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Overview

The goal of this set of lectures is to combine two seemingly unrelated topics:
e The study of Boolean functions, a field particularly active in computer science
e Some models in statistical physics, mostly percolation

The link between these two fields can be loosely explained as follows: a percolation
configuration is built out of a collection of i.i.d. “bits” which determines whether the
corresponding edges, sites, or blocks are present or absent. In that respect, any event
concerning percolation can be seen as a Boolean function whose input is precisely these
“bits”.

Over the last 20 years, mainly thanks to the computer science community, a very
rich structure has emerged concerning the properties of Boolean functions. The first
part of this course will be devoted to a description of some of the main achievements
in this field.

In some sense one can say, although this is an exaggeration, that computer scientists
are mostly interested in the stability or robustness of Boolean functions. As we will see
later in this course, the Boolean functions which “encode” large scale properties of
critical percolation will turn out to be very sensitive to small perturbations. This
phenomenon corresponds to what we will call noise sensitivity. Hence, the Boolean
functions one wishes to describe here are in some sense orthogonal to the Boolean
functions one encounters, ideally, in computer science. Remarkably, it turns out that
the tools developed by the computer science community to capture the properties and
stability of Boolean functions are also suitable for the study of noise sensitive functions.
This is why it is worth us first spending some time on the general properties of Boolean
functions.

One of the main tools needed to understand properties of Boolean functions is
Fourier analysis on the hypercube. Noise sensitivity will correspond to our Boolean
function being of “high frequency” while stability will correspond to our Boolean func-
tion being of “low frequency”. We will apply these ideas to some other models from
statistical mechanics as well; namely, first passage percolation and dynamical percola-
tion.

Some of the different topics here can be found (in a more condensed form) in [GarI().
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Some standard notations

In the following table, f(n) and g(n) are any sequences of positive real numbers.

there exists some constant C' > 0 such that

f(n) = g(n) et < o 0ovnsa
g(n)

there exists some constant C' > 0 such that

f(n) < O(g(n)) f(n) < Cg(n), vn =1

there exists some constant C' > 0 such that

F(n) = Q(g(n)) F(n) = Co(n), ¥n > 1

im M =
f(n) =o(g(n)) | g(n) 0
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Chapter I

Boolean functions and key concepts

1 Boolean functions

Definition I.1. A Boolean function is a function from the hypercube Q,, := {—1,1}"
into either {—1,1} or {0,1}.

Q,, will be endowed with the uniform measure P = P" = (%5_1 + %51)®” and E will
denote the corresponding expectation. At various times, €2, will be endowed with the
general product measure P, = P? = ((1 — p)d_1 + pd;)®" but in such cases the p will
be explicit. [E, will then denote the corresponding expectations.

An element of €2,, will be denoted by either w or w,, and its n bits by x4, ..., x, so
that w = (x1,...,2,).

Depending on the context, concerning the range, it might be more pleasant to work
with one of {—1,1} or {0, 1} rather than the other and at some specific places in these
lectures, we will even relax the Boolean constraint (i.e. taking only two possible values).
In these cases (which will be clearly mentioned), we will consider instead real-valued
functions f : €2, — R.

A Boolean function f is canonically identified with a subset A of €2, via Ay := {w :
flw) =1}
Remark 1.1. Often, Boolean functions are defined on {0, 1}" rather than Q,, = {—1, 1}".
This does not make any fundamental difference at all but, as we will see later, the choice
of {—1,1}" turns out to be more convenient when one wishes to apply Fourier analysis
on the hypercube.

2 Some Examples

We begin with a few examples of Boolean functions. Others will appear throughout
this chapter.
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Example 1 (Dictatorship).
DICT, (x1,...,x,) = 14
The first bit determines what the outcome is.

Example 2 (Parity).

PAR, (z1,...,2,) == Hxl
=1

This Boolean function tells whether the number of —1’s is even or odd.

These two examples are in some sense trivial, but they are good to keep in mind
since in many cases they turn out to be the “extreme cases” for properties concerning
Boolean functions.

The next rather simple Boolean function is of interest in social choice theory.

Example 3 (Majority function). Let n be odd and define
MAJ, (z1,...,2,) = sign(z x;).
i=1

Following are two further examples which will also arise in our discussions.

Example 4 (Iterated 3-Majority function). Let n = 3* for some integer k. The bits are
indexed by the leaves of a rooted 3-ary tree (so the root has degree 3, the leaves have
degree 1 and all others have degree 4) with depth k. One iteratively applies the previous
example (with n = 3) to obtain values at the vertices at level £ —1, then level k—2, etc.
until the root is assigned a value. The root’s value is then the output of f. For example
when k£ = 2, f(—1,1,1;1,—1,—-1;—-1,1,—1) = —1. The recursive structure of this
Boolean function will enable explicit computations for various properties of interest.

Example 5 (Clique containment). If » = (}) for some integer n, then €, can be
identified with the set of labelled graphs on n vertices. (x; is 1 iff the ith edge is
present.) Recall that a clique of size k of a graph G = (V, E) is a complete graph on
k vertices embedded in G.

Now for any 1 < k < (g) = 7, let CLIQ" be the indicator function of the event
that the random graph G, defined by w € €, contains a clique of size k. Choosing
k = k, so that this Boolean function is non-degenerate turns out to be a rather delicate
issue. The interesting regime is near k, =~ 2log,(n). See the exercises for this “tuning”
of k = k,. It turns out that for most values of n, the Boolean function CLIQ’; is
degenerate (i.e. has small variance) for all values of k. However, there is a sequence of

n for which there is some k = k, for which CLIQF is nondegerate.
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3 Pivotality and Influence

This section contains our first fundamental concepts. We will abbreviate {1,...,n} by

Definition I.2. Given a Boolean function f from ), into either {—1,1} or {0,1} and
a variable i € [n], we say that i is pivotal for f for w if {f(w) # f(w')} where w' is
w but flipped in the ith coordinate. Note that this event is measurable with respect to

{2}z
Definition I1.3. The pivotal set, P, for f is the random set of [n| given by
P(w) = Pr(w) :={i € [n] : i is piwotal for f for w}.

In words, it is the (random) set of bits with the property that if you flip the bit,
then the function output changes.

Definition I.4. The influence of the ith bit, I;,(f), is defined by
L(f) :=P( ¢ is pwotal for f ) =P(i € P).

Let also the influence vector, Inf(f), be the collection of all the influences: i.e.

{Li(f) tiepn)-

In words, the influence of the ith bit, I;(f), is the probability that, on flipping this
bit, the function output changes.

Definition I.5. The total influence, I(f), is defined by

ZI ) = [If(f)[lx (= E(P])).

It would now be instructive to go and compute these quantities for examples [MH3l
See the exercises.

Later, we will need the last two concepts in the context when our probability measure
is P, instead. We give the corresponding definitions.

Definition 1.6. The influence vector at level p, {I}(f)}icin), is defined by
I7(f) :=P,( i is pivotal for f ) =P,(i € P).

Definition I1.7. The total influence at level p, I?(f), is defined by

ZI” E,(IP])-
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It turns out that the total influence has a geometric-combinatorial interpretation as
the size of the so-called edge-boundary of the corresponding subset of the hypercube.
See the exercises.

Remark 1.2. Aside from its natural definition as well as its geometric interpretation as
measuring the edge-boundary of the corresponding subset of the hypercube (see the
exercises), the notion of total influence arises very naturally when one studies sharp
thresholds for monotone functions (to be defined in Chapter [Il). Roughly speaking,
as we will see in detail in Chapter [TI] for a monotone event A, one has that dP, [A] /dp
is the total influence at level p (this is the Margulis-Russo formula). This tells us that
the speed at which one changes from the event A “almost surely” not occurring to the
case where it “almost surely” does occur is very sudden if the Boolean function happens
to have a large total influence.

4 The Kahn, Kalai, Linial theorem

This section addresses the following question. Does there always exist some variable
i with (reasonably) large influence? In other words, for large n, what is the smallest
value (as we vary over Boolean functions) that the largest influence (as we vary over
the different variables) can take on?

Since for the constant function all influences are 0, and the function which is 1 only if
all the bits are 1 has all influences 1/2"~, clearly one wants to deal with functions which
are reasonably balanced (meaning having variances not so close to 0) or alternatively,
obtain lower bounds on the maximal influence in terms of the variance of the Boolean
function.

The first result in this direction is the following result. A sketch of the proof is given
in the exercises.

Theorem I.1 (Discrete Poincaré). If f is a Boolean function mapping €2, into {—1,1},
then

var(f) < Y L(H).
It follows that there exists some i such that

L(f) = Var(f)/n.

This gives a first answer to our question. For reasonably balanced functions, there is
some variable whose influence is at least of order 1/n. Can we find a better “universal”
lower bound on the maximal influence? Note that for Example Bl all the influences are
of order 1/4/n (and the variance is 1). In terms of our question, this universal lower
bound one is looking for should lie somewhere between 1/n and 1/4/n. The following
celebrated result improves by a logarithmic factor on the above ©(1/n) bound.
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Theorem 1.2 ([KKL8Y|). There exists a universal ¢ > 0 such that if f is a Boolean
function mapping ,, into {0,1}, then there exists some i such that

L(f) = cVar(f)(logn)/n.

What is remarkable about this theorem is that this “logarithmic” lower bound on
the maximal influence turns out to be sharp! This is shown by the following example
by Ben-Or and Linial.

Example 6 (Tribes). Partition [n] into subsequent blocks of length log,(n)—log,(log,(n))
with perhaps some leftover debris. Define f = f,, to be 1 if there exists at least one
block which contains all 1’s, and 0 otherwise.

It turns out that one can check that the sequence of variances stays bounded away
from 0 and that all the influences (including of course those belonging to the debris
which are equal to 0) are smaller than c¢(logn)/n for some ¢ < 0o. See the exercises for
this. Hence the above theorem is indeed sharp.

Our next result tells us that if all the influences are “small”, then the total influence
is large.

Theorem 1.3 ([KKLSSY]). There exists a ¢ > 0 such that if f is a Boolean function
mapping €, into {0,1} and § := max; L;(f) then

I(f) > ¢ Var(f)log(1/4).

Or equivalently,

1
[Inf(f)[l1 > ¢ Var(f)log m

One can in fact talk about the influence of a set of variables rather than the influence
of a single variable.

Definition I1.8. Given S C [n], the influence of S, Is(f), is defined by
Is(f) :=P( f is not determined by the bits in S°).

It is easy to see that when S is a single bit, this corresponds to our previous defi-
nition. The following is also proved in [KKL88]. We will not indicate the proof of this
result in these lecture notes.

Theorem 1.4 ([KKT8Y]). Given a sequence f, of Boolean functions mapping Q, into
{0,1} such that 0 < inf,, E,(f) < sup, E,(f) < 1 and any sequence a,, going to oo arbi-
trarily slowly, then there exists a sequence of sets S, C [n] such that |S,| < a,n/logn
and Ig, (fn) — 1 as n — oc.

Theorems [[2 and [L3 will be proved in Chapter [Vl



14 CHAPTER 1. BOOLEAN FUNCTIONS AND KEY CONCEPTS

5 Noise sensitivity and noise stability

This section introduces our second set of fundamental concepts.

Let w be uniformly chosen from 2, and let w, be w but with each bit independently
“rerandomized” with probability e. This means that each bit, independently of every-
thing else, rechooses whether it is 1 or —1, each with probability 1/2. Note that w,
then has the same distribution as w.

The following definition is central for these lecture notes. Let m, be an increasing
sequence of integers and let f, : €, — {£1} or {0, 1}.

Definition 1.9. The sequence {f,} is noise sensitive if for every e > 0,

tim E[f, (@) fu(w)] — E[f ()] = 0. (L)

Since f, just takes 2 values, this says that the random variables f,(w) and f,(w.)

are asymptotically independent for € > 0 fixed and n large. We will see later that ([LTl)

holds for one value of ¢ € (0,1) if and only if it holds for all such e. The following

notion captures the opposite situation where the two events above are close to being
the same event if € is small, uniformly in n.

Definition 1.10. The sequence {f,} is noise stable if

li_r)l(l)SIipP(fn(w) # fa(we)) = 0.

It is an easy exercise to check that a sequence {f,} is both noise sensitive and noise
stable if and only it is degenerate in the sense that the sequence of variances {Var(f,)}
goes to 0. Note also that a sequence of Boolean functions could be neither noise sensitive
nor noise stable (see the exercises).

It is also an easy exercise to check that Example [ (dictator) is noise stable and
Example B (parity) is noise sensitive. We will see later, when Fourier analysis is brought
into the picture, that these examples are the two opposite extreme cases. For the other
examples, it turns out that Example B (Majority) is noise stable, while Examples BHf
are all noise sensitive. See the exercises. In fact, there is a deep theorem (see [MOOT0)])
which says in some sense that, among all low influence Boolean functions, Example
(Majority) is the stablest.

In Figure LTI, we give a slightly impressionistic view of what “noise sensitivity” is.

6 The Benjamini, Kalai and Schramm noise sensi-
tivity theorem

The following is the main theorem concerning noise sensitivity.
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Figure 1.1: Let us consider the following “experiment”: take a bounded domain in the
plane, say a rectangle, and consider a measurable subset A of this domain. What would
be an analogue of the above definitions of being noise sensitive or noise stable in this
case? Start by sampling a point x uniformly in the domain according to Lebesgue
measure. Then let us apply some noise to this position x so that we end up with a new
position x.. One can think of many natural “noising” procedures here. For example,
let x. be a uniform point in the ball of radius € around x, conditioned to remain in the
domain. (This is not quite perfect yet since this procedure does not exactly preserve
Lebesgue measure, but let’s not worry about this.) The natural analogue of the above
definitions is to ask whether 14(z) and 14(x.) are decorrelated or not.

Question: According to this analogy, discuss the stability versus sensitivity of the sets
A sketched in pictures (a) to (d) ? Note that in order to match with definitions [9 and
[LT0, one should consider sequences of subsets {A,} instead, since noise sensitivity is
an asymptotic notion.
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Theorem 1.5 ([BKS99)). If
1i1£nZIk(fn)2 =0,
K

then {f.} is noise sensitive.

Remark 1.3. The converse is clearly false as shown by Example Bl However, it turns
out that the converse is true for so-called monotone functions (see the next chapter
for the definition of this) as we will see in Chapter [V]

This theorem will allow us to conclude noise sensitivity of many of the examples
we have introduced in this first chapter. See the exercises. This theorem will also be
proved in Chapter [V

7 Percolation crossings: our final and most impor-
tant example

We have saved our most important example to the end. This set of notes would not be
being written if it were not for this example and for the results that have been proved
for it.

Let us consider percolation on Z? at the critical point p.(Z?) = 1/2. (See Chapter
[l for a fast review on the model.) At this critical point, there is no infinite cluster, but
somehow clusters are ‘large’ (there are clusters at all scales). This can be seen using
duality or with the RSW Theorem [LJl In order to understand the geometry of the
critical picture, the following large-scale observables turn out to be very useful: Let €2
be a piecewise smooth domain with two disjoint open arcs 0; and 0, on its boundary
0f). For each n > 1, we consider the scaled domain nf2. Let A,, be the event that there
is an open path in w from nd; to ndy which stays inside nf). Such events are called
crossing events. They are naturally associated with Boolean functions whose entries
are indexed by the set of edges inside n{) (there are O(n?) such variables).

For simplicity, let us consider the particular case of rectangle crossings:

Example 7 (Percolation crossings).

‘ Let a,b > 0 and let us consider the rect-

b-n {0,1} defined as follows:

if there is a left-
folw) = right crossing
0 otherwise

angle [0,a - n] x [0,b-n]. The left to
right crossing event corresponds to the
Boolean function f, : {—1,1}°M"* —
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We will later prove that this sequence of Boolean functions {f,} is noise sensitive.
This means that if a percolation configuration w ~ P, —;/ is given to us, one cannot
predict anything about the large scale clusters of the slightly perturbed percolation
configuration w, (where only an e-fraction of the edges have been resampled).

Remark 1.4. The same statement holds for the above more general crossing events (i.e.
in (nQ, n@l, nﬁg))
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Exercise sheet of Chapter [I

Exercise I.1. Determine the pivotal set, the influence vector and the total influence
for Examples [H3

Exercise 1.2. Determine the influence vector for iterated 3-majority and tribes.

Exercise I1.3. Show that in Example 6 (tribes) the variances stay bounded away from
0. If the blocks are taken to be of size log, n instead, show that the influences would
all be of order 1/n. Why does this not contradict the KKL Theorem?

Exercise 1.4. (2, has a graph structure where two elements are neighbors if they differ
in exactly one location. The edge boundary of a subset A C €,,, denoted by dg(A),
is the set of edges where exactly one of the endpoints is in A.

Show that for any Boolean function, I(f) = |0g(A)|/2" "

Exercise 1.5. Prove Theorem [[Jl This is a type of Poincaré inequality. Hint: use the
fact that Var(f) can be written 2P[f(w) # f(@)], where w,& are independent and try
to “interpolate” from w to w.

Exercise I.6. Show that Example Bl (Majority) is noise stable.

Exercise 1.7. Prove that Example |l (iterated 3-majority) is noise sensitive directly
without relying on Theorem [[H Hint: use the recursive structure of this example in
order to show that the criterion of noise sensitivity is satisfied.

Exercise I.8. Prove that Example [ (tribes) is noise sensitive directly without using
Theorem [LI Here there is no recursive structure, so a more “probabilistic” argument
is needed.

Problem I.9. Recall Example B (clique containment).

(a) Prove that when k, = o(n'/?), CLIQ"™ is asymptotically noise sensitive. Hint:
start by obtaining an upper bound on the influences (which are identical for each
edge) using Exercise [[4l Conclude by using Theorem [[3

(b) Open exercise: Find a more direct proof of this fact (in the spirit of exercise [[)
which would avoid using Theorem

19
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As pointed out after Example [A, for most values of k = k,,, the Boolean function
CLIQZ" becomes degenerate. The purpose of the rest of this problem is to determine
what the interesting regime is where CLIQfL” has a chance of being non-degenerate (i.e.
variance bounded away from 0). The rest of this exercise is somewhat tangential to the
course.

(c) f1<Ek< (g) = r, what is the expected number of cliques in G, w € Q,. ?

