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1 Bernoulli Bond Percolation

Suppose G = (V, E) is a graph. Bernoulli bond percolation is a probability measure P, on w = (w(e) :
e € E) € {0,1}¥ for which each edge of E is open with probability p and closed with probability 1 — p,
independently for different edges. The parameter p € [0,1] is called edge-weight. The o-algebra of
measurable events is the smallest o-algebra containing events depending on finitely many edges.

1.1 Basic Properties
Consider the partial order on {0,1}¥ given by
w < if and only if w(e) < w'(e), for all e € E.

This order induces a notion of increasing function from {0,1}¥ to R. An event A is said to be increasing

if its indicator function 14 is increasing. Note that A is increasing if for any w € A and ' > w, we have
/

w' e A

Lemma 1.1 (Monotonicity). Let p < p’. Then for any increasing event A, we have Pp[A] < Py [A].

Proof. We can couple percolation measures with different edge-weights on the same probability space as
follows. Consider 2 = [0, 1]¥ and let (Ue,e € E) be a family of independent uniform random variables on
[0,1]. Set P for the associated measure. For p € [0, 1], introduce

wp(e) = Liv.<p}

Then it is clear that w, has the law of P,. By the construction, we have w, < w,y for any p < p’. Then
the claim follows trivially:
Pp[A] = Plw, € A] < Plwy € A] = Py[A].
O

Lemma 1.2 (FKG Inequality). Let p € [0,1], for any two increasing functions f and g which are bounded,
we have

Eplfg] = Ep[f]Eplg).

In particular, for any two increasing events A and B, we have
Pp[AN B] = P,[A]Py[B].

Proof. Note that it is sufficient to prove the conclusion for increasing functions depending only on finitely
many edges, since the general increasing function can be approximated by such functions (see Exercise 1.1).
Suppose f and g are increasing functions depending on the status of the edges {e1,ea,...,en}. We will
prove the conclusion by induction on N.

First, the conclusion is true for N = 1, since

Eplfgl =pf(1)g(1) + (1 —p)f(0)g(0) > (pf(1) + (1 —p)f(0))(pg(1) + (1 — p)g(0)).

Next, assume the conclusion is true for N < n. When N =n + 1, we have

Eplfg] = Ep [f(w(er)s. . wlent1))g(wler)s. . wlens))]
— E, [Eplf(w(er) . w(ens1)g@ler), . w(ens1)) | wlensn)]

> E, [Eplf(w(er), - »w(ensn) [w(ens)IEplg(elen), - wlensn)) | w(ensn)]
(by induction hypothesis)

> B, [Eylf(wler), - w(ensn)) | w(ens )] Ep [Eplg@(er)s - w(ens1)) | (ensa)]
(by the proof for N = 1)

= Ep[f(wler), ..., wlent1))] Ep[g(wlen), ..., wlent1))] -
Thus the conclusion holds for N = n + 1. This completes the proof. O



Next, we will introduce Russo’s formula. For a configuration w, let w® be the configuration coinciding
with w for edges different from e, and with the edge e open; similarly, let w, be the configuration coinciding
with w for edges different from e, and with the edge e closed. Let A be an increasing event depending on
the states of a finite set of edges E. We say that e is pivotal for A if w® € A but w. € A. Note that the
event {e is pivotal for A} does not depend on the status of e.

Lemma 1.3 (Russo’s formula). Let A be an increasing event depending on the states of a finite set of
edges E. Then

d
%Pp[A] = Z Pple is pivotal for Al.
eck
Proof. We introduce the following probability measure on percolation configuration: suppose F = {eq,...,en}.

For ? = (p1,-..,pn) € |0, l]N, let P be the probability measure such that the edge e; is open with
probability p; and closed with probability 1 — p;, independently for 1 < 57 < N. Then the weight for a
configuration w € {0, l}E is given by

Pyl =TT (2 twtep= +(1 = 1) Liatey =) -

Thus,
P[4 =) 1a(w)Pyw].

For 1 < n < N, differentiate with respect to p,,, we have

0 1 1
Tmpﬁ[/l] = ; <pn Lwen)=1) =7 o 1{w(en)0}> 1a(w)P3w]

1
B Zw: (pn Huw(en=1y Talw™) = 1
=Py w™ € A] = P [we, € A] = Pe, is pivotal for AJ.

1
— Dn

1{w(en)=0} 1A(wen)> P [w]

Therefore

CZ)PP[A] _ Zn: ( 0 P?[AO = Z Pylen is pivotal for AJ.

Ipn Pn=p,¥n n

1.2 Phase Transition

In the rest of this section, we focus on the bond percolation on the square lattice. The vertex-set V(Z?)
will be identified with Z? and the edge-set E(Z?) is composed of pairs of nearest neighbors:

V(Z*) ={z = (z1,22) s 21,32 € Z},  E(Z%) = {{=z,y} : [z1 — 1| + |22 — 12| = 1}.

We denote the box of size n by A, := [-n,n]?. Consider a finite subgraph G of Z2, the boundary of G is
given by
0G := {x € V(G) : there exists y ¢ V(G) such that {z,y} € E(Z%)}.

For the bond percolation on Z2, we are interested in the probability
0(p) = Pp[0 +— o0].

If O(p) > 0, there is positive chance for the model to have infinite cluster, or to percolate. By Monotonic-
ity Lemma 1.1, it is clear that 6(p) is increasing in p. We will show the following phase transition of the
bond percolation.



Theorem 1.4. For Bernoulli bond percolation on Z?, there exists p. € (0,1) such that

0(p) =0, ifp<pe O(p) >0 if p> pe.

In other words, there is a phase transition between a regime without infinite cluster and a regime with
an infinite cluster. The p < p. regime is called subcritical; the p > p. regime is called supercritical. When
P = pe, one speaks of the critical regime.

Define p. = sup{p : 8(p) = 0}, then we have 6(p) = 0 for p < p. and 6(p) > 0 for p > p.. It remains
to show p. € (0,1). We will prove p. > 0 and p. < 1 separately.

Proof of Theorem 1.4, p. > 0. To show p. > 0, it is sufficient to show that there exists p > 0 such that
6(p) = 0. Note that 6(p) = P[0 <— oo]. The event {0 +— oo} implies that there exists an open path of
length n starting from the origin for all n > 1. Let £, be the collection of all paths of length n starting
from the origin. We have a trivial bound: #L£,, < 4". Thus, for any n > 1, we have

8(p) < Pp[3L € L,, such that all edges along L are open] < p"#L,, < (4p)".

This is true for all n > 1. Thus 6(p) = 0 when p < 1/4. This gives a lower bound on the critical value:
pe > 1/4. O

To show p. < 1, we need to introduce the duality of a bond percolation configuration. Suppose
G = (V,E) is a plane graph!, the dual graph of G is a graph that has a vertex for each face of G. The
dual graph has an edge whenever two faces of G are separated from each other by an edge. Thus, each
edge e € E of G has a corresponding dual edge, denoted by e*, whose endpoints are the dual vertices
corresponding to the faces on either side of e. The dual graph is denoted by G* = (V*, E*). Note that
the dual graph of Z?% is Z2 + (1/2,1/2).

Suppose G = (V, E) is a plane graph, for any configuration w € {0,1}¥, define the configuration
w* € {0,1}F" by

wie*)=1—-w(e), VeckE.

In words, a dual edge is open if the corresponding edge is closed, and vice versa. If the configuration w
is sampled according Bernoulli bond percolation on G with edge-weight p, then the configuration w* is
distributed according to a Bernoulli bond percolation on G* with edge-weight 1 — p; see Figure 1.1.

Proof of Theorem 1.4, p. < 1. In order for the origin not to be connected to infinity, the dual configuration
w* must contain an open circuit of dual-edges surrounding the origin. For m > 2n,n > 1, let £,,, ,, be the
set of dual circuits of length m surrounding the origin and passing by the point (n+1/2,0). Then we see

Pp[0 /= oo] = Py, [3L € Uy, L, which is open in w”]

<N A=) HLn DY (A= Ap)™

n>1m>2n n>1m>2n
When p is close enough to 1, we have P, [0 #— oo] < 1. Thus we have p. < p < 1. O

Theorem 1.5. For Bernoulli bond percolation on Z2, either there is no infinite cluster almost surely, or
there exists a unique infinite cluster almost surely.

!A planar graph is a graph that can be embedded in the plane, i.e., it can be drawn on the plane in such a way that
its edges intersect only at their endpoints. Such a drawing is called a plane graph or planar embedding of the graph. The
definition of the dual depends on the choice of embedding of the graph G, so it is a property of plane graphs rather than
planar graphs. For planar graphs generally, there may be multiple dual graphs, depending on the choice of planar embedding
of the graph.



When 6(p) = 0, we have

P,[3 infinite cluster| < Z Pplz «— oo] = 0.
x€Z?

Thus there is no infinite cluster almost surely in this case.
When 6(p) > 0, there is positive chance to have infinite
cluster. To prove Theorem 1.5, it remains two steps: First,
we will show that Pp[3 infinite cluster] = 1 when 6(p) > 0.
This part is a consequence of the ergodicity of the Bernoulli
percolation—Lemma 1.6. Next, we will show that there exists
a unique infinite cluster.

Let 7, : {0,1}7@) — {0,1}5(Z*) be the shift by a vector
x € Z? defined by

0 '
‘ﬁ‘»’f;ﬁg

(aw)({a,0}) =w({a+z,b+2}), V{a,b} € E(Z2)' Figure 1.1: A bond configuration and its dual

configuration.
For any event A, define 7, A = {w : T,w € A}. An event

A is invariant under translation if 7,4 = A for any = € Z2.
A measure p is invariant under translation if p[r, A] = p[A] for any event A.

Lemma 1.6 (Ergodicity of Bernoulli Percolation). Bernoulli bond percolation on Z? is ergodic, i.e. any
event A which is invariant under translation satisfies P,[A] € {0,1}.

Proof. Let A be an event which is invariant under translations. For any € > 0, choose n > 1 and an event
B depending on the edges in A, such that P,[AAB] <e. Pick « ¢ As,. Since A is translation invariant,
we have

PplA] = P,[AN Al =P, [AN T, Al
Since P,[AAB] < €, we have

PplAN T, Al = P,[BN1,B] 4+ O(e).

Since B depends only on the edges in A, and = &€ As,, we see that B and 7, B are independent. Thus
Pp[B N 7, B] = P,[B]|P,y[7,:B] = Pu[A]P,[7:A] + O(e) = P,[A]* + O(e).
Combining these, we have
Pp[A] = P,[A]* + O(e).
This holds for any € > 0, thus P,[A] = P,[A]? which gives the conclusion. O

Theorem 1.5 was first proved by M. Aizenman, H. Kesten and M. Newman [AKN87]. The argument
presented here is due to R. M. Burton and M. Keane [BK89].

Proof of Theorem 1.5. Suppose 6(p) > 0. By Lemma 1.6, we have P,[3 infinite cluster] = 1 (the event
{3 infinite cluster} is in the o-algebra and it is translation invariant). It remains to show that the infinite
cluster is unique. For k > 1, denote by Aj the event that there exist k disjoint infinite clusters; and
denote by Ay the event that there exist infinitely many disjoint infinite clusters.

First, we show that P,[Ax] = 0 for & > 2. Suppose P,[Ay] > 0, by Lemma 1.6 we have Pp[A;] = 1.
On the event Ayg, let &, be the event that all infinite clusters intersect the box A,. For n large enough,
we have P,[£,] > 0. Note that the event &, does not depend on the edges inside the box A,,. Thus

Pp[A1] > Pp[{all edges in A,, are open} NE,] >0

We have both Pp[Ax] = 1 and P,[A;] > 0, contradiction. This implies P,[Ay] = 0 for k > 2.



Next, we show that P,[A] = 0. Suppose Pp[As] > 0 and hence Pp[As] = 1. Choose n large enough
such that
P,[3 three infinite clusters intersecting A,] > 0.

Define T to be the event that w\ {0} has at least three distinct infinite connected components which are
connected to {0}. By changing the configuration inside A,,, we have P,[Tp] > 0.

