C'n°N.

We now state the key result which states that the dynamics only affects the extrema
of mesoscopic clusters by the linear map Mg ,. This will be later shown to imply that the
actual shapes of macroscopic clusters are only affected through Mg ,. We cannot expect the
statement below to apply to all mesoscopic clusters of wg, since clusters that are barely meso-
scopic in wg may cease being mesoscopic during the process. For that reason, we introduce
the more restrictive notion of Meso™ (wp).

Fix some large constant Cy > 0 (to be precise Cpr = 2 + 2 max{|Driftyert|, |Driftiag|} is
sufficiently large). Denote by Meso™ (wp) the set of clusters C of wy such that

CyunN < To(C) —By(C) < fN To(C) < &5, Lo(C) > —&- and Ro(C) < £-.(5.21)
Proposition 5.20. There exist constants ¢, C' > 0 such that, for N large enough andn > N~¢

Plall C € Meso™ (wg) are ¢, C-stable] > 1 — Cn“. (5.22)
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Remark 5.21. The link between the definition (5.20) of stable cluster and the map Mg , may
appear mysterious. To understand this, consider x = (z1,z2) € R x R4 such that

(x, evert) = To(C) and (x,e1at) = Ro(C)

for some cluster C € Meso™ (wp). Assume in addition that C is ¢, C-stable and write y =
(y1,y2) for the unique point such that

<y7 eVert> = TK+K’(C) and <y7 elat> = RK—I—K’(C)

Then a straightforward computation show that

y1 =11+ (Driftlatﬁ + Driftyers 5o g) -T2 sin atsin § g + O°N) and

sin a—Driftvert)

Y2 = X2 + Driftyert - $2( sinortsin § B + O(UCN)

sin a—Driftyert ) sin

which translates to y7 = Mg o7 + O(n°N).
sin a+sin 8 _ Drift7T(C) T

Indeed, the term o =5 rw “S5mF = Tend Tatart (C) is the approximate number

of transformations that affect the cluster C. For the vertical coordinate, observe that, on
average, each transformation pushes the cluster up by Driftyeyt. Similarly, due to the rela-
tion between the canonical and (T;(C), R¢(C))-coordinates, each transformations, on average,
pushes the cluster to the right by Driftlatﬁ + Driftyers 258

vert sin 3 -

Proof of Proposition 5.20. For any cluster C € Meso(wp) and A € {T,B}, as long as ¢t <
A
T nd(C)7

[S)

AQ) =4(C)+ > A4+ D ATTAC).

Ts/tlart (C)§S<t Ts/t‘art(c)§8<t

(Formally, the above is only valid for ¢ even, and the sum is over s even.) Set

AP =4O+ > A4

T4 L (O)<s<t
Extend the notation to A € {L,R} by

ACQ) =40+ Y Alf4a().

Ts’{‘art (C) §8<t

Notice that in the latter definition, we use 7.1,.(C) as a starting time, even though L;(C)

may be stationary beyond this time. Also, for technical reasons, we continue A%IC(C) be-
yond 7., 4(C) with IIC increments which are irrelevant for the true process A;(C).
Define

K+K’

TotErr = Y 1{aceMeso(w:) and AC{T,B,L,R}: A¢ A(C)£0}
=0

for the total number of steps at which errors occur. Recall that the variables Aj™ A for A €
{T,B,L,R} are a.s. bounded. Thus, for some universal constant C,

|A¢(C) — APC(C)| < C - TotErr for all 0 <t < 724(C) and A € {T,B}. (5.23)
Summing (5.15) and applying the Markov inequality, we find

P|TotErr < C1°N| > 1 —n° (5.24)
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for some universal constants ¢, C' > 0.
The coordinates AC(C) are independent random walks with constant drift. Define the
event

GoodRW = {VC € Meso" (wp), A € {T,B,L,R} and 7},,,(C) <t < K + K/,
|AFC(C) — AFC(C) = (t = oiare (C)) - Drifta| < N*/3},

where!! x = T if A € {T,L,R} and x = B if A = B, and Drift 4 = Driftye;y when A € {T, B}
and Drift4 = Drift),; when A € {L,R}.

Standard random walk estimates combined with crude bounds on [Meso™ (wp)| using (5.16)
imply that

P[GoodRW] > 1 — C. (5.25)

for any n > N~¢ and ¢, C > 0 some universal constants.
Finally, define

NoDiellC = {VC € Meso™ (wp) and 0 <t < K + K,
29N < T'°(C) - B{'“(C) < 1'/?N,
T}9(C) < N, Li'9(C) > —iN and R;'(C) < §N}

In other words, NoDielIC is the event that the IIC coordinates T'¢, BIC LIC RIC satisfy
the conditions of (5.14), with twice more restrictive constants, for all C € Meso™ (wp) and
all 0 < t < K + K’. Due to the conditions (5.21) for C to be in Meso™(wg) — specifi-
cally the choice of Cj; as sufficiently large — we find that, whenever GoodRW occurs, so
does NoDielIC.

Assume henceforth that both GoodRW and NoDielIC occur and that TotErr < C N1—¢
and that N is sufficiently large. We will prove that the even in (5.22) occurs.

We start by proving that

for all C € Meso™ (wp), Tmeso(C) > K + K. (5.26)

Indeed, for any C € Meso™t(wp), T¢(C) and B(C) are close to their IIC counterparts due
to (5.23) and our assumption on TotErr. Factoring in the occurrence of NoDielIC, we con-
clude that, for all 0 <t < K + K’,

nN < Ti(C) —By(C) <n'2N and Ty(C) < N. (5.27)

The lateral coordinates L;(C) and R;(C) require slightly more attention, due to the uncer-
tain times when they evolve. However, we know they are stationary before 7., .(C) and
after 71 ,(C) and we know they are evolving at all times between 75,.,(C) and 73 ,(C).
The upper bound on T;(C) — B¢(C) in (5.27) ensures that there are at most O(,/nN) steps
when LI®(C) moves, but L;(C) does not, and the same for R;(C). This adds an error term
when comparing the lateral coordinates of the clusters C € Meso™ (wp) to their IIC equiva-

lents, but this error is sufficiently small that it allows us to deduce from NoDiellC that
Li(C) > —Nand Ry(C) < N forall 0<t< K + K,

which, together with (5.27), implies (5.26).

1 As opposed to the notion of stability (5.20), we choose to work here with 7oay, for THE(C) and 72,
for B%IC(C). This extra precision is to ensure that the vertical diameter of C does not degenerate throughout
the process.