(d) Explain why there should be at most one choice of k = k,, such that the variance of
CLIQZ” remains bounded away from 0 7 (No rigorous proof required.) Describe
this choice of k,. Check that it is indeed in the regime 2log,(n).

(e) Note retrospectively that in fact, for any choice of k = k,, CLIQ™ is noise
sensitive.

Exercise 1.10. Deduce from Theorem [LI that both Example B (iterated 3-majority)
and Example B (tribes) are noise sensitive.

Exercise I.11. Give a sequence of Boolean functions which is neither noise sensitive
nor noise stable.

Exercise 1.12. In the sense of Definition [[], show that for the majority function and
for fixed €, any set of size n'/?*¢ has influence approaching 1 while any set of size n'/?=
has influence approaching 0.

Exercise 1.13. Show that there exists ¢ > 0 such that for any Boolean function

IF(f) = cVar’(f)(log® n) /n
and show that this is sharp up to a constant. This result is also contained in [KKLSS].
Problem 1.14. Do you think a “generic” Boolean function would be stable or sensitive?

Justify your intuition. Show that if f,, was a “randomly” chosen function, then a.s. { f,,}
is noise sensitive.
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Percolation in a nutshell

In order to make these lecture notes as self-contained as possible, we review various
aspects of the percolation model and give a short summary of the main useful results.

For a complete account of percolation, see [Gri99] and for a study of the 2-dimensional
case, which we are concentrating on here, see the lecture notes [Wer(7].

1 The model

Let us briefly start by introducing the model itself.

We will be concerned mainly with two-dimensional percolation and we will focus
on two lattices: Z? and the triangular lattice T. (All the results stated for Z? in these
lecture notes are also valid for percolations on “reasonable” 2-d translation invariant
graphs for which the RSW Theorem (see the next section) is known to hold at the
corresponding critical point.)

Let us describe the model on the graph Z? which has Z? as its vertex set and
edges between vertices having Euclidean distance 1. Let E? denote the set of edges
of the graph Z2. For any p € [0,1] we define a random subgraph of Z? as follows:
independently for each edge e € E?, we keep this edge with probability p and remove it
with probability 1—p. Equivalently, this corresponds to defining a random configuration
w e {-1, I}]E2 where, independently for each edge e € E?, we declare the edge to be
open (w(e) = 1) with probability p or closed (w(e) = —1) with probability 1 — p. The
law of the so-defined random subgraph (or configuration) is denoted by P,.

Percolation is defined similarly on the triangular grid T, except that on this lattice
we will instead consider site percolation (i.e. here we keep each site with probability
p). The sites are the points Z + ¢/3Z so that neighboring sites have distance one from
each other in the complex plane.

21
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_Tl%-ra—l ' _IT:':‘:‘L-F

Figure II1.1: Pictures (by Oded Schramm) representing two percolation configurations
respectively on T and on Z? (both at p = 1/2). The sites of the triangular grid are
represented by hexagons.

2 Russo-Seymour-Welsh

We will often rely on the following celebrated result known as the RSW Theorem.

Theorem I1.1 (RSW). (see [Grid9]) For percolation on Z* at p = 1/2, one has the
following property concerning the crossing events. Let a,b > 0. There exists a constant
¢ = c(a,b) > 0, such that for any n > 1, if A, denotes the event that there is a left to
right crossing in the rectangle ([0,a - n)] x [0,b-n]) NZ?, then

C<]P)1/2[An} <l-—c.

In other words, this says that the Boolean functions f,, defined in Example[] of Chapter
[A are non-degenerate.

i
-

The same result holds also in the case of site-percolation on T (also at p = 1/2).
The parameter p = 1/2 plays a very special role | |:_ _— | | |
for the two models under consideration. Indeed, I
there is a natural way to associate to each per- I | I —
colation configuration w, ~ P, a dual configu- |—I|
ration wy« on the so-called dual graph. In the | I — Il—
case of Z?2, its dual graph can be realized as
Z? + (3,%). In the case of the triangular lat- - T— 1
tice, T* = T. The figure on the right illustrates |
this duality for percolation on Z2. It is easy to | — |
see that in both cases p* = 1 — p. Hence, at
p = 1/2, our two models happen to be self-dual. | | l_ D E
This duality has the following very important consequence. For a domain in T with
two specified boundary arcs, there is a ’left-right’ crossing of white hexagons if and only
if there is no "top-bottom’ crossing of black hexagons.
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3 Phase transition

In percolation theory, one is interested in large scale connectivity properties of the
random configuration w = w,. In particular, as one raises the level p above a certain
critical parameter p.(Z?), an infinite cluster (almost surely) emerges. This corresponds
to the well-known phase transition of percolation. By a famous theorem of Kesten this
transition takes place at p.(Z*) = 1. On the triangular grid, one also has p.(T) = 1/2.

The event {0 <« oo} denotes the event that there exists a self-avoiding path from 0
to oo consisting of open edges.

A 072 (p)

This phase transition can be measured with
the density function 0z2(p) = P,(0 «— o0)
which encodes important properties of the
large scale connectivities of the random con-
figuration w: it corresponds to the density av-
eraged over the space Z? of the (almost surely
unique) infinite cluster. The shape of the
function 672 is pictured on the right (notice D
the infinite derivative at p.).

y

1/2

4 Conformal invariance at criticality and SLE pro-
cesses

It has been conjectured for a long time that percolation should be asymptotically con-
formally invariant at the critical point. This should be understood in the same way
as the fact that a Brownian motion (ignoring its time-parametrization) is a confor-
mally invariant probabilistic object. One way to picture this conformal invariance is
as follows: consider the ‘largest’ cluster Cs surrounding 0 in §Z? N D and such that
Cs N OD = (). Now consider some other simply connected domain € containing 0. Let
Cs be the largest cluster surrounding 0 in a critical configuration in 6Z2 N and such
that C5NIQ = 0. Now let ¢ be the conformal map from D to Q such that ¢(0) = 0 and
¢'(0) > 0. Even though the random sets ¢(Cj) and Cs do not lie on the same lattice, the
conformal invariance principle claims that when § = o(1), these two random clusters
are very close in law.

Over the last decade, two major breakthroughs have enabled a much better under-
standing of the critical regime of percolation:

e The invention of the SLE processes by Oded Schramm([Sch0(]).

e The proof of conformal invariance on T by Stanislav Smirnov ([Smi01]).



24 CHAPTER II. PERCOLATION IN A NUTSHELL

The simplest precise statement concerning conformal invariance is the following.
Let 2 be a bounded simply connected domain of the plane and let A, B,C and D
be 4 points on the boundary of 2 in clockwise order. Scale the hexagonal lattice T’
by 1/n and perform critical percolation on this scaled lattice. Let P(Q, A, B,C, D, n)
denote the probability that in the 1/n scaled hexagonal lattice there is an open path
of hexagons in ) going from the boundary of €2 between A and B to the boundary of
Q2 between C and D.

Theorem I1.2. (Smirnov, [Smi()])
(i) For all 2 and A, B,C and D as above,

P(Q,A B, C,D,o0):= lim P(2, A, B,C,D,n)

n—oo

exists and is conformally invariant in the sense that if f is a conformal mapping, then
P(Q, A, B, C, D, 00) = P(f(2), f(A), /(B), /(C), (D), ).

(ii) If Q2 is an equilateral triangle (with side lengths 1), A, B and C the three corner
points and D on the line between C' and A having distance x from C, then the above
limiting probability is x. (Observe, by conformal invariance, that this gives the limiting
probability for all domains and 4 points.)

The first half was conjectured by M. Aizenman while J. Cardy conjectured the
limit for the case of rectangles using the four corners. In this case, the formula is quite
complicated involving hypergeometric functions but Lennart Carleson realized that this
is then equivalent to the simpler formula given above in the case of triangles.

Note that, on Z? at p. = 1/2, proving the conformal invariance is still a challenging
open problem.

We will not define the SLE processes in these notes. See the lecture notes by Vincent
Beffara and references therein. The illustration below explains how SLE curves arise
naturally in the percolation picture.

This celebrated picture (by
Oded Schramm) represents an
exploration path on the tri-
angular lattice. This ex-
ploration path, which turns
right when encountering black
hexagons and left when en-
countering white ones, asymp-
totically converges towards
SLE¢ (as the mesh size goes to
0).
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5 Critical exponents

The proof of conformal invariance combined with the detailed information given by
the SLEg process enables one to obtain very precise information on the critical and
near-critical behavior of site percolation on T. For instance, it is known that on the
triangular lattice the density function 6r(p) has the following behavior near p, = 1/2:

0(p) = (p — 1/2)%/36TW)

when p — 1/2+ (see [Wer(T]).

In the rest of these lectures, we will often rely on three types of percolation events:
namely the one-arm, two-arm and four-arm events. They are defined as follows: for
any radius R > 1, let A}, be the event that the site 0 is connected to distance R by
some open path (one-arm). Next, let A% be the event that there are two “arms” of
different colors from the site 0 (which itself can be of either color) to distance R away.
Finally, let A% be the event that there are four “arms” of alternating color from the site
0 (which itself can be of either color) to distance R away (i.e. there are four connected
paths, two open, two closed from 0 to radius R and the closed paths lie between the
open paths). See Figure for a realization of two of these events.

Figure I1.2: A realization of the one-arm event is pictured on the left; the four-arm
event is pictured on the right.

It was proved in [LSW02] that the probability of the one-arm event decays as follows:

P[A}] = ai(R) = Rt
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For the two-arms and four-arms events, it was proved by Smirnov and Werner in [SWOT]
that these probabilities decay as follows:

P[A%] := ay(R) = R0

and
P[A}] == au(R) = R7+)

Remark 11.1. Note the o(1) terms in the above statements (which means of course
goes to zero as R — oo). Its presence reveals that the above critical exponents are
known so far only up to ‘logarithmic’ corrections. It is conjectured that there are no
such ‘logarithmic’ corrections, but at the moment one has to deal with their possible
existence. More specifically, it is believed that for the one-arm event,

a1(R) < R

where < means that the ratio of the two sides is bounded away from 0 and oo uniformly
in R; similarly for the other arm events.

5 3 Land

The four exponents we encountered concerning fr, oy, ag and ay (i.e. %0 15 1

2) are known as critical exponents.

The four-arm event is clearly of particular relevance to us in these lectures. Indeed,
if a point x is in the ‘bulk’ of a domain (n€2, nd;, ndy), the event that this point is
pivotal for the Left-Right crossing event A, is intimately related to the four-arm event.
See Chapter [Vl for more details.

6 Quasi-multiplicativity

Finally, let us end this overview by a type of scale invariance property of these arm
events. More precisely, it is often convenient to “divide” these arm events into different
scales. For this purpose, we introduce ay(r, R) (with r < R) to be the probability that
the four-arm event holds from radius r to radius R (ay(r, R), as(r, R) and as(r, R) are
defined analogously). By independence on disjoint sets, it is clear that if r; < ry < rj
then one has ay(ry,73) < ay(ri,m9) ay(re, r3). A very useful property known as quasi-
multiplicativity claims that up to constants, these two expressions are the same (this
makes the division into several scales practical). This property can be stated as follows.

Proposition I1.3 (quasi-multiplicativity, [Kes®7]|). For any r1 < ro < r3, one has
(both for Z* and T percolations)

044(7“1,7’3) = 044(7’1,7“2) a4(7’2>7’3)-

See [Wer(Yd, Nol09l, SSTOD] for more details. Note also that the same property holds
for the one-arm event. However, this is much easier to prove: it is an easy consequence
of the RSW Theorem [[L1] and the so-called FKG inequality which says that increasing
events are positively correlated. The reader might consider doing this as an exercise.



Chapter 111

Sharp thresholds and the critical
point for 2-d percolation

1 Monotone functions and the Margulis-Russo for-
mula

The class of so-called monotone functions plays a very central role in this subject.

Definition III.1. A function f is monotone if x < y (meaning x; < y; for each i)
implies that f(x) < f(y). An event is monotone if its indicator function is monotone.

Recall that when the underlying variables are independent with 1 having probability
p, we let P, and [E, denote probabilities and expectations.

It is fairly obvious that for f monotone, E,(f) should be increasing in p. The
Margulis-Russo formula gives us an explicit formula for this (nonnegative) derivative.

Theorem II1.1. Let A be an increasing event in §2,. Then
d(Py(A))/dp = T/ (A).

Proof. Let us allow each variable x; to have its own parameter p; and let P,, _, and
». be the corresponding probability measure and expectation. It suffices to show

.....

IP)pl ----- Pn (A) = IP)pl ----- Pn (A\{]' 6 PA}) _|_ ]P)Pl ----- Pn (A m {]' 6 PA})

The event in the first term is measurable with respect to the other variables and hence
the first term does not depend on p; while the second term is

PiPp, . p ({1 € Pa})
since AN {1 € P4} is the event {z; = 1} N {1l € Pa}. O

27
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2 KKL away from the uniform measure case

Recall now Theorem For sharp threshold results, one needs lower bounds on the
total influence not just at the special parameter 1/2 but at all p.

The following are the two main results concerning the KKL result for general p that
we will want to have at our disposal. The proofs of these theorems will be outlined in
the exercises in Chapter [V]

Theorem II1.2 ([BKKT92]). There exists a universal ¢ > 0 such that for any Boolean
function f mapping Q, into {0,1} and, for any p, there exists some i such that

I} (f) > cVar,(f)(logn)/n

Theorem II1.3 ([BKKT92]). There exists a universal ¢ > 0 such that for any Boolean
function f mapping €, into {0,1} and for any p,

I°(f) = cVar,(f)log(1/d,)

where 8, := max; I?(f).

3 Sharp thresholds in general : the Friedgut-Kalai
Theorem

Theorem III.4 ([EK90]). There exists a ¢, < oo such that for any monotone event A
on n variables where all the influences are the same, if P, (A) > €, then

IP) cq log(1/(2¢)) (A) > 1 — €.

p1t+ logn

Remark 111.1. This says that for fixed €, the probability of A moves from below € to
above 1 — e in an interval of p of length of order at most 1/log(n). The assumption of
equal influences holds for example if the event is invariant under some transitive action,
which is often the case. For example, it holds for Example H (iterated 3-majority) as
well as for any graph property in the context of the random graphs G(n, p).

Proof. Theorem and all the influences being the same tell us that
IP(A) > cmin{P,(A),1 —P,(A)}logn
for some ¢ > 0. Hence Theorem [ILT] yields
d(log(B,(A)))/dp > clogn

if P,(A) < 1/2. Letting p* := p; + log(1/29) "oy easy computation (using the fundamental

clogn ?
theorem of calculus) yields
log(P,«(A)) > log(1/2).



4. THE CRITICAL POINT FOR PERCOLATION FOR Z* AND T IS } 29
Next, if P,(A) > 1/2, then
d(log(1 —P,(A)))/dp < —clogn
from which another application of the fundamental theorem yields
log(1 — P+ (A)) < —log(1/e)

log(1/2¢)
clogn

where p™* :=p* + . Letting ¢; = 2/c gives the result. O

4 The critical point for percolation for Z? and T is
1

2

Theorem II1.5 ([KesS0]).

Pe(Z?) = pe(T) = %
Proof. We first show that 6(1/2) = 0. Let Ann(¢) := [—3(,3(]\[-(,¢] and C}y be
the event that there is a circuit in Ann(4*) + 1/2 in the dual lattice around the origin
consisting of closed edges. The C}’s are independent and RSW and FKG show that for
some ¢ > 0, Py/5(Cy) > c for all k. This gives that Py/5(C}, infinitely often) = 1 and
hence 0(1/2) = 0.
The next key step is a finite size criterion which implies percolation and which is
interesting in itself. We outline its proof afterwards.

Proposition II1.6. (Finite size criterion) Let J,, be the event that there is a crossing
of a 2n x (n — 2) box. For any p, if there exists an n such that

P,(J,) > .98,
then a.s. there exists an infinite cluster.

Assume now that p. = 1/2 + 0 with 6 > 0. Let I = [1/2,1/2 + §/2]. Since
0(1/2 +9/2) = 0, it is easy to see that the maximum influence over all variables
and over all p € I goes to 0 with n since being pivotal implies the existence of an
open path from a neighbor of the given edge to distance n/2 away. Next, by RSW,
inf,, Py o(J,) > 0. If for all n, Py /a15/2(Jn) < .98, then Theorems [ILT] and would
allow us to conclude that the derivative of P,(.J,,) goes to oo uniformly on I as n — oo,
giving a contradiction. Hence Py /o14/2(J;,) > .98 for some n implying, by Proposition
M4 that 6(1/2+ §/2) > 0, a contradiction. O
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Outline of proof of Proposition [TL.6l

The first step is to show that for any p and for any ¢ < .02, if P,(.J,,) > 1 — ¢, then
P,(Jo,) > 1 —€/2. The idea is that by FKG and “glueing” one can show that one can
cross a 4n x (n — 2) box with probability at least 1 — 5¢ and hence one obtains that
P,(Jo,) > 1 — €/2 since, for this event to fail, it must fail in both the top and bottom
halves of the box. It follows that if we place down a sequence of (possibly rotated and
translated) boxes of sizes 2" x 2" anywhere, then with probability 1, all but finitely
many are crossed. Finally, one can place these boxes down in an intelligent way such
that crossing all but finitely many of them necessarily entails the existence of an infinite
cluster (see Figure [ILT]). O

I . I
| ’ |
I : I

~A

Figure III.1:

5 Further discussion

The Margulis-Russo formula is due independently to Margulis [Mar74] and Russo
[Rrss1].

The idea to use the results from KKL to show that p. = 1/2 is due to Bollobés
and Riordan (see [BROG]). It was understood much earlier that obtaining a sharp
threshold was the key step. Kesten (see [Kes&()]) showed the necessary sharp threshold
by obtaining a lower bound on the expected number of pivotals in a hands on fashion.
Russo (see [Rus82) had developed an earlier weaker, more qualitative, version of KKL
and showed how it also sufficed to show that p. = 1/2.



Exercise sheet of Chapter [111

Exercise III.1. Develop an alternative proof of the Margulis-Russo formula using
classical couplings.

Exercise II1.2. Study, as best as you can, what the “threshold windows” are (i.e.
where and how long does it take to go from a probability of order € to a probability of
order 1 — €) in the following examples:

(a

(b) for MAJ,

)
)
(c) for the tribes example
(d)

for the iterated majority example.