For x € Z2, define T, = 7,Tp and we call z is a trifurcation if T occurs. Let 7 be the set of the
trifurcations in A,. On the one hand, by translation invariance, we have

Ep[#T] = Pp[To]#An.
On the other hand, the number of trifurcations in A,, can not exceed the size of 9A,,. Thus
PulTo]#A, < #0A,,.

This is true for all n large enough and it contradicts with P,[Tp] > 0. This implies Pp[Ax] = 0. O

1.3 Subcritical: exponential decay
Theorem 1.7. Consider Bernoulli bond percolation on Z2.

e Ifp < p., then there exists ¢ = c¢(p) > 0 such that for every n > 1,

Ppl0 «— 0A,] < e .

o Ifp > p., then
D — Dc

8(p) = Pp[0 «— o0] > T

(1.1)
Theorem 1.7 was first proved by Aizenman and Barsky [AB87] and by Menshikov [Men86]. The proof
presented here is due to H. Duminil-Copin and V. Tassion [DCT16]. It is based on the following crucial
quantity.
Let S be a finite set of vertices containing the origin. Given such a set, we denote its edge-boundary
by
AS = {{z,y} € BE(Z*):2 € S,y¢ S}

For p € [0,1] and 0 € S C Z2, define
S
op(S) :=p Z Py [0 > x} .
{zy}EAS

Set

Pe = sup{p € [0, 1] : S with ¢,(5) < 1}.
We will prove that the two conclusions in Theorem 1.7 hold for p.. As a consequence, we have p. = p.
and complete the proof of Theorem 1.7.

Proof of Theorem 1.7, Exponential decay for p < p.. Suppose p < p.. By definition, there exists a finite
set S containing the origin such that ¢,(S) < 1. Let N > 1 such that S C An_;.

For j > 2 and assume that the event {0 «— OAjn} holds. Define the random variable which is the
cluster of the origin in S

C:z{xéS:x(LO}.
Since S C An_1, one can find an edge {z,y} € AS such that the following three events hold:

02 xz, {x,y}isopen, vy & OAjN.



Using a decomposition on all the possible realizations of C, we have

P0«—orn< Y SR, [{o <2y {C=Cyn {{z,y} is open} N {y << aAjN}}
{z,y}eASCCS

— Z Z PP, {{0 & z}N{C= C}} Py {{y & aAjN}}
{z,yteASCCS

< Y YR [0S abn{c =Py [{0 e A yw)]
{z,y}eASCCS

= 3 P [{0 5w} Py [{0 < 08G1x}] = ep(S)Py [{0 > DAG_1yn )] -
{z,y}eAS

For the second equality, notice that the event {0 N x} N{C = C} depends on the states of the edges in

C while the event {y &5 OA;n} depends on the states of the edges in C°.
An induction on j gives ‘
Po[0 <— OA;N] < ¢, (S) 1,

as desired. O
For the second part of Theorem 1.7, we will need the following lemma.
Lemma 1.8. Forp € [0,1] and n > 1, we have

d 1
2P0 an,> ——
dp ol ] p(1—p)

Assuming Lemma 1.8 holds, and integrating the inequality between p. and p > p., we have

(Sczi\I:;foes SOP(S)) (1 = Ppl0 <— O0A,]).

p_];c
P,|0 +— 0A,] > ———.
p[ ] p(l_pc)

Letting n — oo, we obtain the conclusion.

Proof of Lemma 1.8. Recall that an edge e = {z,y} is pivotal for the configuration w and the event
{0 +— 0A,} if w® € {0 +— 0A,} but we &€ {0 +— 0A,,}. By Russo’s formula, we have

d
—Pp[0 +— 0A,] = Z Pp[e is pivotal for {0 «— 0A,}]
dp eGAn

1 .
— =5 Z P,le is pivotal for {0 «+— 0A,}, {0 /— 0A,}].
ecAn

Define the random subset of A,,:
S := {z € A, such that = ¢— 0A,}.

The boundary of S corresponds to the outmost blocking circuit. When 0 is not connected to dA,,, the set
S is always a subset of A,, containing the origin. By summing over all possible values for S, we have
d 1
—Ppl0 00, = — > > Pyleis pivotal for{0 «— 0A,},S = S).
P P s, 0es eenn

On the event {S = S}, the fact that the edge e = {z,y} is pivotal means 0 <» z in S and e € AS. Thus

d 1
P00 = > > pp[()éS;x,s:s.
1% _pSCAn:DES{I,y}GAS

7



The event {S = S} is measurable with respect to edges with at least one endpoint outside S and it is

therefore independent of {0 & x}. Thus

d 1
TR0 O = > Y P, 0<% a]p, (s = 5]
p P e 0eS (myteas

1
> T SCA;’OGSMS)PP (s =]

1 . Z _

& m HSl'f SDP(S) SCAp,0€8 i [S - S]
1 .

— m%f@pw)(l = Ppl0 «— Aq]).

1.4 Computation of the critical value on 7?2

The value 1/2 is special, since this is the self-dual point of the percolation: w* and w have the same law
when p = 1/2. This gives a prediction of the critical value. Indeed, this prediction is true.

Theorem 1.9. For Bernoulli bond percolation on Z?, we have p. = 1/2 and (p.) = 0.
Lemma 1.10. For Bernoulli bond percolation on Z?, we have 6(1/2) = 0.

Proof. In this proof, we fix p = 1/2, and eliminate it from the notation. We prove by contradiction.
Assume 6(1/2) > 0, then P[3 infinite cluster] = 1. For any € > 0 small, we can choose n large enough
such that

P[Ap < 00] > 1 — €'

Let Ay, be the event that the left side of the box A, is connected to infinity, and define Ag, A7, Ap to
the corresponding event for the right side, the top, and the bottom of A,,. By FKG Lemma 1.2, we have

P[AS |P[A%IP[AS]P[A%] < P[AS N A% N AS N A% < e

By symmetry, we have P[A}] < €. Define A}, A%, A} and A} for the dual configuration. Since the
probabilities of A}, A%, (A5)¢, (Ap)¢ are less than €, we have

PlAL N AR N AN A > 1 — 4e > 0.

By changing the edges inside A,,, the probability to have two disjoint infinite clusters become strictly
positive, contradiction. ]

Proof of Theorem 1.9. We fix p = 1/2 and eliminate it from the notation. For a rectangle R = [a, b] X [¢, d]
and introduce the events

R R
Cu(R) = {{a} x [, d] & {b} x [e,d]},  Co(R) = {[a,b] x {c} & [a,b] x {d}}.
The events C; and C; are defined in terms of the dual configuration. We have the following observation:
P[Co([0,n]*)] + PICh([~1/2,n +1/2] x [1/2,n — 1/2])] = 1.

The rectangle [-1/2,n+1/2] x [1/2,n—1/2] is a translate of [0,n + 1] x [0,n — 1] which is harder to cross
horizontally than [0,n]?, the self-duality implies that

P[C.([0,n]?)] > 1/2.

Now we are ready to conclude. Lemma 1.10 implies p. > 1/2. Assume p. > 1/2, then Theorem 1.7 gives
exponential decay at p = 1/2, which implies P[C,([0,n]?)] < ne" for some ¢ > 0. Contradiction. O



1.5 Exercises

Exercise 1.1. In the proof of Lemma 1.2, we argue at the beginning that, to show the conclusion, it
suffices to show the conclusion for increasing functions depending only on finitely many edges. Justify
this argument.

Hint: Suppose eq, e, ... is a fixed ordering of the edges. First argue that f, := E[f |w(e1),...,w(en)]
is an increasing function, so as g, := E[g|w(e1),...,w(e,)]. Next argue that f,, — f and g, — ¢ in L?
and hence E[f,g,] — E[fg].

Exercise 1.2. Consider Bernoulli bond percolation on the half-plane Z x N. Show that p.(Z x N) = 1/2.

Exercise 1.3. A tree is a connected graph without cycle, and a rooted binary tree is a tree with a root ()
whose degree is two and all other vertices have degree three. Denote the rooted binary tree by Tg). Denote
by P, the Bernoulli bond percolation on T2® with edge-weight p. Define 0(p) = Pp[ <— oo]. Show that

0, p<1/2
0(p) = ) /

2p—-1)/p*, p>1/2.
In particular, p.(T?) = 1/2.

Exercise 1.4. A three-regular tree T3 is a tree such that every vertexr has degree three. We specify a
vertex as the root and denote it by (. Denote by P, the Bernoulli bond percolation on T3 with edge-weight
p. Define 6(p) = Pp[D +— o0].

e Show that

0(p) = 0, p<1/2;
P a—p? o172

In particular, p.(T3) = 1/2.
o When 1 >p > 1/2, there are infinitely many infinite-clusters almost surely.

Exercise 1.5. Denote by T the triangular lattice. Denote by P, the Bernoulli bond percolation on T with
edge-weight p. Define 6(p) = P[0 «— oo]. Show that

pe(T) = 2sin(7/18).

Hint: see Figure 1.2. Conssider the bond percolation in
the two graphs in Figure 1.2. Define the three events:

Al Al

U = {Al < AQ,AQ < Ag},

V = {Al < AQ,Al §L> A3}, A3 A3

W = {A1 ¢ Ag, Ay 5 A3, Az 4+ A1}
Calculate the probabilities of U, V, W for the bond percolation
on both graphs and see what is special for p that solves A Ay

3p — p3 =1.
Figure 1.2

Note that p = 2sin(7/18) solves the above equation.

Exercise 1.6. Theorems 1.4 to 1.7 hold for Bernoulli bond
percolation in Z% with d > 2.



Exercise 1.7. For Bernoulli bond percolation in Z% with d > 2, show that

(d) <

N

— <
2q = e
Conjecture 1.11. 2 Consider Bernoulli bond percolation on Z% with d > 3, we have

Pp.[0 «— o0] = 0.

SRT 1. Bernoulli percolation on higher dimension.

Please give a report on Bernoulli percolation on higher dimension discussing the following questions.

1) Phase transition

3

(1)

(2) Critical point
(3) Exponential decay
(4)

4) Continuity of the phase transition
References: [Gri99].
SRT 2. Bernoulli percolation on tree.
Please give a report on Bernoulli percolation on trees discussing the following questions.
(1) Phase transition for locally finite infinite tree.
(2) Number of infinite clusters.
(3) Value of the critical point.

Reference: [Gri99, LP16]

2The conjecture was proved to be true for d > 19 by T. Hara and G. Slade (1990). Recently, the conjecture was proved
to be true for d > 11 by R. Fitzner and R. van der Hofstad (2015).
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2 Bernoulli Site Percolation on Triangular Lattice

In this section, we focus on the regular triangular lattice T,
where faces are equilateral triangles. The sites of T are points
in Z 4 €™/3Z, and the neighboring sites are at distance one
from each other. The site percolation on T is a probability
measure P, on w = (w(z) : z € V(T)) € {o,0}V(D for which
each site of V(T) is black (open) with probability p and white
(closed) with probability 1 — p, independently for different
sites.

Note that coloring the sites of the triangular lattice in
black and white is equivalent to coloring the cells (or faces)
of the honeycomb lattice as in Figure 2.1. This representa-
tion is more convenient for our eyes to detect crossings and
interfaces.

We will use the coordinate defined via the vectors 1 and
¢™/3. The point (n,m) will denote the point n + me™/3.
Hence, [0,n] x [0,n] will denote the rhombus with side-length
n. Define H,, to be the hexagon centered at the origin with
graph radius n.

Note that Monotonicity, FKG Inequality and Russo’s for-
mula also hold for the site percolation. Theorems 1.4 and 1.5 Figure 2.1
also hold for the site percolation.

We will show the following conclusions for the site percolation on T.

Theorem 2.1. Consider Bernoulli site percolation on T. There exists ¢ > 0 such that for everyn > 1,
P1/2[0 ¢— 0H,] <n™".

In particular 6(1/2) = 0.

Theorem 2.2. For Bernoulli site percolation on T, we have p, = 1/2.

We will prove Theorem 2.1 in Section 2.1 using Russo-Seymour-Welsh. With Theorem 2.1 at hand,
we can use the same proof as in Section 1.4 to obtain Theorem 2.2.