73



We now turn to the stability of the clusters of Meso™ (wp). By the definition of 7.1 ;(C),
we have that

TTT (C)(C) = (Tgld(C) — K) sin o.

end

[S)

Comparing TTeTnd(C)(C) to TITIeTSd(C)(C), which in turn is close to To(C) + (71 4(C) — Tarr (C)) -

Driftyert, we conclude that
To(C) + (re"ﬂd(C) — Tgart(C)) - Driftyert — (Tgld(C) — K)sina = O(N'79).
Recall that (K — 7.1, . (C))sin 8 = To(C), which implies that

1 + Driftyert/ sin 5 1— Drift, T 1-
K+O(N ™ = Q)+ O(NT9. (5.28
sin o — Driftyert + K +0( )= (€)+0( ) )

end

Tena (C) = To(C)

Finally, since T;(C) is stationary after 7. ,(C), for all 0 <t < K + K',

end

‘Tt(C) ~To(C) — ((t AToRT(C) = Tkt (C)) V 0) Driftyer

end

<|Tyer (€)= THEx (C)

T
t/\Tend

n 'THC (C) — To(C) — ((t ATE(C) =1L (C)V O)Driftvert

T
t/\Tend

+ | (7eha(€) = T2 ™ (C)) Driftyens

e end

Each of the three terms in the right-hand side are O(N'~¢) due to TotErr < C' N'7¢, the
occurrence of GoodRW and (5.28), respectively.

The same computation applies to B;(C), L;(C) and Ry(C), with the only difference
that there is an additional error due to the transformations performed between 7., . (C)
and 75, (C) and between 72 ,(C) and 7.1 ;(C). However, the number of such transformations

start end

is bounded due to the upper bound on T;(C) — B,(C) in (5.27). We conclude that

‘At(C) — A9(C) — (¢ AT (C) — 72,4(C)) v 0) - Drift,

end

= O(N'") + O(,/nN)

for all C € Meso™ (wp) and A € {T,B,L, R}, where Drift, refers to the drift in the direction
associated to A .

Thus, when TotErr < C N'=¢ and GoodRW occurs, all clusters C € Meso™ (wp) are
stable in the sense of (5.20), provided that ¢, C' > 0 are chosen appropriately. Finally, (5.24)
and (5.25) ensure that the above events occur with probability at least 1 — Cn¢. This implies
the desired conclusion. O

5.3.5 Homotopy classes

Fix some § > 0 and N > 1. For a configuration w on an isoradial rectangular lattice I with
constant angle, a nail at scales (d, V) for a point x € §1/2N7Z?2 is any cluster C of w such that

|T(C) — (z, evert)| <IN, IB(C) — (, evert)| < ON,
IL(C) — (x, e1at)| <IN and IR(C) — (z,e1at)| < IN.  (5.29)

A (8, N)-lattice of nails is the choice of a nail N(z) for each point z € (§'/2N) - (Z*> N
[—6-1/4,6=1/4] x [0,6/4]). Note that the lattice of nails roughly occupies the window
[—6Y/4N, 6Y/4N] x [0, 6% N7, rather than the full observation window [—N, N] x [0, N]. This
is for technical reasons that will be apparent below. A configuration may contain no lattice
of nails or several such lattices. See Figure 5.8.

74



S12N

g;{s—é NS )O @
w1 QXN O

@ T d . e

A
v

251/4N

Figure 5.8: A lattice of nails (in red) is formed of one nail for each point z in the grey lattice,
within the rectangular window. The grey rhombi designate the regions in which nails should
be contained, according to (5.29). The blue, light-blue and pink loops are all non-trivial.
They all surround the same nails, but the homotopy class of the pink loop is different form
that of the two blue loops: the homotopy class is given by the order in which the loops
intersect the light green segments. The two blue loops are at large d-distance in the sense
of (5.1) in spite of having same homotopy class. This is because the light blue loop has a long
arm wiggling between nails, without surrounding any of them; such a behaviour is unlikely
due to (RSW).

For a fixed lattice of nails, a loop £ in the loop representation of w is considered non-trivial
if it surrounds at least two, but not all of the nails of the lattice. Consider the punctured
plane R? \ (|J, N(z)), where we mean that we remove the interior of the outer contour of
each nail. Notice that any non-trivial loop is contained in R? \ (|J, N(x)) and has a certain
homotopy class.

It will be important below to have a standard representation of homotopy classes in such
a punctured plane, as we will compare homotopy classes with respect to different families of
nails. We do this as follows. Write E for the oriented edges of the graph Z?N [—5_1/4, 5_1/4] X
[0,5*1/ 4] (each unoriented edge of the graph corresponds to two oriented edges). Fix a
point n, in each nail N(x) of the nail corresponding to z. Identify € = (xy) with the oriented
segment between n, and n,.

Let W be the set of finite words on the alphabet E and denote the empty word by (.
Define the equivalence relation ~ on W generated by (u;)i<i<p ~ (vj)i1<j<q if

e p = ¢ and there exists k € [1, p| such that u; ... up, = vg...vpv1... V51 OF

e p=q+2,u...up, = v1...9g and ugy2 is the same as the edge uyy1 but with the
opposite orientation.

Define the set of reduced words as the quotient CW := W/ ~.

Recall that the loops of w are oriented so as to have primal edges are on their right.
Write wy(¢) € W for the word formed of the sequence of edges € crossed by ¢ from left to
right, and w(¢) = wy(¢) for the reduced word corresponding to wp(¥).

It is standard to check that this indeed encodes the homotopy class of every non-trivial
loop and that wy(¢) does not depend on the choice of points n,. It may depend on the
choice of the lattice of nails; however we will eventually prove that this only occurs with low
probability (see Proposition 5.23).

Definition 5.22. We say that two percolation configurations w and w’ are homotopically
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similar at scales (9, N) if they both contain lattices of nails N and N at scales (4, N) such
that there exists a bijection ¢ between the non-trivial loops of w with respect to N and
non-trivial loops of w’ with respect to N’ with

wn(l) = wn (1(£)),
for all non-trivial loops ¢ of w.

The same notions above also apply to piece-wise linear deformations of percolation con-
figurations.

Proposition 5.23. Let L = L(53) and L' = L(«a) be two isoradial rectangular lattices with
constant angles o, B € (0,7) and M be an invertible linear transformation of R%. There exist
constants C,c > 0 such that the following holds for all § > 0 and N > 6=C. If P is a coupling
of oL and ¢+ such that

}P’[M(w) and w' are homotopically similar at scales (6, N)] > 1 — 6,
then
don [pseL o M1, gsers| < C 6°. (5.30)

The rest of the section is dedicated to the proof of the above. The idea is explained in
Figures 5.8 and 5.10.

We start off with a helpful consequence of the (RSW) property. Assume 6 and N fixed.
For a point of z € VdNZ?2, let D(z) be the thombus-shaped region of R? defined as

D(z) = {y ER?: |(y — x, evert)| < ON and |(y — z, epar)| < 6]\7}.

These are the regions containing the nails at scales (0, N). A rectangle [0,4R] x [0, R] is said
to contain a thin crossing if it contains a primal or dual cluster C that crosses the rectangle
vertically, but surrounds none of the regions D(z) : x € V/ONZ2. The same notion applies to
crossing of [0, R] x [0,4R] in the horizontal direction.

Lemma 5.24. There exist constants co, Co > 0 such that, for any isoradial square lattice L
with constant angle, any § >0, N > 1 any R > V6N

quHO,élR} x [0, R] contains a thin cmssmg] < Co(VON/R)“.