Do not rely on [KKL8§| type of results, but instead do hands-on computations
specific to each case.

Exercise II1.3. Write out the details of the proof of Proposition [ILA

Problem I1I.4 (What is the “sharpest” monotone event ?). Show that among all
monotone Boolean functions on ,, MAJ, is the one with largest total influence (at

p=1/2).
Hint: Use the Margulis-Russo formula.

Exercise ITI.5. A consequence of Problem [IL4] is that the total influence at p = 1/2
of any monotone function is at most O(y/n). A similar argument shows that for any p,
there is a constant C), so that the total influence at level p of any monotone function
is at most Cpy/n. Prove nonetheless that there exists ¢ > 0 such for for any n, there
exists a monotone function f = f,, and a p = p, so that the total influence of f at level
p is at least cn.

Exercise II1.6. Find a monotone function f : €, — {0,1} such that d(E,(f))/dp is
very large at p = 1/2, but nevertheless there is no sharp threshold for f (this means

that a large total influence at some value of p is not in general a sufficient condition for
sharp threshold).

31
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Chapter IV

Fourier analysis of Boolean
functions (first facts)

1 Discrete Fourier analysis and the energy spec-
trum

It turns out that in order to understand and analyze the concepts previously introduced,
which are in some sense purely probabilistic, a critical tool is Fourier analysis on the
hypercube.

Recall that we consider our Boolean functions as functions from the hypercube
Q, :={—1,1}" into {—1,1} or {0, 1} where €, is endowed with the uniform measure
P=P"= (%5_1 + %51)@’".

In order to apply Fourier analysis, the natural setup is to enlarge our discrete space
of Boolean functions and to consider instead the larger space L?({—1,1}") of real-valued
functions on 2, endowed with the inner product:

(f.g) = Z 27" f(xy, .. xp)g(T, . Tp)

T1,ees®p

= E[fg} for all f,g € L*(2,),

where E denotes expectation with respect to the uniform measure P on €2,,.
For any subset S C {1,2...,n}, let x5 be the function on {—1,1}" defined for any
r=(x1,...,2,) by
xs(x) == H z; . (IV.1)
ies
(So xp = 1.) It is straightforward (check this!) to see that this family of 2" functions
forms an orthonormal basis of L?({—1,1}"). Thus, any function f on €, (and a fortiori
any Boolean function f) can be decomposed as

f= Z J?(S)X&
}

SC{L,wmun

33
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where {f(S)} scin) are the so-called Fourier coefficients of f. They are also sometimes
called the Fourier-Walsh coefficients of f and they satisfy

F(S) = (f.xs) =E[fxs].

Note that f (D) is the average E[ f} and that we have Parseval’s formula which states

that A
E(f)= > F(S)

SC{1,...,n}

As in classical Fourier analysis, if f is some Boolean function, its Fourier(-Walsh)
coefficients provide information on the “regularity” of f. We will sometimes use the
term spectrum when referring to the set of Fourier coefficients.

Of course one may find many other orthonormal bases for L?({—1, 1}"), but there are
many situations for which this particular set of functions {xs}scq,..n} arises naturally.
First of all there is a well-known theory of Fourier analysis on groups, a theory which
is particularly simple and elegant on Abelian groups (thus including our special case
of {—1,1}", but also R/Z, R and so on). For Abelian groups, what turns out to be
relevant for doing harmonic analysis is the set G of characters of G (i.e. the group
homomorphisms from G to C*). In our case of G = {—1,1}", the characters are precisely
our functions yg indexed by S C {1,...,n} since they satisfy xs(z - y) = xs(z)xs(y).
This background is not however needed and we won'’t talk in these terms.

These functions also arise naturally if one performs simple random walk on the
hypercube (equipped with the Hamming graph structure), since they are the eigen-
functions of the corresponding Markov chain (heat kernel) on {—1,1}". Last but not
least, we will see later in this chapter that the basis {xs} turns out to be particularly
well adapted to our study of noise sensitivity.

We introduce one more concept here without motivation; it will be very well moti-
vated later on in the chapter.

Definition IV.1. For any real-valued function f : Q, — R, the energy spectrum E
1s defined by

Ep(m):= > f(S)’, Vme{l,...,n}.

|S]=m

2 Examples

First note that, from the Fourier point of view, Dictator and Parity have simple repre-
sentations since they are x; and x(, respectively. Each of the two corresponding energy
spectra are trivially concentrated on 1 point, namely 1 and n.

For Example Bl the Majority function, Bernasconi explicitly computed the Fourier
coefficients and when n goes to infinity, one ends up with the following asymptotic
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formula for the energy spectrum:

m
T™m2 >

E = @n S 2=
MAJ, (M) Z (5) 0 if m is even.

|5 =m

{ A (m=l) + O(m/n) if mis odd,

(The reader may think about why the “even” coefficients are 0.) See [O'D03] for a
nice overview and references therein concerning the spectral behavior of the majority
function.

A —
> 151—m MAJ,(S)?

I e _om
3 5

n
Figure IV.1: Shape of the energy spectrum for the Majority function

Picture [Tl represents the shape of the energy spectrum of MAJ,,: its spectrum
is concentrated on low frequencies, which is typical of stable functions.

3 Noise sensitivity and stability in terms of the en-
ergy spectrum

In this section, we describe the concepts of noise sensitivity and noise stability in terms
of the energy spectrum.

The first step is to note that, given any real-valued function f : €, — R, the
correlation between f(w) and f(w,) is nicely expressed in terms of the Fourier coefficients
of f as follows:

E[f@)fw)] = E[(3FS0xs @) (3 f(S)xslwd)]

F(9)1 — )5, (IV.2)
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Moreover, we immediately obtain
Cov(f(w), fwe) = Y Er(m)(1—e)™. (IV.3)
m=1

Note that either of the last two expressions tell us that Cov(f(w), f(w,)) is nonneg-
ative and decreasing in €. Also, we see that the “level of noise sensitivity” of a Boolean
function is naturally encoded in its energy spectrum. It is now an an easy exercise to
prove the following proposition.

Proposition IV.1 ([BKS99]). A sequence of Boolean functions f, : {—1,1}" — {0, 1}
1s noise sensitive if and only if, for any k > 1,

k k
Yo > ful8)? =) Ep(m) — 0.
m=1 |S|=m m=1

Moreover, {L1) holding does not depend on the value of € € (0,1) chosen.

There is a similar spectral description of noise stability which, given ([2), is an
easy exercise.

Proposition IV.2 ([BKS99]). A sequence of Boolean functions f, : {—1,1}" — {0, 1}
is noise stable if and only if, for any € > 0, there exists k such that for all n,

YN RS2 =D Ep(m) <«
m=k

m=k |S|=m

So, as argued in the introduction, a function of “high frequency” will be sensitive
to noise while a function of “low frequency” will be stable.

4 Link between the spectrum and influence
In this section, we relate the notion of influence with that of the spectrum.

Proposition IV.3. If f : Q, — {0,1}, then for all k,

and
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Proof. If f: €, — R, we introduce the functions

| Q, —- R
ka{ 0 o (W) — forw)) for all k € [n],

where oy, acts on €, by flipping the &' bit (thus V f corresponds to a discrete derivative
along the k' bit).
Observe that

Vif(w) = f(8) Ixs@) = xs(on@)] = Y 2f(5) xs(w),

SC{1,...n} SC{1,...n},keS

from which it follows that for any S C [n],

2f(S) ifkes

Vif(5) = { 0 otherwise (IV.4)

Clearly, if f maps into {0, 1}, then I(f) := ||[Vif]|1 and since Vi f takes values
in {—1,0,1} in this case, we have [|[Vif|[; = [[Vif||3. Applying Parseval’s formula to
Vif and using ([V.4)), one obtains the first statement of the proposition. The second
is obtained by summing over k and exchanging the order of summation. O

Remark IV.1. If f maps into {—1,1} instead, then one can easily check that I;(f) =
Dsnes f(9)? and I(f) = 374 [S[f(S)*.

5 Monotone functions and their spectrum

It turns out that for monotone functions, there is an alternative useful spectral descrip-
tion of the influences.

Proposition IV.4. If f: Q, — {0,1} is monotone, then for all k

L(f) = 2f({k})

If f maps into {—1,1} instead, then one has that Iy(f) = f({k}). (Observe that Parity
shows that the assumption of monotonicity is needed here; note also that the proof shows
that the weaker result with = replaced by > holds in general.)

Proof. We prove only the first statement; the second is proved in the same way.

FURY =E[fxmy] = E[fxwluwery] +Ef Xy Lirery]

It is easily seen that the first term is 0 (independent of whether f is monotone or not)
and the second term is I"T(f) due to monotonicity. O
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Remark IV.2. This tells us that, for monotone functions mapping into {—1, 1}, the sum
in Theorem [LAlis exactly the total weight of the level 1 Fourier coefficients, that is, the
energy spectrum at 1, F¢(1). (If we map into {0, 1} instead, there is simply an extra
irrelevant factor of 4.) So Theorem [[H and Propositions [V and V.4 imply that for
monotone functions, if the energy spectrum at 1 goes to 0, then this is true for any
fixed level. In addition, Propositions [Vl (with & = 1) and [V.4] easily imply that for
monotone functions the converse of Theorem holds.

Another application of Proposition [V.4] gives a general upper bound for the total
influence for monotone functions.

Proposition IV.5. If f: Q, — {—1,1} or {0, 1} is monotone, then

I(f) < vn.

Proof. If the image is {—1, 1}, then by Proposition [V.4l, we have
I(f) =) L(f) =) FUk}).
k=1 k=1

By the Cauchy-Schwarz inequality, this is at most (3.7_, f2({k}))"/?y/n. By Parseval’s
formula, the first term is at most 1 and we are done. If the image is {0, 1}, the above
proof can easily be modified or one can deduce it from the first case since the total
influence of the corresponding +1-valued function is the same. O

Remark 1V.3. The above result with some universal ¢ on the right hand side follows
(for odd n) from an earlier exercise showing that Majority has the largest influence
together with the known influences for Majority. However, the above argument yields
a more direct proof of the y/n bound.



Exercise sheet of chapter [l

Exercise IV.1. Prove the discrete Poincaré inequality, Theorem [l using the spec-
trum.

Exercise IV.2. Compute the Fourier coefficients for the indicator function that there
are all 1’s.

Exercise IV.3. Show that all even size Fourier coefficients for the Majority function
are 0. Can you extend this result to a broader class of Boolean functions?

Exercise IV.4. For the Majority function MAJ,, find the limit (as the number of
voters n goes to infinity) of the following quantity (total weight of the level-3 Fourier
coefficients)

Exercise IV.5. Let {f,} be a sequence of Boolean functions which is noise sensitive
and {g,} be a sequence of Boolean functions which is noise stable. Show that {f,} and
{gn} are asymptotically uncorrelated.

Exercise IV.6 (Another equivalent definition of noise sensitivity). Assume that {4, }
is a noise sensitive sequence. (This of course means that the indicator functions of these
events is a noise sensitive sequence.)

(a) Show for each ¢ > 0, we have that IP’[wE €A, ‘ u)} — P[An] approaches 0 in
probability.
Hint: use the Fourier representation.

(b) Can you show the above implication without using the Fourier representation?
(c) Discuss if this implication is surprising.

(d) Show that the condition in part (a) implies that the sequence is noise sensitive
directly without the Fourier representation.

Exercise IV.7. How does the spectrum of a generic Boolean function look? Use this
to give an alternative answer to the question asked in problem [[T4l of Chapter [
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Exercise IV.8. (Open ezercise). For Boolean functions, can one have ANY (reason-
able) shape of the energy spectrum or are there restrictions?

For the next exercises, we introduce the following functional which measures the
stability of Boolean functions. For any Boolean function f : €, — {—1,1}, let

Sy ¢ € P[f(w) # F(w0)].

Obviously, the smaller S¢ is, the more stable f is.
Exercise IV.9. Express the functional Sy in terms of the Fourier expansion of f.

By a balanced Boolean function, we mean one which takes its two possible values
each with probability 1/2.

Exercise IV.10. Among balanced Boolean functions, does there exist some function
f* which is “stablest” in the sense that for any balanced Boolean function f and any
e >0,

Sg-(e) <Sy(e)?

If yes, describe the set of these extremal functions and prove that these are the only
ones.

Problem IV.11. In this problem, we wish to understand the asymptotic shape of the
energy spectrum for MAJ,,.

(a) Show that for all € > 0,

. 1 arcsin(l — ¢ arccos(l — ¢
R R

Hint: The relevant limit is easily expressed as the probability that a certain 2-
dimensional Gaussian variable (with a particular correlation structure) falls in a
certain area of the plane. One can write down the corresponding density function
and this probability as an explicit integral but this integral does not seem so easy
to evaluate. However, this Gaussian probability can be computed directly by
representing the joint distribution in terms of two independent Gaussians.

Note that the above limit immediately implies that for f, = MAJ,,

_ 2arcsin(1 —¢)

lim E(fn(w)folwe)) =

n— o0 T

(b) Deduce from (a) and the Taylor expansion for arcsin(z) the limiting value, as
n — oo of Enmay, (k) = 75— MAJ,(S)? for all k > 1. Check that the answer
is consistent with the values obtained earlier for k = 1 and k = 3 (Exercise [\.4).



Chapter V

Hypercontractivity and its
applications

In this lecture, we will prove the main theorems about influences stated in Chapter [}
As we will see, these proofs rely on techniques imported from harmonic analysis, in
particular hypercontractivity. As we will see later in this chapter and in Chapter [VTI]
these types of proofs extend to other contexts which will be of interest to us: noise
sensitivity and sub-Gaussian fluctuations.

1 Heuristics of proofs

All the subsequent proofs which will be based on hypercontractivity will have more or
less the same flavor. Let us now explain in the particular case of Theorem [L2 what the
overall scheme of the proof is.

Recall that we want to prove that there exists a universal constant ¢ > 0 such that
for any function f : Q, — {0, 1}, one of its variables has influence at least CW.

Let f be a Boolean function. Suppose all its influences I (f) are “small” (this would
need to be made quantitative). This means that V f must have small support. Using
the intuition coming from the Weyl-Heisenberg uncertainty, V/IE should then be quite
spread out in the sense that most of its spectral mass should be concentrated on high
frequencies.

This intuition, which is still vague at this point, says that having small influences
pushes the spectrum of V; f towards high frequencies. Now, summing up as we did in
Section Hl of Chapter [V, but restricting ourselves only to frequencies S of size smaller
than some large (well-chosen) 1 < M < n, one easily obtains
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SR < 4 Y ISIfs)?

0<|S|<M 0<|S|<M
= Y TSy
k 0<|S|<M
T YOIV
k
= 1), (V1)

where, in the third line, we used the informal statement that V/k\f should be supported
on high frequencies if f has small influences. Now recall (or observe) that

> F(8)* = Var(f).

[S]>0

Therefore, in the above equation (V.J), if we are in the case where a positive fraction
of the Fourier mass of f is concentrated below M, then (VI says that I(f) is much
larger than Var(f). In particular, at least one of the influences has to be “large”. If, on
the other hand, we are in the case where most of the spectral mass of f is supported
on frequencies of size higher than M, then we also obtain that I(f) is large by using

the formula: A
I(f) =4)_ISIf(S)*.
s

Remark V.1. Note that these heuristics suggest that there is a subtle balance between
> Ie(f) = I(f) and sup, I (f). Namely, if influences are all small (i.e. |- ||o is small),
then their sum on the other hand has to be “large”. The right balance is exactly
quantified by Theorem

Of course it now remains to convert the above sketch into a proof. The main diffi-
culty in the above program is to obtain quantitative spectral information on functions
with values in {—1, 0, 1} knowing that they have small support. This is done ([KKLSS])
using techniques imported from harmonic analysis, namely hypercontractivity.

2 About hypercontractivity

First, let us state what hypercontractivity corresponds to. Let (K});>0 be the heat kernel
on R”. Hypercontractivity is a statement which quantifies how functions are regularized
under the heat flow. The statement, which goes back to a number of authors, can be
simply stated as follows:

Theorem V.1 (Hypercontractivity). Consider R™ with standard Gaussian measure. If
1 < q < 2, there is some t = t(q) > 0 (which does not depend on the dimension n) such
that for any f € LI(R"),

1K fllz < ([ flq-
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The dependence t = t(q) is explicit but will not concern us in the Gaussian case.
Hypercontractivity is thus a regularization statement: if one starts with some initial
“rough” L7 function f outside of L? and waits long enough (¢(q)) under the heat flow,
then we end up being in L? with a good control on its L? norm. We will not prove nor
use Theorem [}

This concept has an interesting history as is nicely explained in O’Donnell’s lecture
notes (see [O'D]). It was originally invented by Nelson in [Nel66] where he needed
regularization estimates on Free fields (which are the building blocks of quantum field
theory) in order to apply these in “constructive field theory”. It was then generalized by
Gross in his elaboration of logarithmic Sobolev inequalities ([Gro75]), which is an im-
portant tool in analysis. Hypercontractivity is intimately related to these Log-Sobolev
inequalities and thus has many applications in the theory of Semigroups, mixing of
Markov chains and other topics.

We now state the result in the case which concerns us, namely the hypercube. For
any p € [0,1], let T, be the following noise operator on the set of functions on
the hypercube: recall from Chapter [l that if w € ,, we denote by w. an e-noised
configuration of w. For any f : Q, — R, we define T,f : w — E[f(wl_p) ‘ w]. This
noise operator acts in a very simple way on the Fourier coefficients, as the reader can
check:

T, f =Y [(S)xs =D 7S xs-
S S

We have the following analogue of Theorem V.1
Theorem V.2 (Bonami-Gross-Beckner). For any f : Q, — R and any p € [0, 1],

[T fll2 < [[f1l14p2

The analogy with the classical result V1] is clear: the heat flow is replaced here
by the random walk on the hypercube. You can find the proof of Theorem in the
appendix attached to the present chapter.

Remark V.2. The term hypercontractive refers here to the fact that one has an operator
which maps L? into L? (¢ < 2), which is a contraction.