2.1 Russo-Seymour-Welsh

We focus on p = 1/2 in this section, since we have symmetry
in this case. Since we fix p = 1/2 throughout this section, we
eliminate it from the notation. Suppose we have the site per-
colation in the rhombous as in Figure 2.2, then the probability
of a black left-to-right crossing is identical to the probability
of a white top-to-bottom crossing. Whereas, exactly one of
the two events “there exists a black left-to-right crossing” and
“a white top-to-bottom crossing” occurs (due to the fact that
the lattice is triangular). Therefore, the probabilities for the
two events are both 1/2. This is true regardless of the size
of the rhombus, and it therefore already gives information on
the large-scale properties of percolation. Figure 2.2
Next, we estimate the crossing probability of the site per-
colation inside a hexagon.
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Lemma 2.3. Denote the siz sides of the boundary of the hexagon H, by li,...,lg in counterclockwise
order. Then we have
P[ll — l4] > 1/9.

Proof. By symmetry, we see that
P[ll ~Il3U l4] = 1/2.

By FKG Inequality, we have
Plly < 1y] > P[{ly & I3} N {ly <> 14}] > Pl + I3]°.

Combining these two relations, we obtain the conclusion. O

Figure 2.3: The probability for {l; <> I3Ul4} is 1/2 by symmetry. The event {l; <> I3} N{l3 <> 4} implies {l; <> l4}.

Lemma 2.4. Let H), be the hexagon H,, shifted vertically such that I} coincides with ly. Then we have
Plly <> 1}] > 1/18%

Proof. We first argue that
Plly « 5 Ul Ul)] > 1/18. (2.1)

Suppose there exists a crossing in H,, connecting [y to l4. Starting from I5 U lg, one can explore site by
site and find the leftmost such crossing, and denote it by £. For any deterministic vertical crossing L,
the event {£ = L} is independent of the sites located to the right of L.

Assuming the existence of the path £, let £ be the symmetric reflection of £ with respect to 4. Then
L' is a path in H], connecting [} to l}. Define D to be the domain to the right of £U £’ inside H,, U H},.
Inside the domain D, by symmetry, the probability of the event {L£ < 15 Ul5 Ul}} is 1/2; see Figure 2.4.
Therefore

Ply > U UL > P[L=L,L+«13UlUl in D
L
11 ,
L

This gives (2.1). With (2.1) at hand, we find

Plly <+ I3] > P[{ly <> 15Ul Ul N {l} < 11 UlaUs}] > Plly < 15 UIL ULP[L < 11 UloUs] > 1/182

12



Figure 2.4

Denote by H3 the union of J copies of H,, aligned one by
one vertically and denote by C}, the event that there exists
a vertical crossing of Hj. By the argument in the proof of
Lemma 2.4, we have

P[C’] = P[C]]?/4.
As a consequence, we have the following conclusion.
Proposition 2.5. For all j > 1, there exists c¢; > 0 such that
P[CI] > ¢j, Vn.

Another consequence is for the existence of a black circuit
in annulus, see Figure 2.5. For m > 1, denote by A,, the
annulus Hzm \ H3m-1. Then there exists ¢ > 0 such that

P[3a black circuit in A,, surrounding the origin] > ¢, Vm. Figure 2.5
(2.2)
Now we can give the proof of Theorem 2.1.

Proof of Theorem 2.1. If there is a black path connecting 0Hz to 0Hsn, then there is no white circuit in
neither annulus A,, for 2 <m < N. Thus

P[OH3 < OHyn] < p»,
where p < 1 and it is a universal constant. This gives the conclusion. O
2.2 Smirnov’s Proof of Cardy’s Formula

The graph

In this section, we denote by G the honeycomb lattice and by G* its dual, i.e. the triangular lattice.
Denote by Gs and G} the lattices scaled by § > 0. The vertices of G all have degree three. In the
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following, e will always stand for an oriented edge of Gs, and —e will stand for the same edge with
opposite orientation. If e is an edge of G5, we will denote by e* its dual edge, oriented in the way that
the frame (e, e*) is direct.

Each vertex z € G has three oriented edges having z as their origin. Set 7 = ¢2™/3. If e is one of
these edges, we will denote the other two by 7e and 72e. We have the following trivial identity: for each

oriented edge e of Gg,
e* +7(re)* + 73(1%e)* = 0. (2.3)

The statement
We have the following setup.

e We call (2;A4,B,C,D) a quad if Q@ C C is a bounded simply connected domain with distinct
boundary points A, B, C, D in counterclockwise order, such that 02 is locally connected. We will
not need the precise definition of local connectedness. Instead, we need the following property of it.
Let ¢ be any conformal map from U onto to 2. Then the local connectedness of 9f) is equivalent
to that OQ is a curve and is equivalent to that ¢ can be extended continuously to U. See [Pom92,
Theorem 2.1].

e For § > 0 small, let (Qs; As, By, Cs, Ds) be an approximation of the quad (2; A, B,C, D) on Gy
such that (Qs; As, Bs, Cs, Ds) converges to (£2; A, B,C, D) in the Carathéodory sense: there exist
conformal maps ¢s from U onto 25 and conformal map ¢ from U onto 2 such that ¢5 — ¢ locally
uniformly as 6 — 0 and ¢~ (Xs) — ¢~ 1(X) as § — 0 with X € {A, B,C, D}.

Sample the critical site percolation in 2§ and define C5(Q2; A, B, C, D) to be the event that there exists a
black crossing in €25 connecting the boundary arc (AsB;s) to the boundary arc (CsDs).

Theorem 2.6. [Smi01] For the critical Bernoulli site percolation on T, we have the followings.
o The probability of Cs is convergent:
P[Cs(Q A, B,C,D)] — f(;A,B,C,D), asd—D0.

o The function f is conformally invariant: for any conformal map ¢ on 2, we have
f(6(Q2);6(A), ¢(B), #(C), ¢(D)) = f(% A, B,C, D).
o When Q equals the equilateral triangle with three vertices A, B,C (note that the point D is located

on the segment C'A), we have

|CD|
%A B,C,D) = ——.
f( ) Y 703 ) |CA’

For z € , suppose z5 is an approximation of z on Gg. Define Efl(z) to be the event that there
exists a black path in Q} separating the points Ags, 25 from the points Bs, Cs5. Set H9(z) = P[E(2)].
Define E%(2), EX(2) and HE(2), HS(2) similarly. Note that P[C5(; A, B, C, D)] = H%(D). The proof of

Theorem 2.6 consists of three steps.

e TFirst Step: Tightness. We first argue that the family {H9, HS, Hg}6>0 is tight under the topology
of uniform convergence.

e Second Step: Holomorphicity. Define
H°(2) = H)(2) + TH}(2) + T°HE(2),  S°(2) = HA(2) + Hy(2) + HY(2).
Since {HJ,H]‘;,Hg}bO is tight, the functions {H5,55}5>0 have subsequential limits. Suppose

(H,S) is a subsequential limit, we will argue that H and S are holomorphic.

14



e Third Step: Boundary Value. In the previous step, we see that the functions H and S are holo-
morphic and bounded, and hence they are uniquely determined by their boundary values. For the
function S, since it is holomorphic and real-valued, it has to be a constant. Since S(A) = 1, we find
S = 1. For the function H, we easily find H(A) = 1, H(B) = 7, H(C) = 72. Consider its value on
the arc (BC). For z € (BC), we find Ha(z) =0 and Hp(z) + Hc(z) = 1. Along the arc [BC], the
function H is one-to-one and induces a continuous map from [BC] onto [r,72]. Similar conclusion
holds for the arc [CA] and [AB]. Note that H is holomorphic in £ and that H extends continuously
to © and induces a continuous bijection from 9 to d>. By Principle of Corresponding Boundaries,
we conclude that H is the conformal map from €2 onto > which sends (A, B, C) to (1,7, 72).

Now we can conclude the proof of Theorem 2.6: for any subsequential limit (Hj, Hg, Hg) — (Ha,Hp, H¢),
we have
Hy+Hp+He=1, Huy+7Hp+7m*He = H,

where H is the conformal map from € onto > which sends (A, B, C) to (1,7,72). Thus

Ha(z) = 2§R(H(?;z)) 1

which completes the proof of Theorem 2.6.

Tightness

For two points z,w € €2, consider the events E9(z) and E%(w). Note that the difference |HS(2) — HS(w)]
is bounded by P[E¢(2)\ E%(w)]+P[E%(w)\ E%(2)]. Suppose |z —w| < 1/100 and dist((z+w)/2,09Q) > 1,
and denote by A the annulus with center (z + w)/2, inradius |z — w| and outradius 1. If there exists
a black circuit in the annulus A surrounding the center, then E%(z) and EJ(w) hold simultaneously or
fail simultaneously. Thus P[E(2) \ E(w)] and P[E%(w) \ E%(z)] are bounded by the probability that
there is no black circuit in the annulus A. By RSW, we obtain the following: there exists two positive
constants K and o > 0 such that

[H3(2) — Hy(w)| < K|z — w|

and a similar bound for Hg and Hg. Hence, if we suitably extend these functions continuously to 2,
we obtain a family of uniformly Holder maps from €2 to R. The family is then relatively compact with
respect to uniform convergence.

Holomorphicity

We first recall some standard facts in complex analysis. A function f : 2 — C is holomorphic if for any
z € Q, the complex derivative exists: f'(2) = lim_o(f(z +€) — f(2))/e. By Morera’s theorem, f is
holomorphic if and only if for every simple closed smooth curve v in Q, we have ¢ f = 0. We will use
Morera’s theorem to show that the functions H and S are holomorphic. We only show the conclusion for
H and the holomorhpicity of S can be derived similarly.

Suppose 7 is a simple closed smooth curve in € and let 75 be an approximation of v in (g, i.e. a finite
chain (ys5(k),0 < k < Ns) such that v5(k + 1) and 7s(k) are nearest neighbours, the Hausdorff distance
between 75 and 7 goes to zero as § — 0, and that Ny is of order 1/§.

Suppose H is a subsequential limit of H%. Then we have

Ns
() = S S (5(k)) + H (50 + 1))k + 1) — 93(k)) = fH(z)dz.

2
k=0
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To show the holomorphicity of H, it is sufficient to show I°(y) — 0 as § — 0. For any edge e pointing
from x to y, define

H(e) = S(H'(x) + HO(y)),  0.H = H'(y) ~ H'(a).

I‘S('y):Z:eH‘s Z Zefﬁ

ecs fe"? GEaf

Then we have

where the first summation e € s is summing over all edges along s in counterclockwise order, the

second summation f € ’;5 is summing over all faces surrounded by 75, and the third summation e € 0f
is summing over all edges along 0f in counterclockwise order.

X2 |

T3 Zo

T4 5

(a) (b)

Figure 2.6

For each face f, we have “integrate by parts”, see Figure 2.6(a):

5
Z eH’(e Z Thi1 — T) H () + HO ()
0

ecdf 2

25: e H5(33k+1) + HO(2) B 25:(331@ - c(f))Hé(ka) +H ()
0

2 5 2

> HC(x441) — H(241)
:—g(ﬂ«“k—C(f)) + 5 !

5
_ _Z (“JF;%H _ c(f)> (H?(z41) — H (3)).
0

Putting this back in the summation of I°(y), for any edge e = (z,y) in the interior of the region
surrounded by s, it is shared by two faces f and f, see Figure 2.6(b), we have

(52— etn) ') - @) + (5L - olP)) () - 1)

= (e(f) = () (H (y) — H(x))
= —¢*0.H°.

For any edge e = (z,y) along s, by the argument in “Tightness”, we find

H(y) — H' ()] < 3K,
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Combining with the fact that Ns is of order 1/0, we have

1

IP(y) = 3 > €0 H® + o(1),
eCs

where the summation e C «s is summing over all oriented edges e lying in the inside of 5. We will show

that
> 0. H = 0. (2.4)

eCs

Note that (2.4) implies I°(y) — 0 and hence completes the proof.

We will eliminate 6 from the notation in the following. For an edge e = (z,y) lying in the inside of
Vs, define P4(e) = P[E4(y) \ Fa(x)], then

OeHa = Ha(y) — Ha(z) = Pa(e) — Pa(—e).

Thus
> € 0.H? =2 e*(Pale) + 7Ps(e) + T Pole)).

eCs eCs

Combining with Lemma 2.7,
Lemma 2.7. [Color Switching] For any edge e lying in the inside of s,
Pya(e) = Pg(1e) = Po(r%€).