Proof of Lemma 5.24. We only sketch this. Explore the successive vertical crossings of [0, 4 R] x
[0, R] from left to right. Whenever such a crossing I' is revealed, the region to its right is
unexplored. We can then identify R/v/6N regions D(z) that are within distance 2v/6N of T,
but lie entirely in the unexplored region; see Figure 5.9. Then (RSW) states that each such
region is surrounded by the cluster of I' with probability at least a uniformly positive con-
stant. Furthermore, the events that each of these regions is surrounded may be bonded by
independent Bernoulli variables of uniformly positive parameter.

We conclude that, for any such I', the probability that the cluster of I" forms a thin
crossing is bounded above by (1 — c)R/ V8N for some constant ¢ > 0. Combining this with a
exponential tail of the number of crossings provides the desired bound. O

Proof of Proposition 5.23. For simplicity, we consider first the case where M = id. For

a configuration w and a lattice of nails N, we may define a reference configuration'? wyef

12T6 be precise, wyer is not actually a percolation configuration, but only a family of oriented loops which
might not correspond to a percolation configuration.

76



& & & & & &
o & & O O OB O
& & & & & & &
& & & O O OB O

Figure 5.9: The left boundary I' of a vertically crossing primal cluster; the conditioning only
affects the grey area. Under this conditioning, the cluster of I' surrounds each one of the grey
rhombi D(z) closest to it with uniformly positive probability.

depending only on the homotopy information of w and which is homotopically similar to w
at scales (0, N). It is constructed as follow; see also Figure 5.10.

The nails N, are single primal vertices, namely those closest to the points of (§/2N)-(Z?N
[—5‘1/4, 6‘1/4] x [0, (5‘1/4]). For each non-trivial loop £ of w, place a loop in £.of € wyer formed
of straight line segments between the midpoints of the edges of (6'/2N)-(Z2N[—6~1/4, 6 1/4] x
[0,61/4]) so that

WN (6) = rief (gref) .

We will prove that, with high probability, when w ~ ¢]L(a)7
dCN[si%/lst’ 53/18N""ref] < §'/1e. (5.31)

Applying!? this to w and w’ directly implies (5.30), since wyef = W'y
Assume that (5.31) fails. Then, there exists a loop ¢ € w contained in [—6Y/%N, 51/ N] x
[0,6/4N] so that

d( 55 ls gy brer) 2 6110, (5.32)

This requires £ to contain a long “arm” of diameter 67/ N that avoids all nails of N — see
Figure 5.10.

In particular, if take R = %57/16]\7 and if we pave the rectangle [—8/4N, §/4N]x [0, 61/ N]
with the translates of [0,4R] x [0, R] and [0, R] x [0,4R)] by points of RZ?, then (5.32) implies
that there exists at least one such rectangle that contains a thin crossing. There are 0(5*3/ 8)
such rectangles, so Lemma 5.24 and the union bound imply that

PL(a) {dCN<W%NW, W%Nwref> < 51/16} < C16 7B exp(—cod/16) < Chd™.  (5.33)

For universal constants C, Cy,ca > 0. This implies (5.30), as explained above.
When M # id, we may still prove (5.33) for both w and w’. It then suffices to observe
that, since M is linear, M (wyef) = wly;- O

5.3.6 Proof of Theorem 5.4

We are finally ready for the proof of Theorem 5.4. Fix a, 8 € (0, 7).
In light of Proposition 5.23, our goal is to prove that for N large enough and n > N~
for some small constant ¢;, > 0, we may couple w ~ ¢rg) and w ~ ¢, so that Mg ,(w)

13We actually bound the probability of (5.31) for the configurations shifted vertically by —%61/4N7 but this
has no influence on our conclusion, as the measures are translationally invariant.
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Figure 5.10: A configuration containing a lattice of nails N in red, and several blue loops
in a rescaled configuration ﬁw. Of the blue loops, one is trivial, the other two have
corresponding pink loops in wyer. The large blue loop £ is not close to £ because of the
long grey “arm” — here we assume that this arm has length at least 6'/16. The probability
of such an arm occurring may be bounded by (RSW).

and w’ are homotopically similar at scales (1, N). The coupling will be that of Section 5.3.2,
as explained below.
We call a cluster C of w a nail™ at « € (§V/2N) - (22 N [—6~1/4, 6714 x 0,5 1/4)) if

|T(C) N <5L'aevert>| S ﬁN’ |B(C) - <$7evert>| é ﬁN’
IL(C) — {: 1)l < 5o N and R(C) — (&, )| < 52N

with C)s chosen as in the definition of Meso™. We consider here the more restricted notion of
nail™ rather than just nail, for the same reason that we considered Meso™ (wp) rather Meso(wp)
in Proposition 5.20: a buffer is needed to offset the small variations that may occur during
the process (wi)o<t<i+K'-

Lemma 5.25. There exist constants C,c > 0 such that, for all 6,m1 > 0 with n < 6%, § small
enough and any N large enough

PL()[there exists a lattice of nailst of Meso™ at scales (6, N)] > 1 — Cnco~ /2.
Proof. This is a direct consequence of (RSW). Observe that, for given 4, there are at
most O(6~1/2) points in the lattice (§/2N) - (Z2N[—6-Y%, 67174 x [0,6~'/4]). Furthermore,
for § small enough, any such point z satisfies

<$,€vert> < % and — % < <x’€1at> < CAM’

which is to say that it is contained in the window covered by the definition of Meso™. Finally,
for each such point z, since \/n < 0, (RSW) implies that

¢1(p)[there exists a nail™ N(z) € Meso™ at z] > 1 — Con~.

for universal constants cg, Cy. Performing a union bound yields the result. O
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Proof of Theorem 5.4. For N > 1, write n = N~ and § = N_Cgv, for some small ¢, > 0 to
be determined below. In particular, we assume ¢, < 1/2 so that Lemma 5.25 applies.

Write Stability = Stability(n, N) for the event in Proposition 5.20, with the constants ¢, C
provided by the proposition. By choosing ¢;, > 0 small enough Lemma 5.25 and Proposi-
tion 5.20 ensure that

Plwp contains a lattice of nails™ of Meso™ (wp) at scales (6, N)] >1— N~ and
P[Stability(n, N)] > 1 — N, (5.34)

for all N large enough, where c is some constant which depends on ¢;, but not on N.

Assume henceforth that both of the events above occur and that N is large. Fix a
lattice of nails™ Ng C Meso™ (wp). By Stability(n, V), these clusters survive throughout the
process (wi)o<t< Kk +k'; denote by N¢ their collection in w;. Furthermore, due to Stability(n, N)
and the definition of nail™, N; is a lattice of nails, up to a piecewise-linear transformation,
for every t < K + K’. As such, it makes sense to encode the homotopy information of wy
with respect to N, in the same way as for wy.