Before going into the detailed proof of Theorem [[Z let us see why Theorem
provides us with the type of spectral information we need. In the above sketch, we
assumed that all influences were small. This can be written as

L(f) = IVeflli = IVifIlE < 1,

for any k € [n]. Now if one applies the hypercontractive estimate to these functions
Vi f for some fixed 0 < p < 1, we obtain that

IT,(Vif)lo < IVaflliee = IVRfIE ) < [ Vif]: (V.2)
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where, for the equality, we used once again that V,f € {—1,0,1}. After squaring, this
gives on the Fourier side,

> PIVLF(S) < Y Vif ()
S S

This shows (under the assumption that I.(f) is small) that the spectrum of Vif is
indeed mostly concentrated on high frequencies.

Remark V.3. We point out that Theorem in fact tells us that any function with
small support has its frequencies concentrated on large sets as follows. It is easy to see
that given any p < 2, if a function h on a probability space has very small support,
then its L, norm is much smaller than its Ly norm. Using Theorem .2 we would then
have for such a function that

ITo(P)[l2 < [[2llp2 < [Rl2,
yielding that

> pHh(8)? < Y T h(S)?

which can only occur if h has its frequencies concentrated on large sets. From this point
of view, one also sees that under the small influence assumption, one did not actually
need the third term in (2) in the above outline.

3 Proof of the KKL Theorems on the influences of
Boolean functions

We will start by proving Theorem [ and then Theorem [[3 In fact, it turns out that
one can recover Theorem [[2 directly from Theorem [[3 see the exercises. Nevertheless,
since the proof of Theorem is slightly simpler, we start with this one.

3.1 Proof of Theorem

Let f:Q, — {0,1}. Recall that we want to show that there is some k € [n] such that

L(f) > cVar(f)128" (V.3)

n

for some universal constant ¢ > 0.
We divide the analysis into the following two cases.
Case 1:
Suppose that there is some k € [n] such that I(f) > n~%* Var(f). Then the bound
is clearly satisfied for a small enough ¢ > 0.
Case 2:
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Now, if f does not belong to the first case, this means that for all k € [n],
Li(f) = IVifll < Var(f)n=/*. (V.4)

Following the above heuristics, we will show that under this assumption, most of
the Fourier spectrum of f is supported on high frequencies. Let M > 1, whose value
will be chosen later. We wish to bound from above the bottom part (up to M) of the
Fourier spectrum of f.

f8 < ) ISIf(9)
1<|S|<M 1<|S|<M
< 22M N (1/2)29]81£(S)?
51>1

1
= 12V ITa(Vehls.
k

(see Section @l of Chapter [Ml). Now by applying hypercontractivity (Theorem V.2)) with
p = 1/2 to the above sum, we obtain

p 1
f(9)? < 1 M VRS I12
1<IS|I<M k
< 22MZIk(f)8/5
k
< 22MnVar(f)8/5n%3'%
< MU/ Var(f),

where we used the assumption .4 and the obvious fact that Var(f)%® < Var(f) (recall
Var(f) <1 since f is Boolean). Now with M := |5 log, n|, this gives

Z F(9)? < n/PO7 Y5 Var(f) = n= 10 Var(f) .

1<|S|< 55 logy m

This shows that under our above assumption, most of the Fourier spectrum is con-
centrated above (logn). We are now ready to conclude:
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apI(f) > 2l _ A2 IS5
k

LIS I81F(sY]

>
|S|>M
M A
> —[>] f(5)]
|S|>M
M .
= Y- Y fesy
1<|S|<M
M
> ;Var(f) [1—n~1/1]
1
> ¢ Var(f) ogn’
n
with ¢; = m(l — 271/10) " By combining with the constant given in case 1, this
completes the proof. O

Remark V.4. We did not try here to optimize the proof in order to find the best possible
universal constant ¢ > 0. Note though, that even without optimizing at all, the constant
we obtain is not that bad.

3.2 Proof of Theorem

We now proceed to the proof of the stronger result, Theorem [[3 which states that
there is a universal constant ¢ > 0 such that for any f: Q, — {0,1},

1K) = [Tn(f) ], > e Var(f) 1ogm.

The strategy is very similar. Let f : Q, — {0,1} and let ¢ := |Inf(f)|e =
supy, Ix(f). Assume for the moment that § < 1/1000. As in the above proof, we start
by bounding the bottom part of the spectrum up to some integer M (whose value will
be fixed later). Exactly in the same way as above, one has

Yo fs) < 2V L)

1<|S|<M

< 22M53/5 ZIk(f> _ 22M53/5 I(f) )
k
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Now,

Var(f) = S fS? < X JSP + 1 3 ISIASY
S|>1 1<|S|<M |S|>M

< [22M53/5 + %} I(f) .

Choose M := 2 1og,(3) — 3 logy logy(5). Since § < 1/1000, it is easy to check that
M > 5log,(1/6) which leads us to

1 10
Var(f) < log,(1/8) + log,(1/4) 1)
(V.5)
which gives 1 1
() = It () s = o Var(f) log qrres—.

This gives us the result for ¢ < 1/1000.
Next the discrete Poincaré inequality, which says that I(f) > Var(f), tells us that
the claim is true for § > 1/1000 if we take ¢ to be 1/log 1000. Since this is larger than

we obtain the result with the constant ¢ = — O

1
11log2? 11log2"

4 KKL away from the uniform measure

In Chapter [T (on sharp thresholds), we needed an extension of the above KKIL Theo-
rems to the p-biased measures P, = (pd; + (1 — p)d_1)®". These extensions are respec-
tively Theorems and L3

A first natural idea in order to extend the above proofs would be to extend the
hypercontractive estimate (Theorem [V.2)) to these p-biased measures IP,. This extension
of Bonami-Gross-Beckner is possible, but it turns out that the control it gives gets worse
near the edges (p close to 0 or 1). This is problematic since both in Theorems and
T3 we need bounds which are uniform in p € [0, 1].

Hence, one needs a different approach to extend the KKL Theorems. A nice ap-
proach was provided in [BKKT92|, where they prove the following general theorem.

Theorem V.3 ([BKKT92]). There exists a universal ¢ > 0 such that for any measurable
function f:[0,1]" — {0, 1}, there exists a variable k such that

L(f) > e Var(f)~ 282

n

Here the ‘continuous’ hypercube is endowed with the uniform (Lebesgue) measure and
for any k € [n], Ix(f) denotes the probability that f is not almost-surely constant on
the fiber given by (x;);zk.
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In other words,
L.(f) =P[Var(f(z1,...,20) | zi,i # k) > 0].

It is clear how to obtain Theorem from the above theorem. If p € [0, 1] and
f:9Q, —{0,1}, consider f,:[0,1]" — {0,1} defined by

fp(zla cee >$n) = f((1x1<p - lxiZP)iE[n]) .

Friedgut noticed in [Eri04] that one can recover Theorem from Theorem
The first idea is to use a symmetrization argument in such a way that the problem
reduces to the case of monotone functions. Then, the main idea is the approximate the
uniform measure on [0, 1] by the dyadic random variable

T+ 1
2

27m.

M
XM : (xlv"'uxM) E{_171}M'_>Z

m=1

One can then approximate f : [0,1]" — {0, 1} by the Boolean function fy; defined on
{_17 1}M><n by

A~

far(at, oy, ahy) = f( Xy, X))

Still (as mentioned in the above heuristics) this proof requires two technical steps: a
monotonization procedure and an “approximation” step (going from f to fM) Since in
our applications to sharp thresholds we used Theorems and only in the case
of monotone functions, for the sake of simplicity we will not present the monotonization
procedure in these notes.

Furthermore, it turns out that for our specific needs (the applications in Chapter
[[I), we do not need to deal with the approximation part either. The reason is that for
any Boolean function f, the function p — I7(f) is continuous. Hence it is enough to
obtain uniform bounds on I?(f) for dyadic values of p (i.e. p € {m2=} N 0,1]).

See the exercises for the proof of Theorems and when f is assumed to be
monotone (problem [4]).

Remark V.5. We mentioned above that generalizing hypercontractivity would not allow
us to obtain uniform bounds (with p taking any value in [0,1]) on the influences. It
should be noted though that Talagrand obtained ([Tal94]) results similar to Theorems
and by somehow generalizing hypercontractivity, but along a different line.
Finally, let us point out that both Talagrand ([Tal94]) and Friedgut and Kalai ([EK9d])
obtain sharper versions of Theorems and where the constant ¢ = ¢, in fact
improves (i.e. blows up) near the edges.
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5 The noise sensitivity theorem

In this section, we prove the milestone Theorem [J from [BKS99]. Before recalling
what the statement is, let us define the following functional on Boolean functions. For
any f:Q, — {0,1}, let

H(f) =) L(f)* = [[Inf(f)[]3-

Recall the Benjamini-Kalai-Schramm Theorem.

Theorem V.4 ([BKS99]). Consider a sequence of Boolean functions fp, : Qp, — {0,1}.
If

mn

H(f) = 3 L(f)? =0

as n — oo, then {f,}n is noise sensitive.

We will in fact prove this theorem under a stronger condition, namely that H(f,,) <
(m,,)~? for some exponent § > 0. Without this assumption of “polynomial decay” on
H(f,), the proof is more technical and relies on estimates obtained by Talagrand. See
the remark at the end of this proof. For our application to the noise sensitivity of
percolation (see Chapter [\Vl), this stronger assumption will be satisfied and hence we
stick to this simpler case in these notes.

The assumption of polynomial decay in fact enables us to prove the following more
quantitative result.

Proposition V.5 ([BKS99)]). For any 6 > 0, there exists a constant M = M(d) > 0
such that if f, : Qm, — {0, 1} is any sequence of Boolean functions satisfying

H(f.) < (ma)™°,

then

Yo 8?2 —0.

1<|S|<M log (my)

Using Proposition [Vl this proposition obviously implies Theorem [L3 when H( f,,)
decays as assumed. Furthermore, this gives a quantitative “logarithmic” control on the
noise sensitivity of such functions.

Proof. The strategy will be very similar to the one used in the KKL Theorems (even
though the goal is very different). The main difference here is that the regularization
term p used in the hypercontractive estimate must be chosen in a more delicate way
than in the proofs of KKL results (where we simply took p = 1/2).

Let M > 0 be a constant whose value will be chosen later.
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Yoo RO <4 S SIAGP=Y. Y Viful(S)
1<]S|<M log(mun) 1<]S|<M log(man) k  1<|S|<M log(mn)
1 og(m
< DM T (V)
k

IN

1 og(m.
Z(F)Ml g n)||kan||§+p2_

k

by Theorem [
Now, since fn is Boolean, one has ||V fnll14,2 = ||kan||2/ 1+%) , hence

¢ —2M log(mn 4/(1+p? —2M log(mn)
Z fn(S)2 < p 2M log( )Z ||kan||2/( +p*) _ —2M log( ZIk 2/(1+p
k

0<|S|<M log(mn)

IN

p—leog(mn)(mn)pz/(sz)(Z L.(f.) )”” (by Holder)
k

p—2M10g(mn) (mn>ﬁ2/(1+p2) H(fn)#

p2—s
< p—2M log(Mn) (mn) 1+/)2 .

Now by choosing p € (0,1) close enough to 0, and then by choosing M = M)
small enough, we obtain the desired logarithmic noise sensitivity. O

We now give some indications of the proof of Theorem [L3 in the general case.

Recall that Theorem [[3is true independently of the speed of convergence of H( f,,) =
> Ie(fn)?. The proof of this general result is a bit more involved than the one we gave
here. The main lemma is as follows:

Lemma V.6 ([BKS99)). There exist absolute constants Cy. such that for any monotone
Boolean function f and for any k > 2, one has

> F(S) < CuH(f) (—log H(f))*!

|S|=k

This lemma “mimics” a result from Talagrand’s [Tal96]. Indeed, Proposition 2.3 in
[Tal96] can be translated as follows: for any monotone Boolean function f, its level-2
Fourier weight (i.e. g 2f( )?) is bounded by O(1)H(f)log(1/H(f)). Lemma 6
obviously implies Theorem [ in the monotone case, while the general case can be de-
duced by a monotonization procedure. It is worth pointing out that hypercontractivity
is used in the proof of this lemma.



Appendix: proof of
hypercontractivity

The purpose of this appendix is to show that we are not using a giant “hammer” but
rather that this needed inequality arising from Fourier analysis is understandable from
first principles. In fact, historically, the proof by Gross of the Gaussian case first looked
at the case of the hypercube and so we have the tools to obtain the Gaussian case should
we want to. Before starting the proof, observe that for p = 0 (where 0° is defined to be
1), this simply reduces to | [ f| < [|f].

Proof of Theorem

0.1 Tensorization

In this first subsection, we show that it is sufficient, via a tensorization procedure, that
the result holds for n = 1 in order for us to be able to conclude by induction the result
for all n.

The key step of the argument is the following lemma.

Lemma V.7. Let ¢ > p > 1, (4, p1), (2, p2) be two finite probability spaces, K; :
Q; x Q; — R and assume that fori=1,2

||ﬂ(f)||Lq(Quﬂz) < HfHLp(Qi,M)
where Ti(f)(x) := [qo, f(y)Ki(2,y)dpi(y). Then
177 @ To(f)l g (@1 0) % (Qaiz)) < I Lo (@1 000) % (Q2,112))

where Ty @ To(f)(x1, 22) 1= leXQz Fyr, y2) Ko (21, 91) Koo, yo)dpn (y1) X dps(ys).

Proof. One first needs to recall Minkowski’s inequality for integrals, which states that,
for ¢ > 0 and r € [1,00), we have

</ </g<x’y)d”(y))rd“(x))l/r S/(/g(%y)’“du(w))w dv(y).

ol
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(Note that when v consists of 2 point masses each of size 1, then this reduces to the
usual Minkowski inequality.)

One can think of 77 acting on functions of both variables by leaving the second
variable untouched and analogously for T5. It is then easy to check that T) ®T, = T70Ts.
By thinking of x5 as fixed, our assumption on 7T} yields

a/p
177 @ To(F)T, (0 ) x (o)) = / ( : |T2(f)|pd,u1(x1)> dpa(z2).

Qo

(It might be helpful here to think of T5(f)(z1,x2) as a function ¢g*2(z;) where 5 is
fixed).
Applying Minkowski’s integral inequality to |T3(f)|P with r = ¢/p, this in turn is at

most
[/91 ( Q0 ‘Tz(qu”?(x?))p/q dpur (1)

Fixing now the x; variable and applying our assumption on 75 gives that this is at most
q .
||f’|LP((917“1)X(Q27H2)), as desired. 0

The next key observation, easily obtained by expanding and interchanging of sum-
mation, is that our operator 7}, acting on functions on €2, corresponds to an operator
of the type dealt with in the previous lemma with K (z,y) being

> Ps(@)xs ).

Sg{l 7777 n}

a/p

In addition, it is easily checked that the function K for the €, is simply an n-fold
product of the function for the n = 1 case.

Assuming the result for the case n = 1, Lemma V.1 and the above observations
allow us to conclude by induction the result for all n.

0.2 The n =1 case

We now establish the case n = 1. We abbreviate 7, by T'.

Since f(x) = (f(=1) + f(1))/2+ (f(1) = f(- ))/2 x, we have T'f(x) = (f(=1) +

1
f())/24p(f(1) = f(=1))/2 2. Denoting (f(—1)+ f(1))/2 by a and (f(1) — f(-1))/2
by b, it suffices to show that for all a and b, we have

|a + b7 + Ja — b+

(a® + pB) )2 < .

Using p € [0, 1], the case a = 0 is immediate. For the case, a # 0, it is clear we can
assume a > 0. Dividing both sides by a'*?’ we need to show that

Ly [ -y

. (V.6)

(1+p2y2)(1+p /2
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for all y and clearly it suffices to assume y > 0.
We first do the case that y € [0,1). By the generalized Binomial formula, the right
hand side of (V0 is

% Li;o (1 ZPQ) y'+ ki;o (1 ZPQ) (—y)k] = i (1 ;f) .

k=0

For the left hand side of (\L.6), we first note the following. For 0 < A < 1, a simple
calculation shows that the function g(z) = (1 +x)* — 1 — Az has a negative derivative
on [0, 00) and hence g(z) <0 on [0, c0).

This yields that the left hand side of (L.6) is at most

1 2
1+< ‘;p)p2y2

which is precisely the first two terms of the right hand side of (V.@). On the other
hand, the binomial coefficients appearing in the other terms are nonnegative, since in
the numerator there are an even number of terms with the first two terms being positive
and all the other terms being negative. This verifies the desired inequality for y € [0, 1).
The case y = 1 for (.4) follows by continuity.
For y > 1, we let z = 1/y and note, by multiplying both sides of (¥8) by 2+, we
need to show

|14 2|7 4 |1 — 2|7
2
Now, expanding (1 — 2%)(1 — p?), one sees that 2% + p* < 1+ 2%p* and hence the

desired inequality follows precisely from (.0l for the case y € (0,1) already proved.
This completes the n = 1 case and thereby the proof. O

(22 + p?) /2 < (V.7)
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Exercise sheet of Chapter

Exercise V.1. Find a direct proof that Theorem [ implies Theorem [C2

Exercise V.2. Is it true that the smaller the influences are, the more noise sensitive
the function is?

Exercise V.3. Prove that Theorem indeed implies Theorem [IL2A
Hint: use the natural projection.

Problem V.4. In this problem, we prove Theorems [IL2 and [IL3l for the monotone
case.

1. Show that Theorem [[IL3 implies M2 and hence one needs to prove only Theorem
[TT3 (This is the basically the same as Exercise .TJ).

2. Show that it suffices to prove the result when p = k/2° for integers k and /.
3. Let T1: {0,1}¢ — {0,1/2¢,..., (20 = 1)/2} by T(xy, ..., 2¢) = S, ;/2%. Ob-

serve that if x is uniform, then II(z) is uniform on its range and that P(Il(z) >
i/2%) = (2¢ — i) /2%

4. Define g : {0,1}* — {0,1} by g(z1,...,2¢) := In@)>1-py. Note that P(g(z) =
1) =p.

5. Define f : {0,1}" — {0,1} by

2

f(:c%,...,x%,x%,...,x?,...,x?,...,x?):f(g(xi,...,x%),g(ml,...,x?),...,g(:c?,...

Observe that f (defined on ({0,1}", m,/5)) and f (defined on ({0,1}",7,)) have
the same distribution and hence the same variance.