We see that

> € 0.H =2 e*(Pale) + 7Pg(e) + T Po(e))

eCvs eCs
=2 Z ) + TPa(T%e) + T2 Pa(Te))
=2 (e* +7(re)" + 7%(r%)") Pale) = 0. (By (2.3))
eCs

This completes the proof of (2.4) and completes the proof. It remains to show Lemma 2.7. We prove it
by drawing figures, see Figure 2.7.

As a consequence of Theorem 2.6, we can derive the convergence of the interface in the critical site
percolation Theorem 2.8.

Theorem 2.8. Consider Bernoulli site percolation on triangular lattice. The interface converges weakly
to SLE(6). In particular, we have

Pp. [0 «— OA,] = n /8o g — 0.
0(p) = (p = pe)”* TV, as p L pe.
Proof. [LSW02, SW01, Nol08]. O
These conclusions are believed to be true for the bond percolation, but they are still open.

Conjecture 2.9. Theorem 2.8 holds for the critical Bernoulli bond percolation on Z2.
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Figure 2.7: Suppose e = (x,y), then P4(e) is the probability of E4(y) \ Ea(z). The event E4(y) \ Ea(x) means
there exists a black path separating A,y from B, C; while there exists a white path connecting x to the arc (BC),
as in (a). We explore the percolation site by site starting from C' and suppose we find the rightmost white path
connecting z to (BC) and the leftmost black path connecting y to (C'A). The sites in the remaining domain are
independent from what we explored so far. We switch the colors of the sites in the remaining domain, as in (b).
Then we switch the color of all sites, as in (¢). These operations explain that Pa(e) equals Pg(Te).

2.3 Exercises

Exercise 2.1. Consider Bernoulli site percolation on Z2. Show that p. > 1/2.

SRT 3. Bernoulli site percolation vs. bond percolation
Please give a report on Bernoulli site percolation discussing the following questions.
(1) Relation between p3(G) and pi(G).
(2) p2(Z?).
References: [Gri99, BR06, GM13].
SRT 4. Bernoulli site percolation: the critical arm exponents and the scaling relations.
Please give a report on Bernoulli site percolation discussing the following topics.
1) convergence of the interface to SLE(6)
2) polychromatic arm exponents (boundary and interior)

4

(1)

(2)

(3) one-arm exponent
(4) monochromatic arm exponents
(5)

5) near-critical percolation, characteristic length

References: [Smi01, SWO01, Wer04, Nol0§|.
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3 Random Cluster Model

The random-cluster model, also called Fortuin-Kasteleyn percolation, is a dependent percolation model
on Z% which is intimately related to the Potts model.

Let G be a finite subgraph of Z¢. Boundary conditions & are given by a partition Py L --- LU P}, of
0G = {r € G : 3y € G, {x,y} € E(Z%}. Two vertices are wired in ¢ if they belong to the same P;.
The graph obtained from the configuration w by identifying the wired vertices together is denoted by w¢.
Boundary conditions should be understood informally as encoding how sites are connected outside of G.
Let o(w) and c(w) denote the number of open and closed edges of w and k(w®) the number of connected
components of the graph w®. The probability measure qb; 0.G of the random-cluster model on G with
edge-weight p € [0, 1], cluster-weight ¢ > 0 and boundary conditions ¢ is defined by

1

3
8ol = —e—p" (1= P,
pa,G
for every configuration w € {0,1}#(%). The constant Z£ ¢ s a normalizing constant, referred to as the

partition function. For ¢ = 1, the randorn—cluster model is Bernoulli bond percolation.
We list a few boundary conditions that will come back later in the notes.

e Wired boundary conditions. They are specified by the fact that all the vertices on the boundary are
pairwise wired (the partition is equal to {0G}). The random-cluster measure with wired boundary

conditions on G is denoted by <Z>p 0.G"

e Free boundary conditions. They are specified by no wiring between vertices on the boundary
(the partition is composed of singletons only). The random-cluster measure with free boundary

conditions on G is denoted by qu 0.G"

e Dobrushin boundary conditions. Let (Q;a,b) be a discrete simply connected domain Q with two
vertices a and b on its boundary 02. We call such a triplet a Dobrushin domain. Since € is
simply connected, 0f) is separated into two boundary arcs denoted by (ab) (the arc from a to
b counterclockwise) and (ba) (the arc from b to a counterclockwise). The Dobrushin boundary
conditions are deﬁned to be free on (ab) and wired on (ba). The corresponding measure will be

denoted by ¢p 0.G"

e Boundary conditions induced by a configuration outside G. For a configuration ¢ on E(Z?)\ E(G),
the boundary conditions induced by & are defined by the partition P LI--- LI P;. where x and y are
in the same P; if and only if there exists an open path in { connecting  and y. We identify the
boundary conditions induced by & with the conﬁguration itself, and we denote the random-cluster

measure with these boundary conditions by qﬁp WG

The random-cluster model satisfies the domain Markov property. Suppose that G’ C G are two finite
subgraphs of Z2. Fix p € [0,1],¢ > 0 and & some boundary conditions on dG. Let X be a random variable
which is measurable with respect to edges in E(G”). Then we have

68 ¢ [X |we = e, Ve € B(G)\ B(G)] = 6% L[X], V4 € {0, 1}FO\BE),

where ¢ is the partition on OG’ obtained as follows: two vertices z,y € OG' are wired if they are
connected in ¥¢.

3.1 FKG Inequality

Theorem 3.1 (FKG Inequality). Fiz p € [0,1], ¢ > 1, a finite graph G and some boundary conditions &.
For any two increasing events A and B, we have

¢ lAN B = 65 olAl65, o[BI,
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In order to prove FKG inequality, we will use Holley criterion. Given two probability measures p1, p2,
we write 1 <g po, and we say p; is stochastically smaller than pe, if pi[A] < po[A] for all increasing
event A. We call a probability measure p strictly positive if pufw] > 0 for all configurations w.

Theorem 3.2 (Holley inequality). Let p1, ua be strictly positive probability measures on the finite state
space such that
prolwlpn[ne] > polwelp[n®], Ve € E,Vn < w,. (3.1)

Then py <g 2.

Proof. We will show that, under Condition (3.1), the two probability measures u; and pz can be coupled
on the space {(n,w) : n < w}, then the conclusion follows immediately. This is achieved by constructing
a certain Markov chain with the coupled measure as invariant measure.

Here is a preliminary calculation. Let i be a strictly positive probability measure. We may construct a
reversible Markov chain with invariant measure y by choosing a suitable generator satisfying the detailed
balance equations. Let @ be given by

€y we w.) = M[we] e
Q(we,w®) =1, Q(w we) ]’ Ye.

We set Q(w,w’) = 0 for all other pairs w,w’ with w # w’. The diagonal elements Q(w,w) are chosen in
such a way that

ZQ(w,w') =0, Vw.

Then we find

pw)Qw,w') = p(w)QW',w), Vw,u',
and therefore ) generates a Markov chain on the state space which is reversible with respect to p. Since
the Markov chain is irreducible, its stationary measure is unique which is pu.

We follow a similar route for pairs of configurations. Let p; and o satisfy the hypotheses of the
theorem, and let S = {(n,w) : n < w}. Define H on S x S by

H(ne,w;n w®) =1,

H(vae;ﬁe,we) = Z;{:Z}»
e Wl WE) = 1 (7] B palwe]
H(n®, wbme,w’) = b k] >0, (by (3.1))

for all (n,w) € S and e € E; all other off-diagonal values of H are set to be zero; and the diagonal terms
H(n,w;n,w) are chosen such that

> H(pwin,w') =0 V(pw) €S
(' w')

Let (X, Y:) be a Markov chain on S with generator H, and set Xo = 0 (the state of all zeros) and
Yo = 1 (the state of all ones). Since all transitions retain the ordering of the two components, we have
P[X; <Y,Vt]=1.

We first check that the stationary measure for Y is ug. It is clear that the generator of (Y;) is given
by

o We: _ H2[w8]
QY(we; ) - 17 QY( 7we) - H2[we} .

Thus the chain (Y;) is reversible with respect to us. Hence pg is the stationary measure.
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Next, we check that the stationary measure for X is p1. Let us calculate the generator of X;:
PLX1n = 7| Xe = ne] = 3" PXion = 17 | (X2, Y1) = (s )IPL(Xis Yi) = (es) | X = ]
w
=Y (h+o(W)PI(Xe, Vi) = (ne,w) | X = 1] = b+ o(h).
w

PXn = | Xe == Y Pl(Xepn Yirn) = (eswe) | (X0 Ya) = (%, w)P[Y; = o | X = 1]

wiw(e)=1
+ ) Pl(Xesn Yern) = (ne,w) | (X0, Ye) = (1, )PIY; = 0° | X, = 1]
ww(e)=1
walel, o)) Piv; = | i = 1]
w%:l <M2[we] >
palnel — palwe] . X = e
y (e~ g oot ) P ==

_ (7] o
B m[ne]h+ )

Therefore, the generator of (X;) is given by

. m€) — e. :Ml[ne]
Qx(mein®) =1, Qx(1me) PAGh

Thus (X;) is reversible with respect to p1, and p; is the stationary measure.
Finally, let v be an invariant measure for the Markov chain (X, Y;). Since X (resp. Y') has the unique

stationary measure 1 (resp. u2), the marginals of v are p; and py. Thus v is the desired coupling of uy

and po.

Proof of Theorem 3.1. Denote qbqu by w and set py; = p and pof-] = p[-| B]. By Holley inequality, to
show the conclusion, we only need to check that p; and po satisfy Condition (3.1). To this end, it is

sufficient to check, for n < w,

Note that, up to the normalization constant z¢

Lweeny plwflplne = Liw.eny plwelpln. (3.2)

Since B is increasing, the event {w. € B} implies {w® € B}. We may assume w. € B in the following.

pa.G> WE have
bh- 5

W] = PP ) (1 _ el el ghé ) +4< )
plweluli] = poloe)Tol) (1 — pyelweteln) h(we) +k<n°),

Since ¢ > 1, it is sufficient to show

kS (W) + kS () 2> K (we) + kE(n°).

This is guaranteed by the fact that n < w.

Corollary 3.3 (Monotonicity). Fiz p <p' and q > 1, a finite graph G and some boundary conditions &.

For any increasing event A, we have

85 0 clAl < 65 . GlAL
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Proof. Note that

¢§’qG[A] = M, where Y (w) := <
- 9 aclY]

Since p < p/, the function Y is increasing. Thus by FKG, we have

r(l —p)>°(“)
p(1—p') ‘

5 4. clY 14]
Sogir] = ol
p.q,

as desired. O

¢fy7q7G [A] -

Corollary 3.4 (Comparison between boundary conditions). Fiz p € [0,1] and ¢ > 1, a finite graph G.
For any boundary conditions & < 1 (meaning that two vertices wired in & are also wired in 1), we have,
for any increasing event A,

In particular, for any boundary conditions f, and for any mcreasmg event A, we have
SpaclA] < 65, 1A < 6y 0.clA]

Another consequence of FKG is the so-called finite-energy property: for any ¢ > 1, any finite graph
G, any boundary conditions &, and any t € {0,1}¥(%) | we have

P ¢ w(f)=1|w(e) =1(e) Ve ) .
p+(1_p)q§¢p,q,c[(f) lw(e) =(e) Ve € E(G)\{f} <p (3.3)

3.2 Infinite-volume measure

The definition of an infinite volume random-cluster measure is not direct. Indeed, one cannot count the
number of open or closed edges in Z? since they could be infinite. We will obtain infinite-volume measure
by taking a sequence of measures on larger and larger boxes A,,.

Let &, be a sequence of boundary conditions. The sequence qbf:q, A, 1s said to converge to the infinite-
volume measure ¢, , if

hm ¢§nq, [A] = ¢pq[Al,
for any event A depending only on the status of finitely many edges.

Proposition 3.5. Fiz p € [0,1] and q > 1. There exists two (possibly equal) infinite-volume random-
cluster measures gi)g’q and gi)é’q, called the infinite-volume random-cluster measures with free and wired
boundary conditions respectively, such that for any event A depending on a finite number of edges,

hm ¢p q7 [ ] = ¢;)7q[A]7 hm (bp q7 [ ] - (bg,q[A]

Proof. We deal with the free boundary conditions, the wired boundary conditions can be treated similarly.
Fix an increasing event A depending on edges in Ay only. Applying the domain Markov property and
the comparison between boundary conditions, we see,for any n > N,

Dparnir [Al = &) 4 aL[A]L

The increasing sequence ( 27 oA [An>nN converges to a limit, denoted by P[A], as n — oo.