We will now argue that this homotopy information remains unchanged throughout the
process. More precisely, any non-trivial loop ¢y surrounding a primal or dual cluster has a
corresponding loop #; in w; and wy, (¢;) = w,(fo). Indeed, when passing from w; to w19,
as {¢ has diameter larger than 7N, it either avoids all extremal boxes or w = wyy1/2. In both
cases, we conclude that wn,_, ,(¢r1/2) = wn,(f). Furthermore, when passing from wy /9
to w41, the fact that track exchanges do not break loops ensures that the homotopy class of
any non-trivial loop is preserved. As such wn,,,(ft42) = wn,,, (Ci+1) = wn, (6r).

Finally, as explained in Remark 5.21, the effect of the drift on the lattice Ng is described
by Mg o. More precisely, for all z € (8Y2N) - (22N [=6~1/4, 6714 x [0,6-1/4])

(. e0) = (Mpa(). )

< ﬁN +CN'e Vy € Ng1 g (x) and * € {vert,lat}.

By again assuming that ¢, is sufficiently small and N large, we conclude that M 3, i(N KiK') s

a (6, N)-lattice of nails. Then wo and My ! (wr 4 1) are homotopically similar at scales (8, N).
Applying Corollary 5.16, Proposition 5.23 and using (5.34) we conclude that

den [%L(a), bsL(p) © Mﬁ,a] < 0§ <CN7°,
for all N large enough, where C, ¢, > 0 are universal constants. The assumption on N may
be removed by altering the constants. O
5.3.7 An equality of drifts

As an addition to Theorem 5.4, we make an apparently obvious but crucial observation about
the value of the drift vectors.

Proposition 5.26. For any 0 < 8 <,

Driftias (3, 3/2) = Driftver (8, 5/2). (5.35)

The above is actually a surprisingly profound fact. It ultimately shows that the isoradial
embedding of the lattices L(«) (and more generally of bi-periodic graphs) is the right embed-
ding of inhomogeneous FK-percolation to ensure universality in the sense of Theorem 5.3.
Indeed, except in this proposition, there is no use of the exact formula linking isoradial em-
beddings to the inhomogeneity of the FK-percolation parameters. Behind (5.42) lies the fact
that the line exchanges producing the drift are composed of star-triangle transformations,
which do not depend on the direction of the tracks being exchanged.
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Figure 5.11: From L on the left, there are two series of transformations leading to L/ on
the right. On the top, we proceed by exchanging horizontal tracks, bringing them down
progressively. This produces a sequence of lattices L, and a sequence C; of transformations
of the cluster of the bottom red segment. On the bottom, we proceed by progressively
exchanging vertical tracks. This leads to sequences Ly and C;. The result of the two processes
is the same, which is to say that the laws of the final clusters Cy and CT are the same.

Proof. Fix 0 < a < 8 < 7. We will prove a more general statement, which will imply (5.42)
when taking o = [3/2. Several scales will appear in the construction below: consider inte-
gers 1 < N < R, with r = N'=¢ for some small constant c.

Consider the finite isoradial graph IL containing a block of R horizontal tracks with trans-
verse angle 3 crossed by 2R vertical tracks of transverse angle 0. We call this the S-block.
Position it so that 0 is the central point on the bottom part of this block. Complete the
block by r horizontal tracks of transverse angle a that run along its top and right side. See
Figure 5.11.

Let I” be the graph obtained by switching the position of the tracks of angle a with
the S-block. In I/, the tracks of angle o run on the left and bottom side of the 3-block.

There are two ways to pass from L to I/ using compositions of star-triangle transfor-
mations. As illustrated in Figure 5.11, we may define L. = Ly, ...,Ly = I/, by essentially
“sliding” the tracks of angle o down through the §-block. To pass from LL; to ;11 we per-
form a series of finite track exchanges, similarly to those in the transformation S; appearing
in (5.13). For r < t < T — r, the lattice L; contains a mixed block of 2r tracks which
slides down as t increases. To pass from ¢ to t + 1, exactly r track exchanges are performed,
each consisting of 2N sequential start-triangle transformations. Let (w¢)o<t<7 be the Markov
chain of configurations on the lattices L; defined as in Section 5.3.2, with n = N172¢ < r.

A second way to transform L into L’ is to slide the tracks of angle o from the right to
the left; write Lo, . . . ’]f"f‘ for this set of transformations and (@), for the corresponding
chain of configurations.

The distortion of the contours of the large clusters in each configuration may be controlled
in the same way as in Theorem 5.4. In particular, if we write C; and C; to be the cluster of
the interval [-N, N] x {0} in w; and @y, respectively, we find that

. 2r(sin o 4 sin f3) .
th—{r;oE[R(CT) ; R(CO)} " sina + sin 8 + Driftyer (8, «) - Driftiai(8, @) + o(r) and
2r(sin(f8 — a) + sin )

I%I—IJ;OE[R(CT) - R(CO)} = sin(B — @) + sin B + Driftvert (5, 8 — @) - Driftyer (8, 8 — a) + o(r).
(5.36)
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In the above, the fractions are the approximate number of transformations that affect any
mesoscopic cluster. In the second line, the track-exchanges effectively occur between tracks
of angle m— 8 and a4+ 8 and the rightmost point of C, acts as a topmost point from the point
of view of the track exchanges. We used the horizontal symmetry to state that Driftyey (7 —
B, — B+ «a) = Driftyet(8, 7 — 8 — «); note however that Driftj (7 — 8,7 — 5+ ) =
—Drifty (8, 7 — B — «), as the direction of the vector used for reference is reversed.

Finally, notice that R(Co) and R(Cy) have the same law, as do R(Cr) and R(C:ﬁ) Com-
bining this with (5.36) and taking N — oo, we find

(sina + sin ) - Drifty, (8, ) (sin(B — «) 4 sin 3) - Driftyer (8, 8 — o)
sin a + sin 3 + Driftyert (3, )  sin(8 — a) + sin 8 + Driftyet (8, 8 — @)

Taking o = 3/2 in the above, we conclude (5.42). O

Remark 5.27. A different proof of Proposition 5.26 may be obtained by transforming Lg
into L., using a different set of transformations, namely those in Figure 5.14. This method
is detailed in Exercise 5.8.

Proof of Lemma 5.17. We start by the proof of continuity. We will focus here on the vertical
drift; the proof is identical for the lateral drift. Fix two angles «, 5. Let Lyix(a, 3) be the
mixed lattice with angles o, 8. Also, define Lyix(cr, 3) N Ar for the restriction of this lattice
to AR, with the addition of the rhombi needed to perform S; o Sy.

Fix € > 0. Due to Lemma 5.11, specifically to the fact that it is uniform in the angles «
and f (outside of a neighbourhood of 0 and 7) and to the locality of the star-triangle trans-

formation, for R large enough we may couple the application of S; o Sy to qﬁ]ILIC,’T(a 8) and

to qﬁimix(a B)NAR [-| Top(C,, ) = 0] so that the increments AI'CT and A['CT for the top of the
IIC and of C,,, respectively, satisfy

PIAICT # AICT] <e.

Moreover, the choice of R may be uniform in a vicinity of $a, B).