6. Show (or observe) that I ;)(f) < I2(f) foreach r = 1,...,nand j = 1,..., /.
Deduce from Theorem [[J that

3Ty (F) > eVar(£) log(1/6,)

where 0, := max; I”(f) where ¢ comes from Theorem
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7. (Key step). Show that for each r =1,...,nand j =1,...,¢,
Loy (f) ST(f)/27

8. Combine parts 6 and 7 to complete the proof.



Chapter VI

First evidence of noise sensitivity of
percolation

In this lecture, our goal is to collect some of the facts and theorems we have seen so far
in order to conclude that percolation crossings are indeed noise sensitive. Recall from
the “BKS” Theorem (Theorem [[H) that it is enough for this purpose to prove that
influences are “small” in the sense that >, I (f,)? goes to zero.

In the first section, we will deal with a careful study of influences in the case of
percolation crossings on the triangular lattice. Then, we will treat the case of Z2,
where conformal invariance is not known. Finally, we will speculate to what “extent”
percolation is noise sensitive.

This whole chapter should be considered somewhat of a “pause” in our program,
where we take the time to summarize what we have achieved so far in our understanding
of the noise sensitivity of percolation, and what remains to be done if one wishes to prove
things such as the existence of exceptional times in dynamical percolation.

1 Bounds on influences for crossing events in criti-
cal percolation on the triangular lattice

1.1 Setup

Fix a,b > 0, let us consider some rectangle [0,a - n] x [0,b - n|, and let R, be the set
of of hexagons in T which intersect [0,a - n] x [0,b-n|. Let f,, be the event that there
is a left to right crossing event in R,. (This is the same event as in Example [[ in
chapter [, but with Z? replaced by T). By the RSW Theorem [l we know that {f,}
is non-degenerate. Conformal invariance tells us that E[ fn} = IP’[ fn = 1] converges as
n — oo. The limit is given by the so-called Cardy’s formula.

In order to prove that this sequence of Boolean functions {f,} is noise sensitive,
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we wish to study its influence vector Inf( f,,) and we would like to prove that H(f,) =
|Inf(f,)]13 = >_ 1i(fs)? decays polynomially fast towards 0. (Recall that in these notes,
we gave a complete proof of Theorem [LH only in the case where H(f,,) decreases as an
inverse polynomial of the number of variables.)

1.2 Study of the set of influences

Let = be a site (i.e. a hexagon) in the rectangle R,,. One needs to understand

L.(f,) := P[x is pivotal for f,]

It is easy but crucial to note that if z is
at distance d from the boundary of R,, in
order for x to be pivotal, the four-arm event
described in Chapter [l (see Figure [L2) has
to be satisfied in the ball B(xz,d) of radius
d around the hexagon z. See the figure on
the right.

In particular, this implies (still under the assumption that dist(x, OR,,) = d) that
L(fa) < au(d) = d-1+0,

where ay(d) denotes the probability of the four-arm event up to distance d. See Chapter
I The statement
CY4(R) _ R—5/4+O(1)

implies that for any € > 0, there exists a constant C' = C,, such that for all R > 1,
ay(R) < C R4+,

The above bound gives us a very good control on the influences of the points in the
bulk of the domain (i.e. the points far from the boundary). Indeed, for any fixed § > 0,
let AfL be the set of hexagons in R,, which are at distance at least on from OR,,. Most
of the points in R, (except a proportion O(d) of these) lie in A?, and for any such point
x € A%, one has by the above argument

L(f,) < au(dn) < O (6n) 24 < 055454, (VL.1)

Therefore, the contribution of these points to H(f,) = >, Ix(f,)? is bounded by
O(n?)(C6=5/4n=5/1%€)2 = O(§=5/2n=1/2+2¢) . As n — oo, this goes to zero polynomially
fast. Since this estimate concerns “almost” all points in R,, it seems we are close to
proving the BKS criterion.
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1.3 Influence of the boundary

Still, in order to complete the above analysis, one has to estimate what the influence
of the points near the boundary is. The main difficulty here is that if x is close to
the boundary, the probability for x to be pivotal is not related anymore to the above
four-arm event. Think of the above figure when d gets very small compared to n. One
has to distinguish two cases:

e 1 is close to a corner. This will correspond to a two-arm event in a quarter-plane.

e 1 is close to an edge. This involves the three-arm event in the half-plane H.

Before detailing how to estimate the influence of points near the boundary, let us
start by giving the necessary background on the involved critical exponents.

The two-arm and three-arm events in H. For these particular events, it turns out
that the critical exponents are known to be universal: they are two of the very few crit-
ical exponents which are known also on the square lattice Z2. The derivations of these
types of exponents do not rely on SLE technology but are “elementary”. Therefore, in
this discussion, we will consider both lattices T and Z2.

The three-arm event in H corre-
sponds to the event that there are
three arms (two open arms and
one ‘closed’” arm in the dual) go-
ing from 0 to distance R and such
that they remain in the upper half-
plane. See the figure for a self-
explanatory definition. The two-
arm event corresponds to just hav-

| /11111
ing one open and one closed arm.

Let ay (R) and a3 (R) denote the probabilities of these events. As in chapter [, let
ay (r, R) and o (r, R) be the natural extensions to the annulus case (i.e. the probability
that these events are satisfied in the annulus between radii » and R in the upper half-
plane).

We will rely on the following result, which goes back as far as we know to M.
Aizenman. See [Wer()7] for a proof of this result.

R

T or Z?

Proposition VI.1. Both on the triangular lattice T and on Z2, one has that
as (r,R) < (r/R)

and
af (r,R) < (r/R)*.

Note that, in these special cases, there are no o(1) correction terms in the exponent.
The probabilities are in this case known up to constants.
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The two-arm event in the quarter-plane. In this case, the corresponding exponent
is unfortunately not known on Z?, so we will need to do some work here in the next
section, where we will prove noise sensitivity of percolation crossings on Z2.

The two-arm event in a corner corresponds to
the event illustrated on the following picture.
We will use the following proposition:

Proposition V1.2 (SWOT)). If o *(R) de-
notes the probability of this event, then

af T(R) = R2to(1) ’

and with the obvious notations

ot ) = (/R }//////////////

Now, back to our study of influences, we are in good shape (at least for the triangular
lattice) since the two critical exponents arising from the boundary effects are larger than
the bulk exponent 5/4. This means that it is less likely for a point near the boundary
to be pivotal than for a point in the bulk. Therefore in some sense the boundary helps
us here.

More formally, summarizing the above facts, for any ¢ > 0, there is a constant
C' = C(e) such that for any 1 <r < R,

max{ay(r, R), a3 (r, R),a3 " (r,R)} < C'(?"/R)%_6 . (VI1.2)

Now, if x is some hexagon in R, let ng be the distance to the closest edge of OR,
and let z¢ be the point on JR, such that dist(z,z¢) = ng. Next, let ny > ng be the
distance from z to the closest corner and let x; be this closest corner. It is easy to see
that for x to be pivotal for f,, the following events all have to be satisfied:

e The four-arm event in the ball of radius ny around x.

e The H-three-arm event in the annulus centered at zy of radii 2ny and n;.

e The corner-two-arm event in the annulus centered at x; of radii 2n,; and n.

By independence on disjoint sets, one thus concludes that

ay(ng) g (2ng,ny) ag (2ny,n)

L(f,) <
< O(1)n=>/**e.
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1.4 Noise sensitivity of crossing events

This uniform bound on the influences over the whole domain R,, enables us to conclude
that the BKS criterion is indeed verified. Indeed,

H(f,) = Y L(f.)? < CnP(n™2/*)? = Cn~t/212 (VL3)

EAS R'rl

where C' = C'(a, b, €) is a universal constant. By taking e < 1/4, this gives us the desired
polynomial decay on H(f,), which by Proposition 1) implies

Theorem VI.3 ([BKS99]). The sequence of percolation crossing events {f,} on T is
noise sensitive.

We will give some other consequences (for example, to sharp thresholds) of the
above analysis on the influences of the crossing events in a later section.

2 The case of Z? percolation

Let R, denote similarly the Z? rectangle closest to [0,a-n] x [0,b-n] and let f, be the
corresponding left-right crossing event (so here this corresponds exactly to example [).
Here one has to face two main difficulties:

e The main one is that due to the missing ingredient of conformal invariance, one
does not have at our disposal the value of the four-arm critical exponent (which
is of course believed to be 5/4). In fact, even the ezistence of a critical exponent
is an open problem.

e The second difficulty (also due to the lack of conformal invariance) is that it is
now slightly harder to deal with boundary issues. Indeed, one can still use the
above bounds on a3 which are universal, but the exponent 2 for o * is not known

for Z2. So this requires some more analysis.

Let us start by taking care of the boundary effects.

2.1 Handling the boundary effect

What we need to do in order to carry through the above analysis for Z? is to ob-
tain a reasonable estimate on aj *. Fortunately, the following bound, which follows

immediately from Proposition VL], is sufficient.

aft(r,R) < 0(1)% . (VL4)

Now let e be an edge in R,. We wish to bound from above I.(f,). We will use
the same notation as in the case of the triangular lattice: recall the definitions of
ng, Lo, N1, 1 there.
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We obtain in the same way
Ie(fn) S a4(n0) OK;(27L0, nl) a;+(2n1, n) . (VI5)

At this point, we need another universal exponent, which goes back also to M.
Aizenman:

Theorem VI.4 (M. Aizenman, see [Wer(7]). Let as(r, R) denote the probability that
there are 5 arms (with four of them being of ‘alternate colors’). Then there are some
universal constants c,C' > 0 such that both for T and Z?, one has for all 1 <r < R,

o(5)" <as(rB) < O(5)"

This result allows us to get a lower bound on ay(r, R). Indeed, it is clear that
ay(r, R) > as(r,R) > Q(1)a; (r, R) . (VL6)

In fact, one can obtain the following better lower bound on ay(r, R) which we will
need later.

Lemma VI.5. There exists some € > 0 and some constant ¢ > 0 such that for any
1<r <R,
ou(r, R) > e(r/R)*.

Proof. There are several ways to see why this holds, none of them being either very
hard or very easy. One of them is to use Reimer’s inequality (see [Gri99]) which in
this case would imply that

as(r, R) < ay(r, R)ay(r, R) . (VL.7)
The RSW Theorem [T can be used to show that
ay(r,R) < (r/R)*

for some positive a. By Theorem VT4, we are done. [See [[GPSI], Section 2.2 as well
as the appendix] for more on these bounds.] O

Combining (VIH) with (MVLH), one obtains

Ie(fn)

O(1)ay(ng)as(2ng, n1)ag F(2n1,n)
< O@W)au(m) =,

IN

where in the last inequality we used quasi-multiplicativity (Proposition [L3) as well as
the bound given by (VIL4).
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Recall that we want an upper

bound on H(f,) = >.I.(f,)? In

this sum over edges e € R, let us b
divide the set of edges into dyadic n
annuli centered around the 4 cor-

ners as in the next picture.

2/<:+1

k
\[s1 2
Notice that there are O(1)2% edges in an annulus of radius 2*. This enables us to
bound H(f,,) as follows:

logy n4+0(1) ok \ 2
ML) < o) Y 2¢(anh)>)
ecRy, k=1
< o= Y oM. (VLS)

k<log, n+0O(1)

It now remains to obtain a good upper bound on ay(R), for all R > 1.

2.2 An upper bound on the four-arm event in 72

This turns out to be a rather non-trivial problem. Recall that we obtained an easy
lower bound on a4 using «; (and Lemma strengthens this lower bound). For an
upper bound, completely different ideas are required. On Z?, the following estimate is
available for the 4-arm event.

Proposition VI1.6. For critical percolation on Z?, there exists constants e, C' > 0 such
that for any R > 1, one has

oas(1, R) < o(%)”e.

Before discussing where such an estimate comes from, let us see that it indeed
implies a polynomial decay for H(f,).
Recall equation (V). Plugging in the above estimate, this gives us

1
2 4k (ok\—2—2¢
LU £ 0 > 22
eERy k<log, n+0O(1)

O(1)Ln22 — 01y

n2

IN
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which implies the desired polynomial decay and thus the fact that { f,,} is noise sensitive
by Proposition ).

Let us now discuss different approaches which enable one to prove Proposition VL0

(a) Kesten proved implicitly this estimate in his celebrated paper [Kes87]. His main
motivation for such an estimate was to obtain bounds on the corresponding critical
exponent which governs the so-called critical length.

(b) In [BKS99], in order to prove noise sensitivity of percolation using their criterion
on H(f,,), the authors referred to [Kes87], but they also gave a completely different
approach which also yields this estimate.

Their alternative approach is very nice: finding an upper bound for a4(R) is
related to finding an upper bound for the influences for crossings of an R x R box.
For this, they noticed the following nice phenomenon: if a monotone function f
happens to be very little correlated with majority, then its influences have to be
small. The proof of this phenomenon uses for the first time in this context the
concept of “randomized algorithms”. For more on this approach, see Chapter
[VITH, which is devoted to these types of ideas.

(¢) In [SSIOB], the concept of randomized algorithms is used in a more powerful way.
See again Chapter [VITIl In this chapter, we provide a proof of this estimate in
Proposition VI8

Remark VI.1. It turns out that that a multi-scale version of Proposition VL0 stating

14-€
that ay(r, R) < C(%) is also true. However, none of the three arguments given

above seem to prove this stronger version. A proof of this stronger version is given in
the appendix of [SSI0al. Since this multi-scale version is not needed until Chapter [X]
we stated here only the weaker version.

3 Some other consequences of our study of influ-
ences

In the previous sections, we handled the boundary effects in order to check that H(f,)
indeed decays polynomially fast. Let us list some related results implied by this analysis.

3.1 Energy spectrum of f,

We start by a straightforward observation: since the f,, are monotone, we have by
Proposition V4] that

Fulfor) = SLulh),



3. SOME OTHER CONSEQUENCES OF OUR STUDY OF INFLUENCES 65

for any site = (or edge €) in R,,. Therefore, the bounds we obtained on H( f,,) imply the
following control on the first layer of the energy spectrum of the crossing events { f,}.

Corollary VI.7. Let {f,} be the crossing events of the rectangles R,,.

e [f we are on the triangular lattice T, then we have the bound

Efn(l) _ Z J/L‘;(S)z < n—1/2+0(1)

|5]=1

e On the square lattice Z2, we end up with the weaker estimate
Efn(l) < Cn™* y

for some ¢,C > 0.

3.2 Sharp threshold of percolation

The above analysis gave an upper bound on Y, I;(f,)?. As we have seen in the first
chapters, the total influence I(f,,) = >, I(f,) is also a very interesting quantity. Recall
that, by Russo’s formula, this is the quantity which shows “how sharp” the threshold
is for p — P,[fn = 1].

The above analysis allows us to prove the following.

Proposition VI1.8. Both on T and Z2, one has
I(f,) < nau(n).
In particular, this shows that on T that
1(f,) = n¥/t+e®

Remark VI.2. Since f, is defined on {—1,1}°") note that the Majority function
defined on the same hypercube has a much sharper threshold than the percolation
crossings f,.

Proof. We first derive an upper bound on the total influence. In the same vein (i.e.,
using dyadic annuli and quasi-multiplicativity) as we derived (VLS) and with the same
notation one has

I(f2) = Y L(fa) < Y O(Was(m)=
0(1)% > 2%ay(2h).

k<log, n+0O(1)

IN
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Now, and this is the main step here, using quasi-multiplicativity one has a4(2%) <
O(1)=240L_ which gives us

as(2kn)”

() < o™ 3

n ayu(2F.n
k<log, n+0O(1) 4( ’ )

< omW e R) > as(r, R) < (r/R)™
< (1) Z 9% since ay(r, R) > as(r, R) < (r/R)
k<log, n+0O(1)
< OMnaymn) Y, 2
k<log, n+0O(1)
< O(1)nay(n)

as desired.

For the lower bound on the total influence, we proceed as follows. One obtains
a lower bound by just summing over the influences of points whose distance to the
boundary is at least n/4. It would suffice if we knew that for such edges or hexagons,
the influence is at least a constant times a4(n). This is in fact known to be true. It
is not very involved and is part of the folklore results in percolation. However, it still
would lead us too far from our topic. The needed technique is known under the name
of separation of arms and is clearly related to the statement of quasi-multiplicativity.

See [Wer(7] for more details. O

4 Quantitative noise sensitivity

In this chapter, we have proved that the sequence of crossing events {f,} is noise
sensitive. This can be roughly translated as follows: for any fixed level of noise € >
0, as n — o0, the large scale clusters of w in the window [0,n]? are asymptotically
independent of the large clusters of w..

Remark VI1.3. Note that this picture is correct, but in order to make it rigorous, this
would require some work, since so far we only worked with left-right crossing events.
The non-trivial step here is to prove that in some sense, in the scaling limit n — oo, any
macroscopic property concerning percolation (e.g., diameter of clusters) is measurable
with respect to the o-algebra generated by the crossing events. This is a rather subtle
problem since we need to make precise what kind of information we keep in what we
call the “scaling limit” of percolation (or subsequential scaling limits in the case of
Z*). An example of something which is not present in the scaling limit is whether one
has more open sites than closed ones since by noise sensitivity we know that this is
asymptotically uncorrelated with crossing events. We will not need to discuss these
notions of scaling limits more in these lecture notes, since the focus is mainly on the
discrete model itself including the model of dynamical percolation which is presented
at the end of these lecture notes.
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At this stage, a natural question to ask is to what extent the percolation picture is
sensitive to noise. In other words, can we let the noise € = €, go to zero with the “size
of the system” n, and yet keep this independence of large scale structures between w
and we, 7 If yes, can we give quantitative estimates on how fast the noise € = ¢, may
go to zero? One can state this question more precisely as follows.

Question VI.1. If {f,} denote our left-right crossing events, for which sequences of
noise-levels {e,} do we have

lim Cov[f,(w), fu(we, )] =07

n—~0o0

The purpose of this section is to briefly discuss this question based on the results
we have obtained so far.

4.1 Link with the energy spectrum of {f,}

It is an exercise to show that Question VL1l is essentially equivalent to the following
one.