Since any event B depending on finitely many edges can be written by inclusion-exclusion as a combi-
nation of increasing events, taking the combination of the ¢2, .A,,-Probability defines a natural value P[B|
for which

27Q7An[B] - P[BL as n — 00.

The fact that (qﬁp 4.A, Jn>0 are probability measures implies that the function P (which is defined on
the set of events depending on finitely many edges) can be extended into a probability measure on Z2.
We denote this measure by qbg,q. O
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Lemma 3.6. Fiz p € [0,1] and ¢ > 1. The infinite-volume measures gi)%q and qS}l,’q are translation
mvariant and are ergodic.

Proof. We fix the parameters p, ¢ and hence eliminate them from the notation. We first show that ¢! is
translation invariant and the proof for ¢° is similar. To this end, we only need to show that ¢1[A] = ¢! [r, A]
for any increasing event A depending only on finitely many edges and € Z? which is a neighbor of the
origin. We have

¢'[A] =lim ¢ [A] =1im ¢y, [7: A].

Note that A,—1 C 72A,, C Apy1. By the domain Markov property and the comparison between boundary
conditions, we have

szlxnﬂ [z A] < ¢ixAn [z A] < ¢/1\n,1 [Tz AJ.
This implies that
lim ¢y, [ A] = ¢' [ Al.

Thus ¢![A] = ¢!, A].
Next, we show that ¢! is ergodic. We can repeat the same proof of Lemma 1.6 as long as we prove
the following fact: for any increasing events A and B depending on finitely many edges,

lim ¢'[ANT,B] = ¢'[A]¢'[B]. (3.4)

|z|—o00
Suppose the events A and B depend only on edges in Ay. The FKG inequality implies that
¢'[ANTB] > ¢'[A]¢' [ B] = ¢'[A]¢'[B].
For the other direction, the comparison between boundary conditions implies that for |z| > 2N,

The result follows by taking |z| — co.
Finally, the ergodicity of ¢" can be proved similarly by taking A, B decreasing. O

Lemma 3.7. Fiz p € [0,1] and ¢ > 1. For qﬁgg or ¢11,,q, either there is no infinite cluster almost surely,
or there exists a unique infinite cluster almost surely.

Proof. The proof of Theorem 1.5 works and we only need to replace the independence between edges by
the finite energy inequality (3.3). O

The measures qbg’q and qSIl),q play specific roles in the theory. First, they are translation invariant and
ergodic. They are extremal infinite-volume measures, in the sense that any infinite-volume measure ¢ for
random-cluster model with p € [0, 1] and ¢ > 1 satisfies

¢g7q[A] < PpqlA] < gb[l)’q[A], V increasing event A. (3.5)

Thus, if ¢8,q = qﬁzl,’q, then there is a unique infinite-volume measure.

3.3 Phase Transition

Theorem 3.8. Fiz g > 1. There exists a critical point p. = p.(q) € [0,1] such that
o For p > p., any infinite-volume measure has an infinite cluster almost surely.
e For p < pc, any infinite-volume measure has no infinite cluster almost surely.

Lemma 3.9. Fiz p € [0,1] and ¢ > 1. We have qﬁg’q = qb;q for all but countably many values of p.
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Proof. We first explain that the following equation implies ¢° = ¢!:
¢’lw(e) = 1] = ¢'w(e) = 1]. (3.6)

Assume (3.6) holds. Since cb?\n is stochastically dominated by qﬁ}\n, there exists a coupling P,, of the two
measures such that P, [wy < wi] = 1 and the marginal of wy is qb?\" and the marginal of wy is ¢/1\n~ Suppose
A is an increasing event depending only on edges inside Ay. We have, for n > N,

0 < ép,[A] - ¢}, [A] = Pnlwr € A,wo ¢ 4]
< Pu[Fe € Ax :wi(e) = 1,wo(e) = 0]

< Z Prlwi(e) = 1,wp(e) = 0]
e€EAN

=Y (o, [w(e) =1] — ¢}, [w(e) = 0]) .

eEAN

Let n — oo, we have ¢'[A] = ¢°[4]. Thus, (3.6) implies ¢°[4] = ¢'[A] for any increasing event A
depending on finitely many edges. This gives ¢° = ¢'.

To show the conclusion, we only need to argue that (3.6) holds for all but countably many values
of p. The proof needs the following conclusion the proof of which can be found in [FV18, Chapter 4
Theorem 4.6]: there exists a quantity, called the free energy, such that

) 1
fp.q) = h}}lmbgzmz\ ) (3.7)
where the convergence holds uniformly in the choice of the boundary conditions &.

We will use this result to show the conclusion. Define the variable m(p) = log(p/(1 — p)) and also set

pr=¢€"/(1+€e™). Set

- 1
3 _ T 2 : mo(w) kf(w)
fn(ﬂ-ch) IOgZp qA 10g(1+6 ) #E(An) log — € q

1
#E(Ay)
f(m,q) = f(pr.q) — log(1 +€™).

Differentiate fg(w, q) in w, we find

< 1
0 [ (m,q) = ZE(A) ¢§mq,An [w(e) = 1].
" echn

The right hand-side is increasing in p and hence increasing in 7 by FKG. This implies that fn( q) is
convex in m. Passing to the limit, the function f(r,q) is also convex in w. This gives that f(r,q) is
differentiable in 7 for all but countably many points.

Let us prove that ¢)_ [w(e) = 1] = ¢, [w(e) = 1] at values of 7 for which f(m,q) is differentiable.
Recall a standard result for convex functions: If (g,,) is a sequence of convex functions converging point-
wise to a function g which is differentiable at x, then lim, 0" g,(z) = lim, 8~ g,(z) = ¢'(x). Applying
this result to the sequence fﬁ (m,q) and f,? (7, q) respectively, we deduce that

- ) 1
Onf(mq) =1 s > By ganlle) = 1] = 6, gluo(e) = 1J;
n e,
- ) 1
Onf(m,q) =lim s D B ganlo(©) =1 = ¢y glu(e) =1
n ecA,
We obtain (3.6) at any point of differentiability in 7 of f (7, q). O
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Proof of Theorem 3.8. Define
pe :=inf{p € [0,1] : ¢27q[0 > o0| > 0}.

Since the event {0 «+— oo} is increasing, we deduce ¢ [0 <— oo] > 0 for p > p.. Ergodicity in
Lemma 3.6 implies that, for p > p,,

gbg’q[ﬂ infinite cluster] = 1.

Combing with (3.5), we obtain the conclusion for any infinite-volume measure with p > p.
For p < p., Lemma 3.9 implies that there exists p € (p,p.) such that there exists a unique infinite-
volume measure at p. Then for any infinite-volume measure ¢, 4,

¢p,q|3 infinite cluster| < qSé,q[EI infinite cluster| < ¢1157q[3 infinite cluster| = c;ﬁg’q[EI infinite cluster| = 0.

This gives the conclusion for p < p.. ]

3.4 Computation of the critical value on Z>
Theorem 3.10. Consider the random-cluster model on Z? with cluster-weight ¢ > 1. The critical value

De 1S given by
Va4

pu— Tﬂ.
Recall that we have introduced the dual graph and the dual configuration in Section 1.2. For a
configuration w € {0, 1}#(%) the dual configuration w* € {0, 1}#(%") is defined by

pc(Q)

w'(e)=1—-w(e), Vee E(G).

Set p* = p*(p, q) satisfying
S A
(1—p)(L—p*)

Proposition 3.11. Let ¢ € {0, 1}E(22)\E(G). The dual configuration of the random-cluster model on G
with parameters (p,q) and boundary conditions & is the random-cluster model with parameters (p*,q) on
G* with boundary conditions £ where £*(e*) =1 —£(e) for e & E(G).

Proof. Suppose w* is the dual configuration of w, then the weight of w* is given by
¢ » olw) .
* k
Plot) = df il o (2] ),

It is clear that o(w) = c(w*) = #E(G) — o(w*). To derive the relation between k¢(w) and w*, we need
Euler’s formula. Let f(w®) be the number of faces in wé. Using Euler’s formula, we find

o(w) + k(W) +1 = #V(G) + f(w®),
Note that, the connected components of (w*)¢" correspond exactly to faces of wé. Thus
k(W) = Ce + k¥ (w*) + o(w*),
where Cf¢ is a constant not depending on w. These imply that

o(w) —o(w™) . . B o(w*) .
P[w*] X <1p> qu(w) x <1p> qkf (w*)to(w*) _ <(1p)q> qu (W )
—p —p »

This gives the conclusion. O
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Fix ¢ > 1 and introduce

V4
1+

psd(Q) =

S

This is the unique value of p satisfying p*(p, q¢) = p.

Lemma 3.12. Fiz g > 1, we have
d)gsd(q),q[o o] = 0.

Proof. If ¢gsd(q)7q[0 > 00| > 0, we have infinite cluster under gbgs g~ Then the dual model gbzljs ..q &lso have

infinite cluster. We can repeat the same proof of Lemma 1.10 to argue that there are at least two infinite
clusters under qbgs .,g With positive chance where we only need to replace the edge independence by the
finite energy property (3.3). This contradicts Lemma 3.7. O

Proof of Theorem 3.10. Lemma 3.12 implies that p. > psq. Assume p. > psq. We can repeat the proof of
Theorem 1.9 as long as we have the exponential decay for subcritical case. Indeed, the exponential decay
holds, see Theorem 3.13. ]

Theorem 3.13. Consider the random-cluster model on Z? with cluster-weight ¢ > 1.

e Ifp < pc, then there exists c = c¢(p) > 0 such that for every n > 1, qb;’q’An [0 +— OA,] < e ™.

o Ifp > p., then there exists C > 0 such that ¢})7q[0 +——00] > C(p—pe).

Proof. [DCRT19, Theorem 1.2]. O

3.5 Continuous/Discontinuous phase transition

To end this section, we discuss the continuity of the phase transition. It turns out that the continuity
depends on the cluster-weight q.

Theorem 3.14. Fiz 1 < ¢ <4, we have ¢}_,[0 +— oo] = 0.

Proof. [DCST17, Theorem 3]. O
Theorem 3.15. Fiz q > 4, we have ¢, [0 +— o0] >0, and ¢)_,[0 +— oo] = 0.

Proof. [DCGH"16, Theorem 1.2] and [?, Theorem 1]. O

For the random-cluster model in Z?, we say that we have continuous phase transition with 1 < ¢ < 4
and discontinuous phase transition with ¢ > 4. As a consequence of Theorem 3.14, we have the uniqueness
of infinite-volume measure.

Theorem 3.16. Fiz 1 < g < 4, we have gi)ll,’q = ¢g,q and hence this is the unique infinite-volume measure.
Proof. Combining Lemma 3.17 and Corollary 3.18. O
Lemma 3.17. Fiz q > 1. If (b}qu[O < o0] = 0, we have <Z>:,1)7q = qﬁgg.

Proof. We fix p, qin the proof and hence eliminate them from the notations. To show ¢! = ¢°, it is
sufficient to show (3.6) for an edge e that is adjacent to the origin. For n < m, consider the event
{0 ¥ OA,} under the measure gka. Denote by C the cluster inside A,, connecting to dA,. Then the
event {0 ¢ OA,} is the same as {0 ¢ C}. For any realization A of C such that 0 ¢ A, define U to be the
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connected component of A, containing the origin obtained by removing from A,, all the edges in A and
all the edges adjacent to A. Then we have

Ph,[w(e) =1,0 45 0N, = D ), [w(e) =1,C = A]
A:04A

= Y ghlc= Aok, [w(e) =1]C = A]

A:0¢A

= > 6k, [C = Alglw(e) = 1]

A:0¢A

< Y oh,[C = Allwle) = 1] = 6}, [0 5 N6 [w(e) = 1).