Since AHCT is bounded, we conclude that (a, 8) gﬁ]ILISf(a 8 [ACT] is the locally uni-

form limit of (a, ) +— ¢imix(a76)mAR[A£ICT|Top(an) = 0]. The latter is a continuous
function, and therefore so is the former.

Finally, we turn to the invertibility of Mg,. By the explicit formula (5.12), this is
equivalent to

Driftyers # — sin 5.

As explained in Section 5.3.4, the finite energy property and a deterministic bound on the
increments of the IIC yield Driftyet > — sin 3. O

5.4 Rotational invariance and universality: proofs of Theo-
rems 5.2 and 5.3

With Theorem 5.4 now proved, we turn to our two main results: the asymptotic rotational
invariance of ¢p,r/2) (Theorem 5.2) and the universality among lattices L(«) with o € (0,7)
(Theorem 5.3). The latter may be simply formulated as Drift),; (7/2, @) = Driftyert(7/2, ) =
0 for all a € (0, 7). We will start by proving the asymptotic rotational invariance of ¢r,(, /2
without Theorem 5.3, then use it to deduce that Driftja(7/2, &) = Driftyert(7/2, ) = 0 for
a dense set of angles « € (0, 7), which will in turn imply Theorem 5.3.
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5.4.1 Rotational invariance: proof of Theorem 5.2

Write S% for the orthogonal reflection with respect to €'®/2. We start off with a result about
the invariances of ¢sy () for general angles 8. Recall that ¢p ) is invariant under S%, and
since ¢p(g) and ¢r(q) are related via Theorem 5.4, it follows that ¢rg) is asymptotically
invariant under S% conjugated with Mg ,.

Proposition 5.28. For any «, 8 € (0,7), there exists constants ¢,C > 0 such that
don[@s(s): deris) © Mg a © SappoMga| <C6¢ forall 6> 0. (5.37)

The proposition is an immediate consequence of the argument described above. We will
not give a detailed proof.
We now turn to the proof of Theorem 5.2. For o € (0, 7) write

T, = Mg—}a 0 Saja0 Msx .

In light of (5.37), we will say that ¢L(g) is asymptotically invariant under Ty,. Since this is
the case for all @ € (0,7), we conclude that qu(%) is asymptotically invariant with respect
to the group generated by {1, : « € (0,7)}. To prove the asymptotic rotation invariance
of (bl(g), we will show that the group generated by {7, : « € (0,7)} contains all rotations.
To start, we list some properties of T,,.

Proposition 5.29. (i) For each o € (0,7), Ty has eigenvalues 1 and —1 with eigenvec-
tors M;laew‘/2 and M;laei(o‘/Q‘*'”/Q), respectively;
2 2

(ii)) «— Ty is continuous over (0,7);
(iii) o T, is not constant.

Proof. (i) It suffices to observe that Mg,a acts as a change of basis, and maps the vectors

Mgilaeio‘/2 and M%*Lei(a/%”m) onto the eigenvectors of S, /5.

(ii) This is a direct consequence of the continuity of o Mz , which was proved in
Lemma 5.17.

(iii) Let us proceed by contradiction and assume that T, = T /2 = Szyy for all a. The gist
of this point is the following. Under the assumption above, the linear maps Mg,a should
become increasingly degenerate when o — 0, which contradicts the uniformity of (RSW) in
the angle. Other options exist for proving that M Ia does not degenerate, such as an explicit
analysis of the drift. We include a formal derivation of this point for completeness.

Under the assumption that T, = T/ = Sr/4 and due to point (i), M%,a maps e
io/2 i3m/4 a/24m/2)

/4 onto

a multiple of e and e onto a multiple of e . Moreover, recall from (5.12)
that M o acts as the identity on the horizontal axis. This completely determines M L%

1 cosa
M%,a = <0 ) . (5.38)

sin «
Write Square,, for the square {ae’®/24+be!(@/2+7/2) . 0 < a,b < 1} and Cj,(Square,,) for the
event that the Square,, contains a “horizontal” crossing, that is a crossing between {bei(o‘/ 2+7/2)

0<b<1}and {eio‘/2 + bell/2+m/2) . g < p < 1}. The same notation applies to other rect-
angles. Theorem 5.4 implies that

‘¢6L(o¢) [Ch(Square,,)] — @s1(x/2) [Ch(M7r_/127aSquarea)]’ —0asd—0.
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Notice now that, due to (5.38), Z\IW_/l2 oSquare,, is a rectangle of aspect ratio tan(a/2), which
tends to 0 as a — 0. This implies that its crossing probability under ¢sy,/2) may be made
arbitrarily close to 1. Thus, we find that

lim lim iélf Ps1(a) [Cr(Square,, )] = 1.

a—0 §—

This contradicts (RSW), particularly the fact that this property is uniform over «. O
We are now in a position to prove the asymptotic rotational invariance of ¢1L(g)-

Proof of Theorem 5.2. As stated in Proposition 5.28, ¢]L(g) is asymptotically invariant under
all T, with @ € (0,7). In addition, it is also invariant under the vertical reflection Sp,
or equivalently with respect to the rotation by 7/2 — as opposed to Sy/4, So is not part
of {T, : a € (0,7)}. Asa consequence, it is asymptotically invariant under all transformation
in the group generated by {7, : a € (0,7)} and Sy. We will prove that this group contains
all rotations.

First, let us show that for all a« € (0,7), T, is an orthogonal reflection. Fix a and
let u,v € C be the eigenvectors of T, of FKuclidean norm 1 and eigenvalues 1 and —1,
respectively, contained in the upper half-plane. We will proceed by contradiction. Suppose
that the angle between w and v is different from 7/2; without loss of generality we may
assume that it is strictly below 7/2. Define the ellipse

Q={rutyv:z,yeR, a”+y* <1},

with u, v, —u, —v on its boundary (see Figure 5.12). Denote by (u,v),...,(—v,u) the bound-
ary arcs delimited by these points. Notice that T,, maps () onto itself, with the points u, v, —u
and —v mapped to u, —v, —u and v, respectively.

As a consequence of the asymptotic invariance of ¢L(g) under T, the probabilities of
crossing @ form (u,v) to (—u, —v) and from (v, —u) to (—v,u) are asymptotically equal:

[bs1.3) [(w:0) S (=u, )] = Ba15) [0, —w) & (v, w)] | —>0.

As ¢>L(g) is also invariant under the rotation'? of angle 7/2, we conclude that the probability
of crossing @ from (u,v) to (—u, —v) is asymptotically close to that of its rotation by m/2:

‘¢5L( [(u,0) & (—u, —0)] = daL(z) (€7 u, €7 0) =5 (—e'Bu, —e'20)]| — 0.

s
2

Combining the above, we conclude that

as 0 — 0.
Observe now (see Figure 5.12) that

{(e’%u, e'2v) &2 (—e'2u, —e’%v)} C {(v, —u) & (—v,u)}.
Furthermore, (RSW) implies that
o N9 _ (i By 29 it T
11%1561f¢5L(g)[(U, u) <> ( v,u)] ¢6L(5)[(6 2u,e'20) «— (—e'2u, —e 21})} >0

This contradicts (5.39), and therefore invalidates our assumption that T}, is not an orthogonal
reflection.
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eiw/ZQ

—v

Figure 5.12: If the angle between u and v is assumed strictly below 7/2, then @ is an ellipse.
The rotation by 7/2 of (u,v) & (—u, —v) is realised by the red path; it has strictly lower
probability than (v, —u) & (—v,u).