Question VI1.2. For which sequences {k,} going to infinity do we have

S B m= Y R8P — 07

n—oo
1<|S|<kn

Recall that we have already obtained some relevant information on this question.
Indeed, we have proved in this chapter that H(f,,) = >__ I.(f,)* decays polynomially
fast towards 0 (both on Z? and T). Therefore Proposition tells us that for some
constant ¢ > 0, one has for both T and Z? that

Yoo 8?2 —o. (VL9)

1<|S|<clogn

Therefore, back to our original question [VI] this gives us the following quantitative
statement: if the noise €, satisfies €, > @, then f,(w) and f,(w,, ) are asymptotically
independent.

4.2 Noise stability regime

Of course, one cannot be too demanding on the rate of decay of {¢,}. For example if
€n K #, then in the window [0, n|?, with high probability, the configurations w and w,,
are identical. This brings us to the next natural question concerning the noise stability
regime of crossing events.
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Question V1.3. Let {f,} be our sequence of crossing events. For which sequences {€,}
do we have

P[fn(w) - fn(wenﬂ R 07

—00

It is an exercise to show that this question is essentially equivalent to the following
one.
For which sequences {k,} do we have

> (S —07

|S|>kn

Using the estimates of the present chapter, one can give the following non-trivial
bound on the noise stability regime of {f,}.

Proposition VI.9. Both on Z? and T, if

=)

then
P[fa(w) # fulwe)] — 0

—00

On the triangular grid, using the critical exponent, this gives us a bound of n=%/* on

the noise stability regime of percolation.

Proof. Let {¢,} be a sequence satisfying the above assumption. There are O(n?) bits
concerned. For simplicity, assume that there are exactly n? bits. Let us order these in
some arbitrary way: {z1,..., 2,2} (or on Z?, {ey,...,en2}).

Let w = wy = (21,...,2,2) be sampled according to the uniform measure. Recall
that the noised configuration w,, is produced as follows: for each i € [n?], resample the
bit x; with probability €,, independently of everything else, obtaining the bit y;. (In
particular y; # x; with probability €,/2).

Now for each i € [n?] define the intermediate configuration

Wi = (Y1, Yir Tig1y -+ T2)

Notice that for each i € [n?], w; is also sampled according to the uniform measure
and one has for each i € {1,...,n*} that

P[fﬂ(wi—l) 7é fn(wz)} = (en/2) I:cz(fn) :
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Summing over all ¢, one obtains

P[fn(w) # fn(wfn)] = ]P)[fn(wo) # fn(wrﬂ)}

n2—1

< D Plfalwi) # falwin)]

(€n/2) Z Lo, (fn)

(€n/2) I(fn)
e,O(1)n*ay(n) by Proposition VT8,

IN

which concludes the proof. O

4.3 Where does the spectral mass lies?

Proposition VT (together with Exercise X2 in Chapter [X]) implies that the Fourier
coefficients of { f,,} satisfy

Y s —o. (VI.10)

n—oo
|5 n2a (n)

From Lemma [VLH we know that even on Z?, n*ay(n) is larger than n¢ for some
exponent € > (. Combining the estimates on the spectrum that we achieved so far
(equations (NLO) and (VLIM)), we see that in order to localize the spectral mass of
{fn}, there is still a missing gap. See Figure VLl

For our later applications to the model of dynamical percolation (in the last chapter
of these lecture notes), a better understanding of the noise sensitivity of percolation
than the “logarithmic” control we achieved so far will be needed.
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b By (k) == Sis)=k falS)?
Where is

the  Spec-
tral  mas

£ f, 2

k

»
|

—— e [
clogn n3/4+o(1)

Figure VI.1: This picture summarizes our present knowledge of the energy spectrum
of {f.} on the triangular lattice T. Much remains to be understood to know where, in
the range [Q(logn), n*/4F°W]  the spectral mass lies. This question will be analyzed in
the following chapters.



Exercise sheet on chapter V]

Instead of being the usual exercise sheet, this page will be devoted to a single Problem
whose goal will be to do “hands-on” computations of the first layers of the energy
spectrum of the percolation crossing events f,,. Recall from Proposition [Vl that a
sequence of Boolean functions { f,,} is noise sensitive if and only if for any fixed k > 1,

k k

ST A8 =3 Erm) — 0.

m=1 |S\:m m=1

In the present chapter, we obtained (using Proposition [V.4]) that this is indeed
the case for k = 1. The purpose here is to check by simple combinatorial arguments
(without relying on hypercontractivity) that it is still the case for & = 2 and to convince
ourselves that it works for all layers k£ > 3.

To start with, we will simplify our task by working on the torus Z?/nZ?. This has
the very nice advantage that there are no boundary issues here.

Energy spectrum of crossing events on the torus (study

of the first layers)
Let T,, be either the square grid torus Z?/nZ? or the triangular grid torus T/nT. Let

fn be the indicator of the event that there is an open circuit along the first coordinate
of T),.

1. Using RSW, prove that there is a constant ¢ > 0 such that for all n > 1,
(In other words, {f,} is non-degenerate.)

2. Show that for all edges e (or sites z) in T,

L(f) < au(3).

71
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3. Check that the BKS criterion (about H(f,,)) is satisfied. Therefore {f,} is noise-
sensitive

From now on, one would like to forget about the BKS Theorem and try to do
some hands-on computations in order to get a feeling why most frequencies should
be large.

4. Show that if =,y are two sites of T,, (or similarly if e, ¢’ are two edges of T},), then
1F({z,y})| < 2P[ = and y are pivotal points] .
Does this result hold for general Boolean functions?
5. Show that if d := |x — y|, then

2 2
IP’[ x and y are pivotal points } < 0(1)% .
Oé4(§, §)

(Hint: use Proposition [T3)

6. On the square lattice Z2, by carefully summing over all edges e, ¢’ € T}, x T},, show

that R
B (2)= > fu(S)> < O1)n~,

|5|=2
for some exponent € > 0.
Hint: you might decompose the sum in a dyadic way (as we did many times in

the present section) depending on the mutual distance d(e, ¢).

7. On the triangular grid, what exponent does it give for the decay of E, (2)7 Com-
pare with the decay we found in Corollary VL1 about the decay of the first layer
Ey, (1) (i.e. k=1). See also Lemma [V.@ in this regard. Discuss this.

8. For T, what do you expect for higher (fixed) values of k7 (Le. for Ey, (k), k > 3)
?

9. (Quite hard) Try to obtain a nonrigorous combinatorial argument similar to the
one above in the particular case k = 2, that for any fixed layer k& > 1,

Efn(k) - O ‘

n—oo

This would give us an alternative proof of noise sensitivity of percolation (at least
in the case of the torus T},) not relying on Theorem [

Observe that one can do similar things for rectangles but then one has to deal with
boundary issues.



Chapter VII

Anomalous fluctuations

In this lecture, our goal is to extend the technology we used to prove the KKL Theorems
on influences and the BKS Theorem on noise sensitivity to a slightly different context:
the study of fluctuations in first passage percolation.

1 The model of first passage percolation

Let us first explain what the model is. Let 0 < a < b be two positive numbers. We
define a random metric on the graph Z4, d > 2 as follows. Independently for each
edge e € E?, fix its length 7. to be a with probability 1/2 and b with probability 1/2.
This is represented by a uniform configuration w € {—1,1}%.

This procedure induces a well-defined (random) metric dist,, on Z¢ in the usual
fashion. For any vertices x,y € Z¢, let

disty,(z,y) = inf {Z Te, (w)} :
paths v = {eq,...,ex}
connecting r — y

Remark VIIL.1. In greater generality, the lengths of the edges are i.i.d. non-negative
random variables, but here, following [BKS03], we will restrict ourselves to the above
uniform distribution on {a, b} to simplify the exposition; see [BR(OS| for an extension
to more general laws.

One of the main goals in first passage percolation is to understand the large-scale
properties of this random metric space. For example, for any 7" > 1, one may consider
the (random) ball

B,(z,T) := {y € Z% : dist,,(z,y) < T}.

To understand the name first passage percolation, one can think of this model as
follows. Imagine that water is pumped in at vertex x, and that for each edge e, it takes
Te(w) units of time for the water to travel across the edge e. Then, B, (z,T') represents
the region of space that has been wetted by time 7.
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Figure VIL.1: A sample of a wetted region at time T, i.e. B,(x,T), in first passage
percolation.

An application of subadditivity shows that the renormalized ball %BW(O,T) con-
verges as 1" — oo towards a deterministic shape which can in certain cases be com-
puted explicitly. This is a kind of “geometric law of large numbers”. Whence the
natural question:

Question VIIL.1. Describe the fluctuations of B, (0,T) around its asymptotic deter-
manistic shape.

This question has received tremendous interest in the last 15 years or so. It is
widely believed that these fluctuations should be in some sense “universal”. More
precisely, the behavior of B, (0,7T") around its limiting shape should not depend on the
“microscopic” particularities of the model such as the law on the edges lengths but only
on the dimension d of the underlying graph. The shape itself depends on the other hand
of course on the microscopic parameters, in the same way as the critical point depends
on the graph in percolation.

In the two-dimensional case, using very beautiful combinatorial bijections with ran-
dom matrices, certain cases of directed last passage percolation (where the law on the
edges is taken to be geometric or exponential) have been understood very deeply. For
example, it is known (see [Joh(00]) that the fluctuations of the ball of radius n (i.e.
the points whose last passage times are below n) around n times its asymptotic deter-
ministic shape are of order n'/? and the law of these fluctuations properly renormalized
follows the Tracy-Widom distribution. Very interestingly, the fluctuations of the largest
eigenvalue of GUE ensembles also follow this distribution.
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2 State of the art

Returning to our initial model of (non-directed) first passage percolation, it is thus
conjectured that, for dimension d = 2, fluctuations are of order n'/? following a Tracy-
Widom Law. Still, the current state of understanding of this model is far from this
conjecture.

Kesten first proved that the fluctuations of the ball of radius n are at most /n (this
did not yet exclude a possible Gaussian behavior with Gaussian scaling). Benjamini,
Kalai and Schramm then strengthened this result by showing that the fluctuations are
sub-Gaussian. This is still far from the conjectured n'/?-fluctuations, but their approach
has the great advantage of being very general; in particular their result holds in any
dimension d > 2.

Let us now state their main theorem concerning the fluctuations of the metric dist.

Theorem VIIL.1 ([BKSO3]). For all a,b,d, there exists an absolute constant C' =
C(a,b,d) such that in Z¢,

Gl

Var(dist, (0,v)) < C

log [v]
for any v € Z%,|v| > 2.

To keep things simple in these notes, we will only prove the analogous statement on
the torus where one has more symmetries and invariance to play with.

3 The case of the torus

Let T¢ be the d-dimensional torus (Z/mZ)?. As in the above lattice model, indepen-
dently for each edge of T¢ | we choose its length to be either a or b equally likely. We are
interested here in the smallest length among all closed paths v “winding” around the
torus along the first coordinate Z/mZ (i.e. those paths v which when projected onto
the first coordinate have winding number one). In [BKS0O3], this is called the shortest
circumference. For any configuration w € {a, b}E(Til), this shortest circumference is
denoted by Circ,,(w).

Theorem VIIL.2 ([BKS03]). There is a constant C' = C(a,b) (which does not depend

on the dimension d), such that
m

var(Circ,, (w)) < C

logm’

Remark VIL.2. A similar analysis as the one carried out below works in greater gen-
erality: if G = (V, F) is some finite connected graph endowed with a random metric
d, with w € {a,b}®¥, then one can obtain bounds on the fluctuations of the random
diameter D = D, of (G,d,). See [BKS0O3, Theorem 2] for a precise statement in this
more general context.
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(Z/mZ)?

Figure VII.2: The shortest geodesic along the first coordinate for the random metric
dist,, on (Z/mZ)?.

Proof.

For any edge e, let us consider the gradient along the edge e: V.Circ,,. These
gradient functions have values in [—(b — a),b — a|. By dividing our distances by the
constant factor b — a, we can even assume without loss of generality that our gradient
functions have values in [—1,1]. Doing so, we end up being in a setup similar to the
one we had in Chapter [Vl The influence of an edge e corresponds here to I.(Circ,,) :=
IP’[VECirCm(w) + 0]. We will prove later on that Circ,, has very small influences. In
other words, we will show that the above gradient functions have small support, and
hypercontractivity will imply the desired bound.

We have thus reduced the problem to the following general framework. Consider a
real-valued function f: {—1,1}" — R, such that for any variable k, V. f € [—1,1]. We
are interested in Var(f) and we want to show that if “influences are small” then Var(f)
is small. It is easy to check that the variance can be written

Var Z Z |ka

k 0#£SC| n]

If all the variables have very small influence, then, as previously, Vi f should be of high
frequency. Heuristically, this should then imply that

Var(f) < Y Y Vif(9)

kS0

> L)
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This intuition is quantified by the following lemma on the link between the fluctu-
ations of a real-valued function f on €, and its influence vector.

Lemma VIL.3. Let f : Q, — R be a (real-valued) function such that each of its discrete
derivatives V1, f, k € [n] have their values in [—1,1]. Let Iy(f) :== P[V,.f # 0] be the
influence of the kth bit. Assume that the influences of f are small in the sense that
there exists some o > 0 such that for any k € {1,...,n}, It(f) < n=*. Then there is
some constant C' = C(«) such that

Var() < o STIL(P).
ogn <

Remark VIL3. If f is Boolean, then this follows from Theorem [[3 with C'(a) = ¢/«

with ¢ universal.

The proof of this lemma is postponed to the next section. In the meantime, let us
show that in our special case of first passage percolation on the torus, the assumption
on small influences is indeed verified. Since the edge lengths are in {a, b}, the smallest
contour Circ,,(w) in T¢, around the first coordinate lies somewhere in [am, bm)]. Hence,
if v is a geodesic (a path in the torus with the required winding number) satisfying
length(y) = Circ,,(w), then 7 uses at most 2m edges. There might be several different
geodesics minimizing the circumference. Let us choose randomly one of these in an
“invariant” way and call it 5. For any edge e € E(T%), if, by changing the length of
e, the circumference increases, then e has to be contained in any geodesic v, and in
particular in 4. This implies that P[V.Circ,,(w) > 0] < P[e € 7]. By symmetry we
obtain that

L (Circ,,) = P[V.Circ,,(w) # 0] < 2P[e € 7] .

Now using the symmetries both of the torus T¢ and of our observable Circ,,, if
is chosen in an appropriate invariant way (uniformly among all geodesics for instance),
then it is clear that all the “vertical” edges (meaning those edges which, when projected
onto the first coordinate, project onto a single vertex) have the same probability to lie
in 4. The same is true for the “horizontal” edges. In particular we have that

b

> Pleed] <E[F] < —m.
“vertical” edges e

Since there are at least order m? vertical edges, the influence of each of these is bounded
by O(1)m!'~?. The same is true for the horizontal edges. All together this gives the
desired assumption needed in Lemma VIL3 Applying this lemma, we indeed obtain
that

m

Var(Circp,(w)) < O(1)

logm’
where the constant does not depend on the dimension d; the dimension in fact helps us
here, since it makes the influences smaller. O
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Remark VIL4. At this point, we know that for any edge e, I.(Circ,,) = O(;%). Hence,
at least in the case of the torus, one easily deduces from Poincaré’s inequality the
theorem by Kesten which says that Var(Circ,,) = O(m).

4 Upper bounds on fluctuations in the spirit of KKL

In this section, we prove Lemma [VIL.3

Proof. Similarly as in the proofs of Chapter M, the proof relies on implementing
hypercontractivity in the right way. We have that for any c,

var(f) = —ZZ |S|ka

kS0

<Y Y W YY)

k 0<|S|<clogn

where the O(1) term depends on the choice of c.

Hence it is enough to bound the contribution of small frequencies, 0 < |S| < clogn,
for some constant ¢ which will be chosen later. As previously we have for any p € (0, 1)
and using hypercontractivity,

Z Z @(5)2 < p—2clognZ||Tpka||§
k

k 0<|S|<clogn

< p-2“°g"2 IVkflfs 2

< —2clognZI 2/(1+p

< p‘wog"(sup Ik(f)) 1467 Z L.(f)

< pEclogny” 1+p2 Zlk (f) by our assumption .
(VIL.1)

Now fixing any p € (0,1), and then choosing the constant ¢ depending on p and «,
the lemma follows. By optimizing on the choice of p, one could get better constants if
one wants. U

5 Further discussion

Some words on the proof of Theorem VIl
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The main difficulty here is that the quantity of interest, f(w) := dist,(0,v), is no
longer invariant under a large class of graph automorphisms. This lack of symmetry
makes the study of influences more difficult. For example, edges near the endpoints 0
or v have very high influence (of order one). To gain some more symmetry, the authors
in [BKS03] rely on a very nice “averaging” procedure. We refer to this paper for more
details.

Known lower bounds on the fluctuations

We discussed mainly here ways to obtain upper bounds on the fluctuations of the

shapes in first passage percolation. It is worth pointing out that some non-trivial lower
bounds on the fluctuations are known for Z2. See [PP94l [NP95).

Remark VIL5. We end by mentioning that the proof given in [BKS03] was based on
an inequality by Talagrand. The proof given here avoids this inequality.
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Exercise sheet of Chapter V11

Problem VII.1. Let n > 1 and d > 2. Consider the random metric on the torus
72 /nZ? as described in this chapter. For any k& > 1, let A* be the event that the
shortest “horizontal” circuit is < k. If d > 3, show that for any choice of k,, = k(n),
the family of events Af" is noise sensitive. (Note that the situation here is similar
to the Problem in Chapter [I) Finally, discuss the two-dimensional case, d = 2
(non-rigorously).

Exercise VII.2. Show that Lemma[VIT3lis false if I( f) is taken to be the square of the
L? norm of V, f rather than the probability of its support (i.e. find a counterexample).
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Chapter VIII

Randomized algorithms and noise
sensitivity

In this chapter, we explain how the notion of revealment for so-called randomized
algorithms can in some cases yield direct information concerning the energy spectrum
which may allow not only noise sensitivity results but even quantitative noise sensitivity
results.