A:0¢A
As m — oo, we have
¢'w(e) = 1,0 # O] < ¢°w(e) = 1].
As n — oo, since ¢[0 ¢4 oo] = 1, we have
¢'w(e) = 1] < ¢’lw(e) = 1],
which implies (3.6) and completes the proof. O

Corollary 3.18. Fiz q > 1. The unique edge-weight p € [0, 1] for which there can exist distinct infinite-
volume measures is psq(q).

Proof. We fix ¢ > 1 and hence eliminate it from the notation. Lemma 3.12 gives d)gs ,[0 <> o0] = 0. For
any p < psq, by Lemma 3.9, there exists p € (p, psq) such that gblls = gbg. Then

¢p[0 <+ 00] < 5[0 4> 00] = GJ[0 <+ o0] < ¢y [0 4> 0] = 0.

Combining with Lemma 3.17, we have the uniqueness of the infinite-volume measure at (p, q).

For p > psq, we have p* < psg. The dual measures of gb%q and gbll,’q are qbzlj*’q and qbg*’q respectively.
Since p* < pgq, we see ¢11)*’q = qbg*g and hence ¢27q = ¢;7q. ]
3.6 Exercises

Exercise 3.1. Proposition 3.5 and Lemmas 3.6 and 3.7 hold for the random-cluster model in Z¢ with
d>2.

Exercise 3.2 (Differential formula). Let A be an increasing event depending on edges in G only. Let
I4(e) be the influence of the edge e defined by

Ia(e) = ¢S, glA|w(e) = 1] — ¢, o[A]w(e) =0].
e Show that

Ia(e) > qbf;’q’G[e is pivotal for A].

o Show that p
bl = 2 1ae).

SRT 5. Random-cluster model.

Please give a report on Theorem 3.13, Theorem 3.14, Theorem 3.15.
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4 Conformal Invariance for FK-Ising Model

In this section, we focus on FK-Ising model, i.e. random cluster model with ¢ = 2.
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(a) The square lattice. (b) The dual lattice. (¢) The medial lattice.

Figure 4.1: The lattices.

The dual square lattice (Z%)* is the dual graph of Z2. The vertex set is (1/2,1/2) + Z? and the edges
are given by nearest neighbors. The vertices and edges of (Z2)* are called dual-vertices and dual-edges. In
particular, for each edge e of Z2, it is associated to a dual edge, denoted by e*. The dual edge e* crosses
e in the middle. The medial lattice (Z?)° is the graph with the centers of edges of Z? as vertex set, and
edges connecting nearest vertices. This lattice is a rotated and rescaled version of Z2, see Fig 4.1. The
vertices and edges of (Z2)° are called medial-vertices and medial-edges. We identify the faces of (Z2)°
with the vertices of Z? and (Z2)*. A face of (Z?)° is said to be black if it corresponds to a vertex of Z2
and white if it corresponds to a vertex of (Z?)*. We denote the square lattice by L, and denote the dual
lattice and the medial lattice by L* and L® respectively.

For § > 0, the square lattice v/25L of mesh-size v/20 will be denoted by Ls. The dual and medial
lattices extend to this context and they are denoted by Lj and L§. Note that the medial lattice L has
mesh-size §. For a simply connected domain 2, we set 05 = QN Ls. The edges connecting sites of €15 are
those included in €.

Let (€ a,b) be a Dobrushin domain. Let 2§ be the medial graph of Q5 composed of all the vertices of
L§ bordering a black face associated to Q5.2 Let as, bs be two vertices of 025 close to a and b and require
that bs is the southeast corner of a black face.

4.1 Fermionic observable

Fix a Dobrushin domain (£2;a,b) and consider a configuration w together with its dual-configuration w*.
The Dobrushin boundary condition is given by taking edges of (ba) to be open and the dual-edges of
(a*b*) to be dual-open; in this case, we also say that the boundary condition along (ba) is wired and the
boundary condition along (ab) is free. Through every vertex of Q°, there passes either an open edge of
Q or a dual open edge of Q*. Draw self-avoiding loops on Q° as follows: a loop arriving at a vertex of
the medial lattice always makes a +/2 turn so as not to cross the open or dual open edges through this
vertex. The loop representation contains loops together with a self-avoiding path going from a® to b°, see
Fig. 4.2. This curve is called the exploration path in Q° from a® to b°.

Lemma 4.1. Consider FK-Ising model in (Q2s; ag, bs) with Dobrushin boundary conditions. We have

1

¢(Qs;a5,ba)(w) = Efo(w)\@g(w), where T = p

V2(1—p)’

3This definition is non-standard since we include medial vertices not associated to edges of Q.
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and {(w) is the number of loops in the loop configuration associated to w.

Proof. Note that
l(w) = k(w) + k(w*) — 1 = 2k(w) + o(w) + const.

bs
. (25 and 25 U Oy,

Figure 4.2

Definition 4.2. The edge FK fermionic observable is defined on edges of €25 by

Fi(e) = |1 oxn (5,00 ) |

where Wv(e, bs) denotes the winding between the center of e and bg. The vertexr FK fermionic observable
is defined on vertices of QS \ 0QS by
1
Fy(v) = 5 Z: F(e),

where the sum is over the four medial edges having v as an endpoint.
The goal of this section is the following.

Theorem 4.3. Fiz a Dobrushin domain (Q;a,b) and let (Qs;as,bs) be a sequence of discrete Dobur-
shin domains converging to (2;a,b) in the Carathéodory sense. Consider the critical FK-Ising model on
(253 ag, bs) with Dobrushin boundary conditions. Let Fs be the vertex fermionic observable in (§2§; ag,bs).
Then, we have

1
—F; — ' as 0 — 0, locally uniformly,
VT Vo y uniformly

where ¢ is any conformal map from Q on to the strip R x (0,1) sending a to —oc and b to +0o.
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4.2 Discrete complex analysis on graphs

In this section, we shall discuss how to discretize harmonic and holomorphic functions, and what are the
properties of these discretizations. Since we need to consider scaling limits, we want to deal with discrete
structure which converge to the continuous complex analysis as finer and finer graphs are taken.

Preharmonic functions

We first introduce the discretization of the Laplacian operator in the case of the square lattice Ls. For

z € Ls and h: Ly — R, define
Ash(r) = 3 3 (hly) — h(a).
Yy~
A function h : Qs — R is preharmonic (resp. pre-superharmonic, pre-subharmonic) if Ash(z) = 0 (resp.
Ash(z) <0, Ash(xz) > 0) for every = € .

The classical relation between preharmonic function and simple random walk is the following: Let
(Xn)n>1 be a simple random walk on Lj killed at the first time it exits €5, then h is preharmonic if
and only if (h(X,,))n>1 is a martingale. Consequently, we have solution to the Dirichlet boundary value
problem in the discrete.

Lemma 4.4. Let Q) be simply connected. Given fs : Qs — R, there exists a unique preharmonic function
on Qs such that hg = f5 on 0.

Proof. We first show the existence. Let (X,,)n>1 be a simple random walk starting from x € Q5 and let
7 be the first time that it hits 9€s. Define

hs(x) = E[fs(X7)].

Then hg is harmonic on 5 and hs = fs on 0€2;.

Next, we show that preharmonic functions attain the maximum on the boundary. Let A be a pre-
harmonic function on 5. Suppose it attains its maximum at zo € s, we will show that h is con-
stant. As > . h(z) = 4h(x0), we see that h(z) = h(xo) for all x ~ zg. For any y € Qs, there
exists a path zg ~ x1 ~ --- ~ x, = y such that x; € Q5. Repeating the previous argument, we find
h(y) = h(zy) = --- = h(xp). Therefore, h is constant.

Finally, let us show the uniqueness. Suppose there are two functions hy and ho such that they are
preharmonic on Qs and hy = hy = f5 on 9€)s. Then hy — ho is preharmonic on €5, and thus it attains its
maximum and its minimum on 0§25. As h1 — ho = 0 on 025, we see that hy — hy = 0 on €. O

We have the convergence of the discrete Dirichlet problem solution to the continuous one.

Theorem 4.5. Let (Q;a,b) be a Dobrushin domain, f be a bounded continuous function on 0\ {a,b},
and h be the unique harmonic function on Q, continuous on 0\ {a,b}, satisfying h = f on 9Q\ {a,b}.
Let (Qs;a5,bs) be a sequence of discrete Dobrushin domains converging to (;a,b) in the Carathéodory
sense. Let fs : 0Q0s — R be a sequence of uniformly bounded functions converging to f uniformly away
from a and b. Let hs be the unique preharmonic function on Qs such that hs = fs on 0Qs. Then hs — h
locally uniformly as § — 0.

Proof. See e.g. [DC13, Theorem 8.9]. O

Preholomorphic functions

Isaacs’s definition of preholomorphic function involves the following discretization of the operator 0 =
Oy +10y. For a function f:Ls — C, and x € L}, define

1

0sf(x) = S(f(E) = f(W)) +

X (V) - £(5)),

1
2
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where N, E, S, W are the four vertices of Ls adjacent to the dual vertex x indexed in the obvious way. A
function f : Q5 — C is preholomorphic if ds f(z) = 0 for all x € Q}. The equation 95 f(z) = 0 is called
the Cauchy-Riemann equation at x.

Preholomorphic functions satisfy the following properties.

Lemma 4.6. (1) Sums of preholomorphic functions are preholomorphic.
(2) Discrete contour integrals vanish in simply connected domain.
(3) The primitive in simply connected domain is well-defined.

(4) If a family (fs) of preholomorphic functions on s converges locally uniformly to f on Q, then f is
holomorphic.

Proof of Item (2). It suffices to show that the integral around a face vanishes. Suppose the face has center
x € L and denote the four vertices by N, E, S, W indexed in the obvious way. The integral of f around
the face is the following:

LUS) + FBS(L+1) + L (FE) + F(N)O(-1+ )
5 CN) + FOV)S(-1 = i) + S(F(S) + SN~ )

=62i0sf (x) = 0.

Proof of Item (4). Morera’s theorem.

s-holomorphic functions

As explained in the previous section, the theory of preholomorphic functions starts like the continuum
theory. Unfortunately, problems arrive quickly. For instance, the product of two preholomorphic functions
is no longer preholomorphic in general. In order to partially overcome this difficulty, we introduce s-
holomorphic functions (for spin-holomorphic), a notion that will be central in the study of the spin
fermionic observables.

Figure 4.3: Lines ¢(e) for medial edges around a white face.

To each edge e on the medial lattice, associate a direction £(e), see Figure 4.3 for the definition. In
other words, /(e) has the same direction as y/€ when one view the oriented edge e as a complex number.
A function f is s-holomorphic if for any edge e of Qf, we have

Pf(e) [f(l‘)] = Pf(e) [f(y)]a
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where z,y are the endpoints of e and F; is the orthogonal projection on the direction ¢. The definition of
s-holomorphic is not rotationally invariant: f is s-holomorphic if and only if ¢"™/4f (i-) is s-holomorphic.

Proposition 4.7. Any s-holomorphic function f : Q5 — C is preholomorphic on Q.

Proof. Let f:Qf$ — C be a s-holomorphic function and let v be a vertex of Ls UL} (this is the vertex set
of the dual graph of the medial lattice). Assume that v € QF, the other case is similar. We aim to show

051(v) = S(F(SE) = F(NW)) + L(F(NE) ~ f(SW))=0.

The relation provided by the s-holomorphicity around the face centered at v is the following:

f(NE) +if(NE) = f(SE) +if(SE);
f(SE) - f(SE)

SW) = f(SW);
FSW) —if(SW) = fF(NW) —if(NW).

Multiplying the second identity by —i, the third one by —1, the fourth one by i, and then summing the
four identities, we obtain

0=2(1—14)85f(v).

This gives the conclusion. O

The interest in s-holomorphic functions comes from the fact that a relevant discretization of S [ f?
can be defined for s-holomorphic function f.

Theorem 4.8. Let Q be a simply connected domain. Suppose f : Q25 — C is an s-holomorphic function
and by € Q2s. Then, there exists a unique function H : Qs U Q25 — C such that

H(bo) =1, and H(b) — H(w) = 6|Pye)[f (@)]]*(= 8| Pye) [f (®)]7),

for every edge e = (x,y) on Qf bordered by a black face b € Qs and a white face w € Q5. For two
neighboring sites by, bs € Qs, with v being the medial vertex at the center of (b1,b2), we have

1
H(by) — H(b2) = ig(f(vf(bl — ba)). (4.1)
The same relation holds for sites of Q5. This legitimizes the fact that H is a discrete analogue of %% i f2.