We are now ready to conclude. Write 0(«) for the angle between the real axis and
the eigenvector M ;;em/ 2 of T,,. Then the composition of Sy with T, is the rotation of
27

angle 20(«), and we conclude that @1 (r/2) is asymptotically invariant under this rotation.
From Proposition 5.29 (ii) and (iii), we conclude that {#(a) : « € (0,7)} has a non-empty
interior, whence we deduce that ¢p(,/2) is asymptotically invariant under any rotation. [

Remark 5.30. In the proof above, we used a special symmetry of the lattice (7 /2), namely
that with respect to the vertical reflection Sy (or equivalently with respect to the rotation
by 7/2). The invariance of L(7/2) with respect to S /4, which corresponds to the generic
invariance of L(«) with respect to S, /2 is not sufficient to conclude. The best conclusion one
could obtain without using the invariance under Sy is that the orbit of a given point under
the group generated by {T, : a € (0,7)} is an ellipse with axis e*™/4R. It is the vertical
symmetry (which is specific to L(7/2) and has no correspondence for other lattices L(a))
that allows to conclude that this ellipse is actually a circle.

5.4.2 Universality: proof of Theorem 5.3

We turn to the proof of Theorem 5.3, or equivalently to the fact that M%@ = id for all a.
Recall that ¢r,g) is said to be asymptotically rotationally invariant if, for any 6 € [0, 27),

dCN(¢5]L(ﬁ), d)ewé]L(ﬁ)) —0 as 6 — 0.

Similarly, say that ¢,) and ¢rg) are asymptotically similar if

donN(PsL(a)s Por(p) =0 asd— 0.

Theorem 5.4 in particular states that ¢, and ¢r,(g) are asymptotically similar if Mg, = id.
The key to the proof of this section is the following lemma.

Lemma 5.31. Fiz 5 € (0,7) and assume that dL(p) s asymptotically rotationally invariant.
Then M675/2 =id.

14 which may be seen as Sp o Sr /4
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a d
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b c

Figure 5.13: The rhombi R and T'(R) under the assumption that A > 1. Any crossing in R be-
tween the arcs (be) and (da) produces a crossing in T'(R) between (T'(a)T'(b)) and (T'(¢)T'(d)).
However, the latter crossing is strictly easier to achieve, uniformly in the scale ¢ of the lattice.

Proof. Fix such a value of § and set &« = (/2. Then, due to (5.42) and to the special
choice of «, we have Driftyes (8, @) = Drifty, (8, «). When injected in (5.12) and after basic
computation, we find that Mg, has the special form

M/&a _ 1 sirllja where v — Drif'tlat(ﬂ, Oé)(l + 2 cos a) ‘
0 1+ 2 2(sin o — Drifty (5, @)

Ccos

In particular, we notice that the vectors 1 and e’® are eigenvectors with eigenvalues 1 and \ :=
14+ =2 > 0, respectively.

cos &

Recall from Proposition 5.28 that ¢p g is asymptotically invariant under 7' := M 3, i )

Sas2 © Mg . Since S, /9 exchanges the vectors 1 and e, the transformation 7' maps the
vector 1 to A™1e’ and €' to .

Consider the rhombic region R = {z + ye'® : z,y € [-1,1]} as a quad with four
points a, b, ¢, d at its corners, in counter-clockwise order, starting with the top left corner. By
the asymptotic invariance of ¢s1,(5) with respect to T,

. R T(R)

lim 0316 [(6) & (ed)] — G52 [(T(@)T0)) <2
Additionally, observe that R is stable under S, /5. Moreover, ¢sp,g) is invariant under Sz/o
and is assumed asymptotically rotationally invariant, which implies that it is asymptotically
invariant under all reflections. We conclude that

lim gy 9) [(ab) 5 (ed)] = s [(be) 5 (da)] = 0.

Combining the above, we find that

(T(c)T(d))] = 0.

. R T(R)

lim sy, s) [(be) < (da)] = dsr(p) [(T(a)T (b))

This is only possible if A = 1. Indeed, the quad T'(R) may easily be identified as T'(R) =

Ay +a2x7 e . 2,y € [-N,N]}. If A > 1, then T(R) is wider and shorter than R (see
Figure 5.13) and (RSW) implies that

(T(c)T(d))] = 0.

lir;ljélp Ps1(8) [(bc) K (da)] — O51L(8) [(T(G)T(b)) — (T(C)T(d))] <0.

Conversely, if A < 1, (RSW) shows that

. T(R
lim inf 65 3) [(be) €5 (da)] = d515)[(T(@)T () <5 (T()T(d)] > 0.
We conclude that A = 1, which translates to Mg, = id. ]
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Proof of Theorem 5.3. Define the set
R ={a €(0,7): ¢r(q) asymptotically similar to ¢ 2}

Theorem 5.2 states that for any a € R, ¢, i1s asymptotically rotationally invariant. In
light of Lemma 5.31, R is stable by o — «/2. Moreover, by horizontal symmetry, R is stable
by a — m — a. Repeatedly applying these transformations shows that R is dense in (0, ).

Fix a € R. That ¢ (r/2) and ¢r,) are asymptotically similar yields M%a =id. Due to
the continuity of v — Mz ,, (see Lemma 5.17) and to R being dense in (0, 7), we conclude
that Mz o = id for all a € (0, 7). Apply Theorem 5.4 to conclude. O

5.5 Exercises: isoradial FK-percolation

Exercise 5.1. Show that if G is an isoradial graph, two train tracks intersect at most once
and no train track intersects itself.

Exercise 5.2. Fix a simply connected union of rhombi G° that are part of a full-plane

rhombic tiling. Show that there exists a full-plane isoradial graph G such that G® contains G°

as a subgraph and all tracks of G that do not intersect G® have transverse angles 0 or 7/2.
Hint: try to first complete G® into a convex union of rhombi.

Exercise 5.3. The star-triangle transformation may be stated without referring to isora-
dial graphs as follows. Fix the triangle and star graphs ABC and ABCO, respectively,
with boundary formed of the vertices A, B, C. Consider the FK-percolation measures qﬁi BC
and ¢£A pco on these graphs, with cluster weight ¢ > 1, boundary conditions § and inho-
mogeneous parameters pa,pg, pc and p'y, pls, prr on the edges BC, CA, AB and AO, BO
and C'O, respectively, as below.

pc PB

B PA C B c

Show that, for any boundary conditions &, the connection probabilities between A, B
and C are the same in the two measures if and only if

YAYBYC + YAYB + YBYC + Yycya =q and Yy, =q,

where y, = % and y., = 15;, for x € {A, B,C}.