1 BKS and randomized algorithms

In the previous chapter, we explained how Theorem together with bounds on the
pivotal exponent for percolation yields noise sensitivity for percolation crossings. How-
ever, in [BKS99], a different approach was in fact used for showing noise sensitivity
which, while still using Theorem [T did not use these bounds on the critical expo-
nent. In that approach, one sees the first appearance of randomized algorithms. In a
nutshell, the authors showed that (1) if a monotone function is very uncorrelated with
all majority functions, then it is noise sensitive (in a precise quantitative sense) and
(2) percolation crossings are very uncorrelated with all majority functions. The latter
is shown by constructing a certain algorithm which, due to the RSW Theorem [LI]
looks at very few bits but still looks at enough bits in order to be able to determine the
output of the function.

2 The revealment theorem

An algorithm for a Boolean function f is an algorithm A which queries (asks the values
of) the bits one by one, where the decision of which bit to ask can be based on the
values of the bits previously queried, and stops once f is determined (being determined
means that f takes the same value no matter how the remaining bits are set).

A randomized algorithm for a Boolean function f is the same as above but
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auxiliary randomness may also be used to decide the next value queried (including for
the first bit). [In computer science, the term randomized decision tree would be used
for our notion of randomized algorithm, but we will not use this terminology.]

The following definition of revealment will be crucial. Given a randomized algorithm
A for a Boolean function f, we let J4 denote the random set of bits queried by A.
(Note that this set depends both on the randomness corresponding to the choice of w
and the randomness inherent in running the algorithm, which are of course taken to be
independent. )

Definition VIII.1. The revealment of a randomized algorithm A for a Boolean
function f, denoted by 04, is defined by

da = mz[u]{IP’(i € Ja).
emn

The revealment of a Boolean function f, denoted by 0f, is defined by
0f = 1%f A

where the infimum is taken over all randomized algorithms A for f.

This section presents a connection between noise sensitivity and randomized al-
gorithms. It will be used later to yield an alternative proof of noise sensitivity for
percolation crossings which is not based upon Theorem [T (or Proposition [.H). Two
other advantages of the algorithmic approach of the present section over that mentioned
in the previous section (besides the fact that it does not rest on Theorem [LH) is that
it applies to nonmonotone functions and yields a more “quantitative” version of noise
sensitivity.

We have only defined algorithms, randomized algorithms and revealment for Boolean
functions but the definitions immediately extend to functions f : €2, — R.

The main theorem of this section is the following.

Theorem VIII.1 ([SSI0D)). For any function f: Q, — R and for each k =1,2,...,
we have that R
Eik) =Y fS)*<okIfIP (VIIL1)

SCInl, |S|=k

where || f|| denotes the L? norm of f with respect to the uniform probability measure on
2 and oy is the revealment of f.

Before giving the proof, we make some comments to help the reader see what is hap-
pening and suggest why a result like this might be true. Our original function is a
sum of monomials with coefficients given by the Fourier coefficients. Each time a bit
is revealed by the algorithm, we obtain a new Boolean function obtained by just sub-
stituting in the value of the bit we obtained into the corresponding variable. On the
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algebraic side, those monomials which contain this bit go down by 1 in degree while the
other monomials are unchanged. There might however be cancellation in the process
which is what we hope for since when the algorithm stops, all the monomials (except the
constant) must have been killed. The way cancellation occurs is illustrated as follows.
The Boolean function at some stage might contain (1/3)xsx4xs + (1/3)z9x4 and then
the bit x5 might be revealed and take the value —1. When we substitute this value into
the variable, the two terms cancel and disappear, thereby bringing us 1 step closer to
a constant (and hence determined) function.

As far as why the result might be true, the intuition, very roughly speaking, is as
follows. The theorem says that for a Boolean function we cannot, for example, have
0 =1/1000 and ), F({i})? = 1/2. If the level 1 monomials of the function were

AW + Qowsa + * * + + ApWy,

then it is clear that after the algorithm is over, then with high probability, the sum of the
squares of the coefficients of the terms which have not been reduced to a constant is still
reasonably large. Therefore, since the function at the end of the algorithm is constant,
these remaining terms must necessarily have been cancelled by higher degree monomials
which, after running the algorithm, have been “reduced to” degree 1 monomials. If, for
the sake of this heuristic argument, we assume that each bit is revealed independently,
then the probability that a degree £ > 2 monomial is brought down to a degree 1
monomial (which is necessary for it to help to cancel the degree 1 terms described
above) is at most *~! and hence the expected sum of the squares of the coefficients
from the degree k > 2 monomials which are brought down to degree 1 is at most 6*~!.
The total such sum for levels 2 to n is then at most

n

Z(sk—l < 2§

k=2

which won’t be enough to cancel the (originally) degree 1 monomials which remained
degree 1 after running the algorithm if ¢ is much less than >, f({i})®. A similar
heuristic works for the other levels.

Proof. In the following, we let Q denote the probability space that includes the ran-
domness in the input bits of f and the randomness used to run the algorithm (which we
assume to be independent) and we let E denote the corresponding expectation. With-
out loss of generality, elements of { can be represented as @ = (w,T) where w are the
random bits and 7 represents the randomness necessary to run the algorithm.

Now, fix k > 1. Let

gw)=> f(9)xslw), we

|S|=k

The left hand side of (VIILI) is equal to ||g|*.
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Let J C [n| be the random set of all bits examined by the algorithm. Let A denote
the minimal o-field for which J is measurable and every w;, 7 € J, is measurable; this
can be viewed as the relevant information gathered by the algorithm. For any function
h:Q — R, let hy : 2 — R denote the random function obtained by substituting the
values of the bits in J. More precisely, if © = (w, 7) and W’ € Q, then h;(®)(w’) is h(w")
where w” is w on J(&) and is ' on [n]\J(&@). In this way, h; is a random variable on ()
taking values in the set of mappings from €2 to R and it is immediate that this random
variable is A-measurable. When the algorithm terminates, the unexamined bits in €2
are unbiased and hence E[h|A] = [ hy(= h;(0)) where [ is defined, as usual, to be
integration with respect to uniform measure on 2. It follows that E[h] = E[[ h,].

Similarly, for all h,

Il B[] B[ [ 1] = Eljh17. (ViIL2)
Since the algorithm determines f, it is A measurable, and we have
lgll* = Elg f] = E[E[g f| A)| =E[fE[g] A]].
Since E[g|.A] = §s(0), Cauchy-Schwarz therefore gives

lgll* < VE[g @)1 £1- (VIIL3)

We now apply Parseval’s formula to the (random) function g;: this gives (for any

o= (w,7) € ),

9s0)* = llgsll3 = D 4u(S

|S|>0
Taking the expectation over @ € €0, this leads to

E[3,0)% = E[llgsl2] - 3 E[3s(5)?]

|S|>0

= llgls = >_ E[3,(5)°] by (L)

[S]>0

_ Z (5) — Z EL@J(S)Q} { since g is suppor.ted

on level-k coefficients
1S|=k 15|50

< Z E[Q(S)2 _ QJ(S)z] { by restricting‘to

level-k coefficients
|S|=k

Now, since g, is built randomly from ¢ by fixing the variables in J = J(@), and
since g by definition does not have frequencies larger than k, it is clear that for any S
with |S| = k we have

3,(8) = { 9(5) = f(S), it $1J(@) =0

otherwise.
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Therefore, we obtain

IE[g] J]1I5 = E[3,0)°] < D> §(S)*P[SNJ #0] <|lgl5 k6.

|S|=k

Combining with (MIIL3) completes the proof. O

Proposition [Vl and Theorem VIILT] immediately imply the following corollary.

Corollary VIIL.2. If the revealments satisfy

lim 6fn = 0,

n—oo

then {f.} is noise sensitive.

In the exercises, one is asked to show that certain sequences of Boolean functions are
noise sensitive by applying the above corollary.

3 An application to noise sensitivity of percolation

In this section, we apply Corollary VIIL2 to prove noise sensitivity of percolation cross-
ings. The following result gives the necessary assumption that the revealments approach
0.

Theorem VIIL.3 ([SSI0D)). Let f = f, be the indicator function for the event that
critical site percolation on the triangular grid contains a left to right crossing of our
n x n box. Then &;, < n~Y4°W asn — oco.

For critical bond percolation on the square grid, this holds with 1/4 replaced by some
positive constant a > 0.

Outline of Proof. We outline the argument only for the triangular lattice; the argu-
ment for the square lattice is similar. We first give a first attempt at a good algorithm.
We consider from Chapter [ the exploration path or interface from the bottom right
of the square to the top left used to detect a left right crossing. This (deterministic)
algorithm simply asks the bits that it needs to know in order to continue the interface.
Observe that if a bit is queried, it is necessarily the case that there is both a black and
white path from next to the hexagon to the boundary. It follows, from the exponent of
1/4 for the 2-arm event in Chapter [l that, for hexagons far from the boundary, the
probability that they are revealed is at most R~'/4+°(1) as desired. However, one cannot
conclude that points near the boundary have small revealment and of course the right
bottom point is always revealed.

The way that we modify the above algorithm so that all points have small revealment
is as follows. We first choose a point z at random from the middle third of the right
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side. We then run two algorithms, the first one which checks whether there is a left
right path from the right side above x to the left side and the second one which checks
whether there is a left right path from the right side below x to the left side. The first
part is done by looking at an interface from x to the top left corner as above. The
second part is done by looking at an interface from x to the bottom left corner as above
(but where the colors on the two sides of the interface need to be swapped.)

It can then be shown with a little work (but no new conceptual ideas) that this
modified algorithm has the desired revealment of at most R~Y/4t°() as desired. One

of the things that one needs to use in this analysis is the so-called one-arm half-plane
exponent, which has a known value of 1/3. See [SSI0D] for details. O

e

3.1 First quantitative noise sensitivity result

In this subsection, we give our first “polynomial bound” on the noise sensitivity of per-
colation. This is an important step in our understanding of quantitative noise sensitivity
of percolation initiated in Chapter [/l

Recall that in the definition of noise sensitivity, € is held fixed. However, as we have
seen in Chapter [Vl it is of interest to ask if the correlations can still go to 0 when
€ = €, goes to 0 with n but not so fast. The techniques of the present chapter imply
the following result.

Theorem VIII.4 ([SSTOH]). Let {f,} be asin Theorem[ZIILA. Then, for the triangular
lattice, for all v < 1/8,

Tim B[, (@) fulwr)] — E[fu()]? = 0. (VIIL4)
On the square lattice, there exists some v > 0 with the above property.

Proof. We prove only the first statement; the square lattice case is handled similarly.
First, (3)) gives us that every n and 7,

E[fa(w) fa(wr/n)] = Elfa(@)] = D Ep, (k)(1 = 1/n7)". (VIIL5)
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Note that there are order n? terms in the sum. Fix v < 1/8. Choose ¢ > 0 so that
v+ € < 1/8. For large n, we have that §;, < 1/nY47¢. The right hand side of (VIIL3)

1S at most
nyte/2

Skt (1= 1y
k=1

by breaking up the sum at n?*</? and applying Theorems [VIIT1l and VI3 to bound
the Ey, (k) terms in the first part. The second term clearly goes to 0 while the first
part also goes to 0 by the way ¢ was chosen. O

Observe that the proof of Theorem VIIL4 immediately yields the following general
result.

Corollary VIIL5. Let {f.} be a sequence of Boolean functions on my, bits with 0(f,) <
O(1)/n? for all n. Then for all v < 3/2, we have that

lim E[f, () fu (w1/o)] — E[fu(@)]? = 0. (VIILG)

n—oo

4 Lower bounds on revealments

One of the goals of the present section is to show that one cannot hope to reach the
conjectured 3/4-sensitivity exponent with Theorem [VIILIl Theorem [VITLA told us
that we obtain asymptotic decorrelation if the noise is 1/n” for v < 1/8. Note that
this differs from the conjectured “critical exponent” of 3/4 by a factor of 6. In this
section, we investigate the degree to which the 1/8 could potentially be improved and
in the discussion, we will bring up an interesting open problem. We will also derive
an interesting general theorem giving a nontrivial lower bound on the revealment for
monotone functions. We start with the following definition.

Definition VIIL.2. Given a randomized algorithm A for a Boolean function f, let
C(A) (the cost of A) be the expected number of queries that the algorithm A makes. Let
C(f) (the cost of f) be the infimum of C(A) over all randomized algorithms A for f.

Remark VIIL1. (i). It is easy to see that C(f) is unchanged if we take the infimum
over deterministic algorithms.

(ii). Clearly nos > C(A) and hence ndy > C(f).

(iii). C(f) is at least the total influence I(f) since for any algorithm A and any i, the
event that ¢ is pivotal necessarily implies that the bit ¢ is queried by A.

The following result due to O’Donnell and Servedio (J[OS07])is an essential improve-

ment on the third part of the last remark.

Theorem VIIL.6. Let f be a monotone Boolean function mapping €, into {—1,1}.
Then C(f) > I(f)? and hence §; > I(f)?/n.
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Proof. Fix any randomized algorithm A for f. Let J = J4 be the random set of bits
queried by A. We then have

I(f) = E[Z fw)wi] =E[f(w) Zwil{ieJ}] < VE[f(w)?] \/E[(Z wilfiery)?]

where the first equality uses monotonicity (recall Proposition [V.4l) and then the Cauchy-
Schwarz inequality is used. We now bound the first term by 1. For the second moment
inside the second square root, the sum of the diagonal terms yields E|[|.J|] while the
cross terms are all 0 since for ¢ # j, Elw;Ificywjljes;] = 0 as can be seen by breaking
up the sum depending on whether ¢ or j is queried first. This yields the result. O

Returning to our event f, of percolation crossings, since the sum of the influences
is n?/4*t°(M) Theorem tells us that &;, > n=Y/2+°W Tt follows from the method
of proof in Theorem [VITL4l that Theorem [VITLTl cannot improve the result of Theorem
[VIITA past v = 1/4 which is still a factor of 3 from the critical value 3/4. Of course,
one could investigate the degree to which Theorem [VITTT] itself could be improved.

Theorem tells us that there are algorithms A, for f, such that C(A4,) <
n/4+°(1) On the other hand, Theorem tell us that it is necessarily the case that
C(A) > n6/4+°(1).

Open Question: Find the smallest o such that there are algorithms A,, for f, with
C(A,) <n?. (We know o € [6/4,7/4].)

We mention another inequality relating revealment with influences which is a con-
sequence of the results in J[OSSS05].

Theorem VIIL.7. Let f be a Boolean function mapping Q,, into {—1,1}. Then 65 >
Var(f)/(nmax; L;(f))

It is interesting to compare Theorems VITLG and MIIL7. Assuming Var(f) is of
order 1, and all the influences are of order 1/n®, then it is easy to check that Theorem
[VITLd gives a better bound when @ < 2/3 and Theorem [VITL] gives a better bound
when o > 2/3. For crossings of percolation, where a should be 5/8, it is better to use
Theorem VIILA rather than [VITT7

Finally, there are a number of interesting results concerning revealment obtained in
the paper [BSW05]. Four results are as follows.

1. If f is reasonably balanced on n bits, then the revealment is at least of order 1/n
2. There is a reasonably balanced function on n bits whose revealment is at most
O(1)(logn)/n'/?2.

3. If f is reasonably balanced on n bits and is monotone, then the revealment is at
least of order 1/n'/3.

4. There is a reasonably balanced monotone function on n bits whose revealment is at
most O(1)(logn)/n'/3.

We finally end this section by giving one more reference which gives an interesting
connection between percolation, algorithms and game theory; see [PSSWQT].

1/2
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5 An application to a critical exponent

In this section, we show how Theorem [VIITLTl or in fact Theorem [VIILA can be used to
show that the 4-arm exponent is strictly larger than 1; recall that with SLE technology,
this can be shown for the triangular lattice.

Proposition VIIL.8. Both on the triangular lattice T and on Z2, there exists ey > 0
such that
as(R) < 1/R'te

We will assume the separation of arms result mentioned earlier in Chapter [V which
says that for the event fg, the influence of any variable further than distance R/10
from the boundary, a set of variables that we will denote by B for bulk, is =< a4(R).

Proof. Theorems VIIL3 and VIITTl imply that for some a > 0,
> fr({i})* < 1/R
Next, using the separation of arms as explained above, we have

R*af(R) < 0(1)) I, (VIILT7)
1€B
Proposition [V.4] then yields
R%*2(R) < O(1/R%)

and the result follows. O

Observe that Theorem [VIILA could also be used as follows. Theorem IVITL3l implies
that C(fr) < R?>7° for some a > 0 and then Theorem [VITLH yields I(fz)* < R?7°.
Exactly as in (MIIL1), one has, again using separation of arms, that

RPoy(R) < O(1) Y " I; < O(D)I(fg). (VIILS)

1€B

Altogether this gives us
R*a3(R) < O(1)R*“,

again yielding the result.

We finally mention that it is not so strange that either of Theorems VIITT] or
[VITTA can be used here since, as the reader can easily verify, for the case of monotone
functions all of whose variables have the same influence, the case £ = 1 in Theorem

[VITTTl is equivalent to Theorem [VITLA

Remark VIII.2. We now mention that the proof for the multi-scale version of Proposi-
tion VLA is an extension of the approach of O’Donnell and Servedio above.
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6 Does noise sensitivity imply low revealment?

As far as these lectures are concerned, this subsection will not connect to anything that
follows and hence can be viewed as tangential.

It is natural to ask if the converse of Corollary might be true. A moment’s
thought reveals that example Bl, Parity, provides a counterexample. However, it is more
interesting perhaps that there is a monotone counterexample to the converse which is
provided by example B Clique containment.

Proposition VIIL.9. Cliqgue containment provides an example showing that the con-
verse of Corollary[I/IILA is false for monotone functions.

Outline of Proof. We first explain more precisely the size of the clique that we are

looking for. Given n and k, let f(n, k) := (2)2_(5), which is just the expected number
of cliques of size k in a random graph. When £k is around 2 log,(n), it is easy to check
that f(n,k+1)/f(n, k) is o(1) as n — oco. For such k, clearly if f(n,k) is small, then
with high probability there is no k-clique while it can be shown, via a second moment
type argument, that if f(n, k) is large, then with high probability there is a k-clique.
One now takes k,, to be around 2log,(n) such that f(n,k,) > 1 and f(n,k, +1) < 1.
Since f(n,k+1)/f(n, k) is o(1), it follows with some thought from the above that the
clique number is concentrated on at most 2 points. Furthermore, if f(n, k,) is very large
and f(n, k, + 1) very small, then it is concentrated on one point. Again, see [ASO(] for
details.