N

€i7r/4

bQ w

Figure 4.4
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Proof of Theorem 4.8. One can construct the value of the function at a vertex by summing increments
along an arbitrary path from bg to this vertex. The only thing to check is that the value obtained in this
way does not depend on the chosen path. Since 2§ is simply connected, it is sufficient to check it for
elementary square contours around each medial vertex v. Therefore, we only need to check

|Pas) [f (0)]2 = [Paey [f (W)]1* = [P [F ()]I7 = [Py [F ()], (4.2)

where N, E, S, W are the four medial edges around v indexed in the obvious way, see Figure 4.4. Note
that ¢(N), ((S) are orthogonal, and ¢(E), {(W') are orthogonal. Thus

|Pemy LF )] + [Py [f (0)]17 = [£(0)* = | Poiy [F )] + [ Pawr) [ (0)] .
This gives (4.2).

It remains to show (4.1). We may assume b; — ba = §(1+14) and let w = by + . Denote by S the edge
between by and w and by E the edge between by and w. From definition, we have

H(br) ~ H(w) =0\Py [FW) = 5(RF ()"
H(bs) — H(w) =3[ Pysy [ = SRS () — SF(0)°

Taking the difference, we have

H(b) — H(b) = g(@?f(v))2 +2(Rf(0))(Sf(v) — (3f(v))?) =

BQ Bl

it /4 e—im/4

Bs By

Figure 4.5

Proposition 4.9. Denote by H® the restriction of H to Qs (black faces) and by H® the restriction of H
to Q5 (white faces). If f is s-holomorphic, then H® is subharmonic and H° is superharmonic.

Proof. We only prove for H®. Suppose B is a vertex of 5\0€s. We aim to show that the sum of increments
of H® between B and its four neighbors is positive, see Figure 4.5. We denote by Bi, Bs, Bs, By the four
neighbors in counterclockwise order such that By = B+ 0(1+1). Denote by vy the center between B and
By, and denote a, = Rf(v) and by = Sf(vg) for k =1,2,3,4. From (4.1), we have

H(By) — H(B) = %%(f(vk)Q(Bk _B)), k=1,2,34, (4.3)
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As f is s-holomorphic, we have

ag+by  az+b3 _aa—by a1 —b

V2o V2T T Ve V2

a:=a3=aq, b:=by=0by, c:=

Thus,
a1 =b+dV2, as=cV2—-b, az=as=a, bi=by=b, by=cV2—a, bs=a—dV2.

Plugging into (4.3), we have

4
2
5 > (H(By) — H(B)) =ai + 2a1b; — b7 + a3 — 2a2by — b3 — a3 — 2azbs + b3 — af + 2asbs + b]

=4(a® 4 b* + & + d*) + 4V2(bd — be — ac — ad) > 0.

4.3 Proof of Theorem 4.3

In this section, we fix p = V2 Then, x = 1 in Lemma 4.1.

1+v2'
Lemma 4.10. Consider a medial vertex v € Q5 \ 0Q25. We have

Fs(N) — F5(5) =i (F5(B) — F5(W)),

where N, E, S, W are the four adjacent edges indexed in the obvious way.

configuration w E N S
w W, 0 0 W,
s(w) Wo/V2 | ™ PW,[V2 | e W, [V2 | W, [V2

Figure 4.6

Proof. We may assume v as in Figure 4.6. Let e be a medial edge and set

)
Cw = ¢(Qg;a5,b5)[w] 1{66’7} exp <2W’Y(ea b5)>
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the contribution of the configuration w to Fj(e). Denote by s the involution on the space of configurations
which switches the state of the primal edge corresponding to v. Then we have

Fé(e) = Zew = %Z(ew =+ es(w))'

w

It suffices to show that, for all w,
N, + Ns(w) - S, — Ss(w) =1 (Ew + Es(w) - W, — Ws(w)) . (44)
There are three cases.

e Case 1. The exploration path v(w) does not go through any of the edges adjacent to v. Then neither
does s(w). Thus the terms in (4.4) all vanish and (4.4) holds.

e Case 2. The exploration path y(w) goes through two edges around v. We may assume that it enters
v through W and leaves through S, and the other cases can be analyzed similarly. In such case, the
primal edge corresponding to v is open. We compute the contribution of all the edges W, E, N, S of
w and s(w) in terms of W,,. See Figure 4.6. Then we may check that (4.4) holds.

e Case 3. The exploration path v(w) goes through the four medial edges around v. The computation
is the same as in the second case.

O
Lemma 4.11. The vertex fermionic observable Fs is s-holomorphic.

Proof. We may assume that the medial edge corresponding to bs is horizontal pointing to the right. In
such case, it is clear that Fs(e) belongs to ¢(e). Consider a medial vertex v and the four edges N, E, S, W
adjacent to it. As Fj(e) belongs to ¢(e), we may write

Fs(N)=(1—1d)an, Fs;(FE)=1tag, F5(5)=(1+1i)as, F;(W)=aw, withay,ag,as,aw €R.
From Lemma 4.10, we have ap = ag — ay and ayw = ay + ag. In particular,
Fs(v) = F5(N) + F5(S) = F5(E) + F5(W).

Note that F5(IN) and Fj3(S) are orthogonal. Thus Fj5(N) is the projection of F5(v) to ¢(N). This holds
in general: Fj(e) is the projection of Fj5(v) to £(e) when v is an endpoint of e. O

Let A be the black face bordering as. Since \/%Fg is s-holomorphic, Theorem 4.8 defines a function
Hs : Q5 U5 — R such that

H(A) =1, and Hs(B)— Hs(W) = |Pye)[F5(2)]I* = | Pye) [Fs(»)]I1%,

for the medial edge e = (x,y) bordered by a black face B € {25 and a white face W € €. Recall that its
restriction Hj to {1s is subharmonic and its restriction Hy to {15 is superharmonic.

Lemma 4.12. o The subharmonic function Hj is equal to 1 on (ba), and it converges to 0 on (ab)
uniformly away from a and b.

e The superharmonic function Hy is equal to 0 on (a*b*), and it converges to 1 on (b*a*) uniformly
away from a and b.
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Figure 4.7

Proof. We first show that Hj is constant along (ba). The notations are explained in Figure 4.7. Then we
have
H3(B) — H(B') = |Fs(e)|” — |Fs(¢)[* = 0.

Thus, Hj is constant along (ba). Since H§(A) =1, it is one along (ba). Similarly, Hy is 0 along (a*b*).
Next, we consider Hj along (ab). We have

H3(B) = Hi(W) +|F5(e)* = |F5(e)]” = Gas5a5,0 e € 1]*.
Suppose B is at distance 7 from (ba), and let Us = (B + [~r,7]?) N Ls. Then we have
H3(B) = ¢(05.05.05)[€ € V]* < 0, [B < OUs)> — 0, as § — 0.
Similarly, we have the convergence of Hy along (b*a*). O

Proposition 4.13. The sequence (Hs)s=o converges to IS¢ locally uniformly.

Proof. Let hy (resp. h§) be the preharmonic function with the same boundary data as Hj (resp. Hy).
Since Hj is subharmonic, we have H§ < h§. Since HJ is superharmonic, we have H5 > h3. Suppose
K C Qis compact. Let bs € K5 and ws € K be neighbors. We have

hs(ws) < Hg(ws) < Hj (bs) < h§(bs)-
Applying Theorem 4.5 to h§ and to h§, we obtain the conclusion. O

Proof of Theorem 4.3. We assume the tightness of (\/%Fg)(bg is known. Suppose (ﬁan) is a conver-
gent subsequence and denote the limit by f. Since Fj, is preholomorphic, the limit f is holomorphic.
For z,y € ), we have

1 Y
Hy, (y) = Hy, () = 59 / Fy (2)2dz.

Since Fj5, — f locally uniformly, the RHS converges to %f;’f(z)2dz. From Proposition 4.13, the LHS
converges to I(¢(y) — ¢(x)). Both [¥ f(z)?dz and ¢(y) — ¢(x) are holomorphic functions in y. Thus

o(y) — ¢(x) = const + /y £(2)2dz.

Therefore, f = \/¢'. O
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4.4 Exercises

Exercise 4.1. Show that the restriction of a continuous holomorphic function to Ls satisfies the discrete
Cauchy-Riemann equations up to O(53).

Exercise 4.2. Show that 1 1

Ea& 2752

converge (as 6 — 0) to 0, A in the sense of distributions.

As

SRT 6. Convergence of interfaces in FK-Ising model.
Please give a report on FK-Ising model discussing the following topics.
(1) convergence of the interface to SLE(16/3) in Dobrushin domain.
(2) convergence of the interface in polygon with alternating boundary conditions.

References: [CS12, CDCH™ 14, Izy20).
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5 Ising Model

The (spin) Ising model can be defined on any graph, and we will focus on the square lattice. Let G be a
finite subgraph of Z? and fix some boundary conditions b € {©, ®}?¢. The probability measure ,u% a of
the Ising model on G with inverse-temperature 5 > 0 and boundary conditions b is defined by

M%,G[O’] = Zl:)l exp (ﬂzam0y> ’

B.G T~y

for every configuration o € {©, ®}% such that o = b on dG. The constant Z%G is a normalizing constant,
referred to as the partition function. We list a few boundary conditions that will come back later in the
notes.

e ®-boundary conditions. This is the case when b, = @ for all x € 0G. The corresponding Ising
model on G is denoted by ,u% - Similarly, the Ising model with ©-boundary conditions is denoted

by “g,G'

e free-boundary conditions. One can define the Ising model without boundary conditions, also called
free boundary conditions. The corresponding Ising model on G is denoted by ué G

e Dobrushin-boundary conditions. Let (€2; a, b) be a Dobrushin domain. Define 9,Q = {x € Z2\V () :
Jy € V(Q) such that (z,y) € E(Z?)}. Assume that 9. can be divided into two x-connected paths
(ab) and (ba).* The Dobrushin-boundary conditions are defined to be @ on (ab) and © on (ba).

The Ising model satisfies the domain Markov property. Suppose that G’ C G are two finite subgraphs
of Z¢. Fix B > 0 and some boundary conditions b € {©,®}?“. Let X be a random variable which is
measurable with respect to vertices in G'. Then we have

1y olX |00 = Yo,z € G\ G') = ) o [X],

for all 1 € {©, ®}\¢ such that ¢ = b on G.

5.1 Infinite volume measures and phase transition

We have a natural partial order on the spin configurations {©, @}G given by
o <o, ifandonlyif o, <ol forallzeG.

An event A is increasing if for any o0 € A and ¢’ > o, we have o’ € A.

Theorem 5.1 (FKG Inequality). Fiz 8 > 0, a finite graph G and some boundary conditions b. For any
two increasing events A and B, we have

pha[AN Bl > uf c[Alu 6B,
Proof. Similar as the proof of Theorem 3.1. O

Corollary 5.2 (Comparison between boundary conditions). Fiz > 0, a finite graph G. For boundary
conditions by < by and any increasing event A, we have

HialAl < g olA)

We can then obtain the infinite-volume measures in the similar way as in Section 3.2.

“two vertices x and y are x-neighbors if || — y||cc = 1 and each vertex has eight neighbors in this metric.
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Proposition 5.3. Fiz 5 > 0. There exist two (possibly equal) infinite-volume measures ,u%; and ,ug, called
the infinite-volume Ising model with & and © boundary conditions respectively, such that for any event A
depending on a finite number of sites,

lim 48, [A] = pS[A], T pS, [A] = pS[AL

n—oo n—oo

Proposition 5.4. The measures ,u? and ,ug are translation invariant and are ergodic. For u? or ,ug,
there is no infinite cluster almost surely, or there exists a unique infinite cluster almost surely.

Proof. The translation invariance and ergodicity can be proved in a similar way as in Section 3.2. We
only need to explain the uniqueness of the infinite cluster. Exercise 5.2. O

The Ising model in infinite volume exhibits a phase transition.

Theorem 5.5. Define
1
Be = 5 log(1 + V?2).

We have u? [00] = 0 when B < B, and u?[ao] > 0 when B > f..