Show that there exists a unique continuous function 6 — y(#) on [0, 7| satisfying

y(04)y(0B)y(0c) +y(0a)y(OB) +y(0B)y(0c) +y(0c)y(04) = q and y(0)y(r — 0) = q,
for all 0,04,0p,0c € [0, 7] with 4 + 0 + 0c = 27.

Show that it is the one obtained from (5.4).
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Exercise 5.4. The goal of this exercise is to prove (5.8) and (5.9). We start by considering
the case of Ly for two arbitrary angles «, 5.

Write Tx for the torus formed of N x N cells of Ly,ix. Let ¢, be the FK-percolation
measure on the torus with edge-weights given by (5.4). Fix constants R = e N and r < R,
where € > 0 is some fixed quantity; all constants below depend on e, but should not depend
onr,Ror N.

(a) Using (RSW), show that, uniformly in N, the number of clusters in T with diameter
at least R has an exponential tail.

(b) A point z € C with C being a cluster of diameter at least R and
(x,es) > max{(y,e.) :y e C} —2 for some e, € {Eevert, T€lat}

is called an almost-extremum. Show that the number of almost-extrema has exponential
tail, uniformly in R.

Hint: Assuming that a configuration w has “many” almost-extrema, but “few” large
clusters, produce configurations w’ by locally modifying w around some almost-extrema
so that each large cluster of w’ has at most K almost-extrema (where K is some
fixed number, say K = 100). Observe that there are many ways to produce such
configurations w’ from w, but it is relatively “easy” to reconstruct w from w’.

We call this argument a “multi-valued map” principle.

(c) Use the periodicity of the torus to prove that the probability that A, contains an
almost-extremum is of order (r/R)?.

(d) Use mixing to transfer this estimate to the full-plane measure ¢r,

This proves (5.8) and (5.9) for lattices Linix.

Let us now deduce (5.8) for a lattice L(ax) for some sequence o = («);ez containing at
most two values. For some fixed R, write LL for the lattice with alternating angles «q, o for
tracks t_cyR, ... ,teR, angles o for tracks t.,1; with j > 0 and for tracks t_. g4  for j <0,
m. Write Lpix for the mixed lattice with angles ag and a;. Then L is
identical to Ly for all tracks intersecting Ag.

(e) Write

mix *

where ¢y =

Army(r, R) = {3C with Top(C) € A, and CN A% # 0} and
Armr(r, R) = {3C with Top(C) € A, and CNR x (—oo, —R] # 0}.

Using (RSW), prove that there exists a universal constant ¢ > 0 such that
€ Py [Armir(r, R)] < ¢, {ArmT (r, QR)] < OLy [Armr(r, R)].

Hint: you may use the arm-separation principle, which states that with positive proba-
bility under ¢r [ | Arm(r, R)] there exists a unique cluster C realising the event Armr(r, R),
that C is contained in Agg and surrounds the interval [-R/2, R/2] x {—R/2}. You may
also try to prove the separation of arms.

(f) Using track exchanges, prove that
oL [ArmT(r, 2R)} = ¢rs [ArmT (r, 2R)} ,

where L/ is a lattice identical to L(a) for all tracks intersecting Ag.

Hint: if t_p is the lowest track included in the strip R x (—2R, 2R], only perform track
exchanges between tracks ¢t_p,...,t_1 and t9,%3,....
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(g) Conclude that
CPLi [Armr (7, R)] < ¢ (o) [Armr(r, R)] < Cop,,, [Armr(r, R)].

for universal constants ¢, C' > 0.

(h) Observe that, before proving that M, g = id, there is no good reason to expect the
lateral half-plane three-arm exponent to be equal to 2 on lattices L(cx).

Exercise 5.5. The goal of this exercise is to prove (5.10). Fix a lattice L = L(e) for some
sequence o = () ez containing at most two values.

For r < R, let Armg);(r, R) be the event that there exists three connections 71, v2 and 73
in L\ (R4 x{0}) between A, and OAg, in counter-clockwise order, with 1,3 € w* and 2 € w.

(a) Let Arml; (r, R) be the event that, in L \ (R4 x {0}) there exist a dual connec-
tion between the top and bottom of Ar and a primal connection between A, and
{—=2R} x [~ R, R] contained in ([-2R, R] x [-R, R]) \ A,. Prove that there exists some
constant ¢ > 0 independent of r and R such that

L[Army; (r, R)] > ¢ gL[Armg(r, R)].
Hint: use the arm-separation principle; see also Exercise 5.4 (e).
(b) Show that,
SL[Arm (r, R)] < 7/R.
Hint: at most one translate of the event Arm/;, (r, R) by (kr,0) for 0 < k < R/r occurs.
(c) Use (RSW) to prove the existence of universal constants ¢, C' > 0 such that
¢L[3C with Left(C) € A, and CN A% # 0] < C(r/R)pL[Armg (r, R)].

Hint: use the quasi-multiplicativity of arm events and show that at each “scale” be-
tween r and R, there is a positive probability to have configurations allowing the event
on the right-hand side, but not that on the left-hand side.

Conclude (5.10).

Exercise 5.6. Assuming that M5, = id, follow the proof of Theorem 5.4 and show that
all constants may be chosen uniform in 0 < o < 7/2. Note that there are O(a~*N) transfor-
mations in the process, so one should show that the probability of error at each step of the
process is O(aN~¢) for some constant ¢ > 0.

Exercise 5.7. The goal is to prove Lemma 5.11 and Proposition 5.10. Consider r < R, wq
and C as in the statement of Lemma 5.11. Write

o[ |wo, C] :==¢r., [ |w =wp on A, C; N AR =C, Top(C;) = 0].

This is a measure on configurations in Apr; the conditioning on wqp is degenerate, but should
be understood simply as boundary conditions. For simplicity assume R = 2% and r = 2% for
integers k < K.
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For a configuration w, define the following notions. Write &; for the union of Afx_; and

all the primal/dual interfaces starting on dAyx—; towards the inside of Ayx -, explored up to
the first time they exit Agx—; or enter Agx—;-1. Write F; for the connected component of 0
in £F. The boundary of F; is formed of alternating primal and dual arcs, also called petals;
we call F; the flower domain in Ayx—; \ Agx—j—1 explored from the outside.

Write {; for the boundary condition on F; induced by the configuration outside of F;; it
encodes how the primal petals of F; are wired together outside of F;. We will abuse notation,
and also encode in &; which primal petals are connected to which parts of C. Say &; is simple
if it contains a single wired component that is connected to A% — this component may be
formed of several petals.

Set J = K — k — 1. When referring to the marginals in A, notice that

#[ |wo, C, w on 5] = ¢% [+ | Top(Ce,) = 0],

if £ is simple, where C¢, is the cluster of the single wired component of {; that is connected
to A%.

(a) Argue that (F},&;)j—o,....s is @ Markov chain when w is sampled using ¢[-|wo, C]; write P
for the law of this chain. Show that if {; is simple, then all following (&)¢>; are also
simple.