We will derive Theorem 5.5 using the phase transition of the random-cluster model. To this end, we
introduce the Edwards-Sokal coupling. Let G be a finite graph and w be a configuration in {0,1}#(@),
We construct a spin configuration o € {9, @}G by assigning independently to each cluster of w a ® or &
spin with probability 1/2 (note that all the vertices of a cluster receive the same spin).

Proposition 5.6. Fix p € (0,1) and a finite graph G. If the configuration w is sampled according to the
random-cluster measure with parameters (p,2) and free boundary conditions, then the spin configuration
o is distributed according to an Ising measure with free boundary conditions and inverse-temperature

1 1
p=;log

3los . (5.1)

Proof. Denote by P the probability measure on (w,o) where w is a random-cluster configuration with
free boundary conditions and o is the corresponding spin configuration as explained above. By the
construction, we have

1 1

P[(w, U)] = po(w)(l _ p)c(w)zk(w) x 27k(w) _

ow) (1 _ p\cw)
p” (1 —p)).
p,2,G Zp,2,G

Now we construct another probability measure @) on (w, o) as follows. Let o be a spin configuration
sampled according to the Ising model with free boundary conditions and the inverse-temperature S.
We then define w from o by closing all edges between neighboring vertices with different spins and by
independently opening edges between neighboring vertices with the same spin with probability p. Denote
by 7(o) the number of edges between neighboring vertices with different spins. By the construction, we
have

Ql(w, 0)] ox =21 — pyele)=r(@),

By the choice of 3, we see 1 — p = e~ 2%, Thus
Ql(w,0)] o p) (1 — ).
This implies that Q = P and hence gives the conclusion. ]

In Proposition 5.6, if w is sampled according to the random-cluster measure with parameters (p,2)
and wired boundary conditions, the Edwards-Sokal coupling provides us with a Ising configuration with
@-boundary conditions (or ©-boundary conditions).

39



Corollary 5.7. Forp € (0,1), a finite graph G and 8 defined through (5.1), we have

MJBC,G[Jfay] = ¢2,2,G’[x « y]7 Mgg[am] = ¢113727g[$ — 6G]

Proof of Theorem 5.5. Combining Corollary 5.7 and Theorem 3.10. Moreover, we also have the exponen-
tial decay for the subcritical phase. O

Theorem 5.8. e For 8 < (., we have ,LLEBB[O'()] = 0. Consequently, ug = ,u[? and this is the unique
infinite-volume measure.

e For 8 > (., we have ,u? [o0] > 0. The set of infinite-volume measures is given by

Mg + (1 =Nz : A e0,1]}.

Proof. From Corollary 5.7 and conclusions from random-cluster models in Section 3, we have

0, D < pe;

D 1
15 A, [00] = dpan,l n] { 1,00 5 00] >0, p>pe

Therefore, we have u%a [o0] =0 for 8 < B, and u? [00] > 0 for 8 > f..
When g < f3, it remains to show that ,u%a = ug. To this end, we need to show that u% [A] = ,ug [A] for
any increasing event A depending only on finitely many vertices. Suppose A is measurable with respect

to the status of vertices inside Ay and suppose N < n. We construct a probability measure on the triple

(w,0®,0°) in the following way. We first sample w according to qb]lﬂ, A, - Denote by C;, the cluster in w

connected to A,. For v € C,, we set 0 = @ and o = ©; for v € A, \ Cp, we set 0f = o which is
either @ or © with equal probability 1/2. Then we find that o® ~ ,u? A, and 0% ~ u? A,- We have

0< M%,An [A] — '“g,/\n [A] =P[c® € A,0° ¢ A] < ¢117727An [OAN <> OA,] — 0, asn — oo.

Therefore, M? [A] = u? [A] as desired.

When 3 > ., we have u;? [00] = ¢,5[0 ¢+ 0] > 0 and M? [00] = =}, 50 <> 00] < 0. For the rest of the
conclusion, see [Aiz80, Hig81]. O
5.2 High and low temperature expansions
Graph terminologies

For a graph G = (V, E), define &z to be the collection of even subgraph of G, i.e. the set of subgraphs w
of GG such that every vertex in V is the end-point of an even number of edges of w. Generally, for A C V,
let £c(A) be the set of subgraphs w of G such that

e every vertex of V '\ A is the end-point of an even number of edges of w,
e every vertex of A is the end-point of an odd number of edges of w.

Note that if #A is odd, then E;(A) is empty. The set Eg(0) is the same as Eg.

High temperature expansion

The high temperature expansion of the Ising model is based on the following identity:

927 = cosh(B) + 0,0, sinh(B) = cosh(B)(1 + tanh(B)o,0). (5.2)
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Proposition 5.9. Let G be a finite graph and g >

0. We have

24 o =2#V(D cosh(B)#F(@ " tanh(B)°«). (5.3)

Proof. By (5.2), we have

ZéG = Z H P72 = cosh(B

o (z,y)€E

= cosh(f

Note that, for fixed w C E,

Z H T20y =

o (zy)ew

This gives (5.3).

Low temperature expansion

The low temperature expansion of the Ising model
is a graph representation on the dual lattice. For
each spin configuration o € {®,0}V (@) define
the contour configuration wlo] € {0,1}(E) on
the dual lattice by the following, for each edge
e=(z,y) € E(G),

wlol(e’) = {1, if o, # 0y,

0, otherwise.

The construction is one-to-one for any bound-
ary conditions b, and it is two-to-one for free
boundary conditions due to the symmetry. Once
we know the boundary conditions b, one may re-
construct the spin configuration o from the con-
tour configuration wlo]. If ¢ is sampled according
to the Ising measure, then the probability of the

welq

#EST T (1 + tanh(B)ooy)

o (z,y)€E
i Z Z tanh(3)°«) H O20y.
o wCE (z,y)Ew

{2#V, if w e &g,

0, otherwise.
O
L] L] L] L] L] L] L] L] L] L]
X eXoxXeXexXeoexXe Xoe Xe Xe Xo
L] L] L] L] L]
oXeXeXoXoXeo Xo @ o X e Xeo
L] \
S) S @ S ) O ) ) @ @ S)

Figure 5.1: Low temperature expansion for Dobrushin
boundary conditions.

corresponding contour configuration w is proportional to e=280(),

Example 5.10. Consider the Ising model on G
contour configuration w is an even subgraph of G*.

with ®-boundary conditions, then the corresponding
We find

29, = SHEO) § 20),

weEq*

Example 5.11. Consider the Ising model on (€; a,b) (which is a subgraph of Z*) with Dobrushin boundary
conditions, then the corresponding contour configuration is composed of loops togehter with one interface

running between the two edges of (Z)* at a and b,

Z%Og‘r _ eﬂ#E’(G*)

see Figure 5.1. In this case, we have

Z 672,80(0.1).

weEG* U{aby ({a:b})
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Krammers-Wannier duality
Proposition 5.12. Let § > 0 and define 5* € (0,00) such that
tanh(8*) = e~ %, (5.4)
Then for every graph G, we have
2#V(G) cosh(p)#P(C) 28 = S#ECE) 21

Physicists expect the free energy to exhibit only one singularity, localized at f.. If 8% # f., there
would be two singularities. Thus 8. = 8. Note that /3. in Theorem 5.5 is the unique solution to (5.4) for
g =p.

5.3 Fermionic observable

Figure 5.2

Let z5 € Qf, let £(as, 25) be the set of collections of contours drawn on €25 composed of loops and one
interface from as to z5. For such a configuration w € £(as, z5), denote by (w) the interface from ag to zs
(turning left when there is ambiguity). See Figure 5.2. Note that, if we consider the critical Ising model
on 5 with Dobrushin boundary conditions, see Figure 5.3, then w € &(as, bs) is the low temperature
expansion and ~; is the interface in w connecting ags to bs.

Definition 5.13. On a Dobrushin domain (§25; as,bs), the spin-Ising fermionic observable at zs € QS is
defined by

Zweg(a(; z5) 6_%W’Y(w)(a5’z5)(\/§ _ 1)0(w)
2 wet(as bs) e 3 Wa) (@5:05) (/2 — 1)o(w)’

where the winding W (as, zs5) is the total rotation in radians of the curve v between as and zs.

Fs(zs) =

Theorem 5.14. Let (Q;a,b) be a Dobrushin domain and assuming that O is smooth in a neighbor of b.
Then

¢'()
¢'(b)’

where ¢ is any conformal map from  onto H sending a to co and b to 0.

Fs(-) — as 6 — 0, locally uniformly,
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Figure 5.3

The proof has three steps:
e First, prove the s-holomorphicity of Fj.

e Second, prove the convergence of the associated function Hj.

e Third, prove the convergence of Fj.

Proposition 5.15. For 6 > 0, the fermionic observable Fj is s-holomorphic on €.

Proof. Let x,y be two adjacent medial vertices connected by the edge e = (x,y). Without loss of
generality, assume e is pointing southeast, thus ¢(e) = R. Let v be the vertex of {25 bordering the medial
edge e. For w € E(as, z5), define

i
Ly = z(\/é - 1)O(W) exXp (_§(W’y(w)(a5v 1'5) - W’YO ((15, b5))) )
where g is some fixed arbitrary path from ag to b5 and Z is a normalizing real number not depending
on the configuration. For w € £(as,ys), define y,, similarly. We will show that

§R(ww) = Z §R(yw’)' (5'5)

weé(as,zs) W€ (as,ys)

We will partition the set of configurations into pairs of configurations (w,w’), where w contributes to
Fs(x5) and w’ contributes to Fs(ys), such that R(zy) = R(y)-

Consider the interface in w that connecting as to xs or ys, there are four cases. Case 1. The interface
reaches x or y and can be extended by one step to reach the other one. Case 2. The interface reaches v
before x or y, and can be extended by one step to x or y. Case 3. The interface reaches x or y and sees a
loop preventing it from being extended to the other one. Case 4. The interface reaches x or y, then goes
away from v and comes back to the other one. Note that, in cases 1(a), 1(b), 2, there can be a loop or
even the past of the interface passing through v, but this does not change the computation.

We obtain the following table for x, and ., see Figure 5.5. Moreover, we can also compute the
argument modulo 7 of z,. Upon projecting on R, the result follows. O
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Figure 5.4

configuration Case 1(a) Case 1(b) | Case 2 | Case 3(a) | Case 3(b) | Case 4
T, T, T Ty Lo T T,
Yor (V2 - 1)e™ Mz, i:’;l z, | e g, | &g, | &g, | e P ig,
arg. T, mod 5w 8 /8 /8 5w /8 5w /8 o [8
Figure 5.5

Proof of Theorem 5.14 (sketch). Since Fjy is s-holomorphic, one can define the observable Hs as in Theo-
rem 4.8 with the requirement that it is equal to zero on the white face adjacent to b. Then one can show
that away from a, the functions (Hy)s~o remains bounded (the proof is sophisticated where one uses the
boundary modification trick). The boundedness implies precompactness of (Fj)s~o away from a.
Consider a convergent subsequence (Fj,, Hs, ) converging to (F, H). One can check that H is equal to
zero on 0N\ {a} and it is harmonic inside © (not easy). Thus H = A for some constant A > 0. Thus
20Sp = § [ F? which gives F2 = 2)\¢'. Since F(b) = 1, we have F = /¢ /¢/(b). O

5.4 Exercises

Exercise 5.1. Denote by Zfsmg(ﬁ, G) the partition function for the Ising model with free boundary con-

ditions and by Z%CM(p,Q,G) the partition function for the random-cluster model with free boundary
conditions. Assume [ and p are related through (5.1). Show that

Zfsing(ﬁ? G) = eﬁ#E(G) Z(})%CM(pa 2’ G)

Exercise 5.2. Prove Proposition 5.4. Hint: Consider Ising model on Z?, we see that any ®-cluster is
surrounded by a x-connected ©-circuit.

Exercise 5.3. Use the high and low temperature expansions to show that 5. € (0,00).
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SRT 7. Convergence of interfaces in Ising model.
Please give a report on Ising model discussing the following topics.
(1) convergence of the interface to SLE(3) in Dobrushin domain.
(2) convergence of the interface with general boundary conditions.

References: [CS12, CDCH™ 14, Izy15, Izy17).
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