(b) Show that the Markov chain mizes in that, for all j < J — 3,

. < P[Fji3=Gand {3 =n|F; = F and §; = (]

<c, 5.40
_P[fj+3:Gand§j+3:77].7:j:F’andfj:C’]_ ( )

for universal constants ¢, C' > 0, any potential realisations F, ¢ and F,¢’ of Fj,§;, and
any realisation G, 7 of Fj3, ;3 which contains only two petals, with the primal petal
having a “large” opening and lying “deep” in the lower half-plane. Also show that

> P[(Fjss,&i48) = (G,n) | Fj = F and & = (] > ¢, (5.41)
G

for some universal constant ¢ > 0, where the sum is over (G,n) as described above.
The notions of “large” and “deep” should be defined.

(c¢) From (5.40) and (5.41), deduce that, for any A depending only on A,,

¢[Alwo, €]

oA, €] 1| = R

for universal constants ¢, C' > 0. Use this to show Proposition 5.10 and Lemma 5.11.

Hint: The main difficulty above is proving (5.40) and (5.41). Assuming F; = F and §; =
¢, start off by sampling the flower domain Fi, in Agx—j-3 \ Agx—j—4 explored from the
outside and the flower domain Foyy in Agx—j—2 \ Agx—j—s explored from the inside,
along with all edges between them, under the measure gb%. Use mixing to argue that
this exploration is somewhat independent of F' and (. Use (RSW) to argue that, with
positive probability, both flower domains contain a single primal petal which is large
and lies deep in the lower half-plane, and that the two primal petals are connected in
the lower half-plane. We say that (Fin, Fout) is safe in this case.

Notice that (Fin, Fout) sampled above are not sampled according to P[- | F; = F' and §; =
(], as we have not conditioned on any event inside F;. To account for this conditioning,
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Figure 5.14: A different set of track exchanges than those of Section 5.3.1 allow to trans-
form ILg into LL,. Consider the lattice Ly on the left which is formed of three blocks, which
we call the 8-block (light blue), the a-block (green) and the mixed block (purple). The ob-
servation window [—N, N| x [0, N] is fully contained in the $-block. Applying semi-infinite
track exchanges between the tracks of the mixed block makes the interfaces between the
mixed- and a- and -blocks move to the left. After sufficiently many such transformations,
the observation window will be fully contained in the a-block. Use the same system of coor-
dinates eyert and ejy; as in the proof of Theorem 5.4 to track the movements of clusters; in
this system, the drifts are —Drifty, (8, 8 — ) and Driftye (8, 8 — «), respectively.

one should factor in the probability of {C, NA% = C, Top(C,) = 0} given Fi, and Fous.
Show that
¢[Ca N A% =C, Top(Cy) = 0|w on &, Fin, Fout]

> ey (r, 257974 g[all clusters of C intersect Agr—j—2 | &j]
for some constant ¢ > 0 and any safe (Fin, Fout). Conversely, show that
¢[C, NAR =C, Top(C;) = 0w on &]
< Crry (1, 257973) ¢lall clusters of C intersect Agx—j—2 | €]

for some C' > 0, where 73 (r, R) is the probability of half-plane three-arm event between
scales r and R defined in (5.8). From this, conclude (5.40) and (5.41).

Exercise 5.8. (Different proof for the equality of drifts) Fix «, 8 € (0,7) with o < 8. The
goal of the exercise is to use a different strategy than that of Theorem 5.4 to transform Lg
into L. This will ultimately offer an alternative proof of Proposition 5.26.

Consider the lattices (ILt)i>0 described in Figure 5.14. We assume that we work at a
scale N and follow the evolution of clusters in the observation window [—N, N| x [0, N]. We
use the same vocabulary as in the proof of Theorem 5.4.

(a) Argue that, for a mesoscopic cluster C in the mixed block at some time ¢,

E[A,T(C)] = —Driftya (1 — 8,7 — 8 + ) + O(N'=¢) = Drifti (3, 5 — @) + O(N'™°) and

E[AR(C)] = Driftyert (7 — 8,7 — 8+ @) + O(N'¢) = Driftyer (8, 8 — @) + O(N'7°).
(5.42)

(b) Write the drift in cartesian coordinates corresponding to the movement in (5.42) as

d = (d1,d2) = (Driftyeri(8, B — @) g + Driftia (8, 8 — o) ggjg , Driftiae (8, 8 — o).
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(c) Consider a point z(0) = (21(0),z2(0)) in the S-block of Ly. Define the deterministic
evolution

Ty if z; is in the « or B-blocks of L,
€T =
"7 )2 +d if 2 is in the mixed block of L.

Argue that, the total time spent by (x¢):>0 in the mixed block is x2(0) - 7 where

B sin(f — a/2)
T sin(a/2) sin 8 + Driftyet (8, 8 — @) sin(a/2) — Driftya (8, 8 — ) sin(8 — «/2)

Conclude that final position of x(t) is
D .ftVEI‘ y — D 'ft , o
z(0) + wQ(O)( riftvert (8, 8 — @) + Driftiat (8, 5 — o) cos

sin 8
Write

-7, Driftjo (8, 8 — «) - 7').

sin 3

- 1 Driftvert(Bvﬁ_a)+Driftlat (B:B_O‘) COSB -7
Boee = (0 1+ Driftja (8,8 — ) - 7 )

Hint: Beware that the angle of the interface between the mixed and a-block is a/2.

(d) In the same way as in Theorem 5.4, show that
den [%L(,@), PsL(a) © Mg,a] —0asd— 0.

(e) Using Theorem 5.4 and the above, argue that ¢p,) is asymptotically invariant un-
der Mﬂjé . Mﬁ,a and conclude that Mg, = Mﬁ,a.
Hint: The triangular structure of Mg, and Z\Z[g,a comes into play.

(e) When a = /2 notice that

sin « + sin g

sin asin B + (Driftyert (3, a) — Driftyat (5, o)) sin a — Driftya (5, o) sin 8

sin(3a/2)
sin(a/2)

(f) From point (e), conclude that Driftyer (5, 3/2) = Drifty. (5, 5/2).

Hint: use the trigonometric identity

sin o = sin o + sin(2a).

Exercise 5.9. (Drift in arbitrary direction) Fix a unit vector @ € R? distinct from deyert.

(a) Following the steps of Section 5.2.3, define a drift Drift; in the direction @, in the same
way that Drift),; is the drift in the direction ejy.

(b) Check that the proof of Theorem 5.4 also applies using 4 instead of e, and conclude
that

den {@SL(,B)? PsL(a) © Mﬁ,a] —~0asd—0,

where

1 Drift z+Driftvert cos 8 . sin a+sin 3
~ sin 6 (sin a—Driftvert) sin 8
Mg o =

0 1+ Driftyert - rraspumes

sin a—Driftvert) sin 8
and 6 is the angle between the vertical axis and —.

(¢) Conclude that M, 8,0 = Mp o and therefore that Driftg+Driftvert €050 05 not depend on 6.

sin 0
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