Finally, we denote the event that the random graph on n vertices contains a clique
of size k, by A,. We have already seen in one of the exercises that this example is
noise sensitive. We will only consider a sequence of n’s so that A,, is nondegenerate in
the sense that the probabilities of this sequence stay bounded away from 0 and 1. An
interesting point is that there is such a sequence. Again, see [ASQO0] for this. To show
that the revealments do not go to 0, it suffices to show that the sequence of costs (see
Definition and the remarks afterwards) is Q(n?). We prove something stronger
but, to do this, we must first give a few more definitions.

Definition VIIIL.3. For a given Boolean function f, a witness for w is any subset W
of the variables such that the elements of w in W determine f in the sense that for
every ' which agrees with w on W, we have that f(w) = f(w'). The witness size
of w, denoted w(w), is the size of the smallest witness for w. The expected witness

size, denoted by w(f), is E(w(w)).

Observe that, for any Boolean function f, the bits revealed by any algorithm A for
f and for any w is always a witness for w. It easily follows that the cost C(f) satisfies
C(f) > w(f). Therefore, in order to prove the proposition, it suffices to show that

w(fn) = Qn?). (VIIL9)
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Remark VIIL.3. (i). The above also implies that with a fixed uniform probability, w(w)
is Q(n?).

(ii). Of course when f,, is 1, there is always a (small) witness of size (kz") < n and so
the large average witness size comes from when f, is —1.

(iii). However, it is not deterministically true that when f,, is —1, w(w) is necessarily of
size Q(n?). For example, for w = —1 (corresponding to the empty graph), the witness
size is o(n?) as is easily checked. Clearly the empty graph has the smallest witness size
among w with f, = —1.

Lemma VIII.10. Let E, be the event that all sets of vertices of size at least .9Tn
contains C, 3. Then lim, ., P(FE,) = 1.

Proof. This follows, after some work, from the Janson inequalities. See [ASO0] for
details concerning these inequalities. O

Lemma VIIL.11. Let U be any collection of at most n*/1000 edges in C,,. Then there
exist distinct vy, va, v3 such that no edge in U goes between any v; and v; and

l{e € U : e is an edge between {vi,ve,v3} and {v1, v, v3}°} < n/50. (VIIIL.10)

Proof. We use the probabilistic method where we choose {vy, v2,v3} to be a uniformly
chosen 3-set. It is immediate that the probability that the first condition fails is at most
3|U|/(3) < 1/100. Letting Y be the number of edges in the set appearing in (VIILI0)
and Y’ be the number of U edges touching vy, it is easy to see that

E(Y) < 3E(Y’) = 6]U|/n < n/100

where the equality follows from the fact that, for any graph, the number of edges is
half the total degree. By Markov’s inequality, the probability of the event in (VIILI0O)
holds with probably at least 1/2. This shows that the random 3-set {vy, vo, v3} satisfies
the two stated conditions with positive probability and hence such a 3-set exists. [

By Lemma VIILTO, we have P(AS N E,) > ¢ > 0 for all large n. To prove the
theorem, it therefore suffices to show that if AS N E,, occurs, there is no witness of size
smaller than n?/1000. Assume U to be any set of edges of size smaller than n?/1000.
Choose {v1, vz, v3} from Lemma [VITLTIl By the second condition in this lemma, there
exists a set S of size at least .97n which is disjoint from {vy, ve, v3} which has no U-edge
to {v1,vg,v3}. Since E, occurs, S contains a Cf, _3, whose vertices we denote by 7.
Since there are no U-edges between T" and {vy, v, v3} or within {vy, vy, v3} (by the first
condition in Lemma [VITL.TT]) and T is the complete graph, U cannot be a witness since
AS occured. O

The key step in the proof of Proposition VIILd is (VIILH). This is stated without
proof in [EKW02]; however, E. Friedgut provided us with the above proof.
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Exercise sheet of Chapter V111

Exercise VIII.1. Compute the revealment for Majority function on 3 bits.

Exercise VIII.2. Use Corollary VTIL2 to show that Examples Bl and B, Iterated 3-
Majority function and tribes, are noise sensitive.

Exercise VIII.3. For transitive monotone functions, is there a relationship between
revealment and the minimal cost over all algorithms?

Exercise VIII.4. Show that for transitive monotone functions, Theorem VIIL.0 yields
the same result as Theorem [VITT1] does for the case k = 1.

Exercise VIII.5. What can you say about the sequence of revealments for the Iterated
3-Majority function? [It can be shown that the sequence of revealments decays like 1/n?
for some o but it is an open question what o is.]

Exercise VIIL.6. You are given a sequence of Boolean functions and told that it is
not noise sensitive using noise ¢, = 1/n'/®>. What, if anything, can you conclude about
the sequence of revealments d,,7

Exercise VIIL.7. Note that a consequence of Corollary and the last line in
Remark is that if {f,} is a sequence of monotone functions, then, if the reveal-
ments of {f,} go to 0, the sums of the squared influences approach 0. Show that this
implication is false without the monotonicity assumption.
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Chapter IX

The spectral sample

It turns out that it is very useful to view the Fourier coefficients of a Boolean function
as a random subset of the input bits where the “weight” or “probability” of a subset
is its squared Fourier coefficient. It is our understanding that it was Gil Kalai who
suggested that thinking of the spectrum as a random set could shed some light on the
types of questions we are looking at here. The following is the crucial definition in this
chapter.

1 Definition of the spectral sample

Definition IX.1. Given a Boolean function f : Q, — {&1} or {0,1}, we let the
spectral measure Q = Q; of f be the measure on subsets {1,...,n} given by

Qs(S) = f(S)%, S {l,....n}.

We let Sy = .7 denote a subset of {1,...,n} chosen according to this measure and
call this the spectral sample. We let Q also denote the corresponding expectation
(even when Q is not a probability measure).

By Parseval’s formula, the total mass of the so-defined spectral measure is

This makes the following definition natural.

Definition IX.2. Given a Boolean function f : Q, — {x1} or {0,1}, we let the
spectral probability measure P = Py of f be the probability measure on subsets of
{1,...,n} given by
; f(S)?
Pr(S) = =%+, SCA{L,...,n}.
18) = G S € {1...n)

97
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Since If”f 18 Just @f up to a renormalization factor, the spectral sample .y = .7 will
denote as well a random subset of [n] sampled according to Py. We let Ey = E denote
its corresponding expectation.

Remark IX.1.

(i) Note that if f maps into {£1}, then, by Parseval’s formula, Q; = P; while if it
maps into {0,1}, Qf will be a subprobability measure.

(ii) Observe that if (f,)n is a sequence of non-degenerate Boolean functions into {0, 1},
then ]an = an.

(iii) There is no statistical relationship between w and .#; as they are defined on
different probability spaces. The spectral sample will just be a convenient point
of view in order to understand the questions we are studying.

Some of the formulas and results we have previously derived in these notes have
very simple formulations in terms of the spectral sample. For example, it is immediate
to check that (V.2)) simply becomes

E[f(w)f(wo)] = Qsl(1 = )] (IX.1)

E[f(w)f(wo)] = Elf (@) = Qs[(1 = 7 Lsz0). (IX.2)

Next, in terms of the spectral sample, Propositions [Vl and V-2 simply become
the following proposition.

Proposition IX.1. If {f.} is a sequence of Boolean functions mapping into {£1},
then we have the following.

1. {fn} is noise sensitive if and only if |.},| — oo in probability on the set {|.7},| # 0}.
2. {fn} is noise stable if and only if the random variables {|#},|} are tight.

There is also a nice relationship between the pivotal set P and the spectral sample.
The following result, which is simply Proposition (see also the remark after this
proposition), tells us that the two random sets P and . have the same 1-dimensional
marginals.

Proposition IX.2. If f is a Boolean function mapping into {£1}, then for all i € [n]
we have that

P(i e P) = Q(i € .¥)
and hence E(|P]) = Q(|.7]).

(This proposition is stated with Q instead of P since if f maps into {0, 1} instead,
then the reader can check that the above holds with an extra factor of 4 on the right
hand side while if P were used instead, then this would not be true for any constant.)
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Even though . and P have the same “l-dimensional” marginals, it is not however
true that these two random sets have the same distribution. For example, it is easily
checked that for M AJs, these two distributions are different. Interestingly, as we will
see in the next section, . and P also always have the same “2-dimensional” marginals.
This will prove useful when applying second moment method arguments.

Before ending this section, let us give an alternative proof of Proposition using
this point of view of thinking of .% as a random set.

Alternative proof of Proposition The statement of the proposition when
converted to the spectrum states (see the exercises in this chapter if this is not clear)
that for any a,, — oo,

lim P(|.%,| > a,n?ay(n)) = 0.

n—oo

However this immediately follows from Markov’s inequality using Propositions VL8 and

X2 O

2 A way to sample the spectral sample in a sub-
domain

In this section, we describe a method of “sampling” the spectral measure restricted to
a subset of the bits. As an application of this, we show that . and P in fact have the
same 2-dimensional marginals, namely that for all 7 and j, P(i,j € P) = Q(i,j €.7).

In order to first get a little intuition about the spectral measure, we start with an

easy proposition.

Proposition IX.3 (J[GPSIO]). For a Boolean function f and A C {1,2,...,n}, we

have

Q(; € A) =E[E(f|4)]’]

where conditioning on A means conditioning on the bits in A.

Proof. Noting that E(ys|A) is xg if S C A and 0 otherwise, we obtain by expanding
that
E(fl4) =) f(5)xs.

SCA

Now apply Parseval’s formula. O

If we have a subset A C {1,2,...,n}, how do we “sample” from AN .7 A nice
way to proceed is as follows: choose a random configuration outside of A, then look at
the induced function on A and sample from the induced function’s spectral measure.
The following proposition justifies in precise terms this way of sampling. Its proof is
just an extension of the proof of Proposition X3l
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Proposition IX.4 ([GPSI0]). Fiz a Boolean function f on §,. For A C{1,2,...,n}
and y € {£1}4, that is a configuration on A°, let g, be the function defined on {£1}4
obtained by using f but fizing the configuration to be y outside of A. Then for any
S C A, we have

~

QN A=S) =E[Q(H, = 3)] =E[g(5)).

Proof. Using the first line of the proof of Proposition [X.3 it is easy to check that for
any S C A, we have that

E[f xs|Fa] = Z FISUS) xs .
§1C A
This gives
E[E[fxg\.ﬂcf] =Y ASuS)»=QrnA=s9]

S/gAc
which is precisely the claim. O
Remark 1X.2. Observe that Proposition [X3lis a special case of Proposition [X:4l when
S is taken to be () and A is replaced by A°.
The following corollary was first observed by Gil Kalai.

Corollary IX.5 ([GPSI0)). If f is a Boolean function mapping into {£1}, then for
all v and j,

~

P(i,j € P) = Q(i,j € 7).

(The comment immediately following Proposition holds here as well.)

Proof. Although it has already been established that P and . have the same 1-
dimensional marginals, we first show how Proposition [XX4 can be used to establish
this. This latter proposition yields, with A =S = {i}, that

Qi € %) = Q7 N {i} = {i}) = Elg;({i})]-
Note that g, is +w; if ¢ is pivotal and constant if ¢ is not pivotal. Hence the last term
is P(i € P).

For the 2-dimensional marginals, one first checks this by hand when n = 2. For
general n, taking A =S = {i, j} in Proposition [X4] we have

Q(i,j € ) =P( N{i,j} = {i,j}) = E[g2({i. j})]-

For fixed y, the n = 2 case tells us that g2({i,j}) = P(i,j € P,). Finally, a little
thought shows that E[P(i, j € P,,)] = P(i,j € P), completing the proof. O
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3 Nontrivial spectrum near the upper bound for
percolation

We now return to our central event of percolation crossings of the rectangle R, where
fn denotes this event. At this point, we know that for Z2, (most of) the spectrum lies
between n (for some ¢y > 0) and n’ay(n) while for T it sits between n'/8t°() and
n3/4+e(D) In this section, we show that there is a nontrivial amount of spectrum near
the upper bound n?ay(n). For T, in terms of quantitative noise sensitivity, this tells us
that if our noise sequence ¢, is equal to 1/n%4=? for fixed § > 0, then in the limit, the
two variables f(w) and f(w,,) are not perfectly correlated; i.e., there is some degree
of independence. (See the exercises for understanding such arguments.) However, we
cannot conclude that there is full independence since we don’t know that “all” of the
spectrum is near n*/4+°() (yet!).

Theorem IX.6 ([GPSI0]). Consider our percolation crossing functions {f,} (with
values into {1} ) of the rectangles R, for Z* or T. There exists ¢ > 0 such that for all
n?

If”[|§”n| > cn’au(n)] > c.

The key lemma for proving this is the following second moment bound on the number
of pivotals which we prove afterwards. It has a similar flavor to Exercise 6 in Chapter

V1

Lemma IX.7 ([GPSI0]). Consider our percolation crossing functions {f,} above and
let R, be the box concentric with R,, with half the radius. If X, = |P, N R],| is the
cardinality of the set of pivotal points in R.,, then there ezists a constant C' such that
for all n we have that

E[|X.["] < CE[|X.[]"

Proof of Theorem [X.68. Since P, and .¥, have the same 1 and 2-dimensional
marginals, it follows fairly straightforward from Lemma [XX7 that we also have that for
all n

Pl N RL?] < CP[1.%, N R,

Recall now the Paley-Zygmund inequality which states that if Z > 0, then for all
6 € (0,1),

E[Z]?
E[Z2]

The two above inequalities (with Z = |.%, N R)| and § = 1/2) imply that for all n,

P(Z > 0E[Z]) > (1 —0)* (IX.3)

E[|.%, N R,|]

PS N R, > 5

>
4C'
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Now, by Proposition [X2, one has that E[|.#, N R,|] = E[X,]. Furthermore (a
trivial modification of) Proposition vields E[X,] =< n?ay(n) which thus completes
the proof. O

We are now left with

Proof of Lemma XX As indicated at the end of the proof of Theorem [XC0, we
have that E(X,,) < n?a4(n). Next, for z,y € R/, a picture shows that

P(z,y € Pa) < oi(|z — yl/2)cu(2]z — y|,n/2)

since we need to have the 4-arm event around x to distance |z —y|/2, the same for y, and
the 4-arm event in the annulus centered at (z +y)/2 from distance 2|z — y| to distance
n/2 and finally these three events are independent. This is by quasi-multiplicity at
most

O(1)ai(n)/cu(jz =yl n)

and hence 1

ay(le —yl,n)

E[|1X, ] < O(1)ai(n) )

zy
Since, for a given x, there are at most O(1)2% y’s with |z — y| € [2F, 2], using
quasi-multiplicity, the above sum is at most

logy(n) 92k

O()n*af(n) Y PWCADL

k=0

Using
1
ay(r, R)
(this is the fact that the four-arm exponent is strictly less than 2), the sum becomes at
most

< (R/r)*

log, (n)

O()n*aj(n) > 2k

k=0

Since the last sum is at most O(1)n¢, we are done. O

In terms of the consequences for quantitative noise sensitivity, Theorem [X_0 implies
the following corollary; see the exercises for similar implications. We state this only for
the triangular lattice. An analogous result holds for Z2.

Corollary IX.8. For T, there exists ¢ > 0 so that if €, = 1/(n*a4(n)), then for all n,

P(fn(w) # fulwe,)) = ¢
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Note, importantly, this does not say that f,(w) and f,(w.,) become asymptotically
uncorrelated, only that they are not asymptotically completely correlated. To ensure
that they are asymptotically uncorrelated is significantly more difficult and requires
showing that “all” of the spectrum is near n**. This much more difficult task is the
subject of the next chapter.



104 CHAPTER IX. THE SPECTRAL SAMPLE



Exercise sheet on chapter [[X]

Exercise IX.1. Let {f,} be an arbitrary sequence of Boolean functions mapping into
{+£1} with corresponding spectral samples {.%,}.

(i). Show that P[0 < |.#,| < A,| — 0 implies that E[(1 — €,)"" I, 4] — 0if €,4, —
00.

(ii). Show that E[(1 — €,)/"/ 1, ,9] — 0 implies that P[0 < |.7,| < A,] — 0if €,4, =
O(1).

Exercise IX.2. Let {f,} be an arbitrary sequence of Boolean functions mapping into
{#£1} with corresponding spectral samples {.7,}.

(i). Show that P[f(w) # f(we,)] — 0 and A,e, = Q(1) imply that P[|.7,| > A,] — 0.
(ii). Show that P[|.7,| > A,] — 0 and A,¢, = o(1) imply that P[f(w) # f(w.,)] — 0.

Exercise IX.3. Prove Corollary

Exercise IX.4. For the iterated 3-Majority sequence, recall that the total influence is
n® where a = 1 —log2/log3. Show that for ¢, = 1/n%, P(f,(w) # fu(we,)) does not
tend to 0.

Exercise IX.5. Assume that {f,} is a sequence of monotone Boolean functions on n
bits with total influence equal to n'/? up to constants. Show that the sequence cannot
be noise sensitive. Is it necessarily noise stable as the Majority function is?

Exercise IX.6. Assume that {f,} is a sequence of monotone Boolean functions with
mean 0 on n bits. Show that one cannot have noise sensitivity when using noise level

€, = 1/n'/2.

Exercise IX.7. Show that P and .% have the same 2-dimensional marginals using only
Proposition rather than Proposition XA
Hint: It suffices to show that P({i,j} NP =0) = Q({s,7} N =0).

Exercise IX.8. (Challenging problem) Do you expect that exercise X3 is sharp,
meaning that, if 1/2 is replaced by o < 1/2, then one can find noise sensitive examples?
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Chapter X

Sharp noise sensitivity of
percolation

We will explain in this chapter the main ideas of the proof in [GPSI0] that most of
the “spectral mass” lies near nay(n) ~ n3/4t°M) . This proof being rather long and
involved, the content of this chapter will be far from a formal proof. Rather it should
be considered as a (hopefully convincing) heuristic explanation of the main results, and
possibly for the interested readers as a “reading guide” for the paper [GPSI(.

Very briefly speaking, the idea behind the proof is to identify properties of the geom-
etry of ., which are reminiscent of a self-similar fractal structure. Ideally, .}, would
behave like a spatial branching tree (or in other words a fractal percolation process),
where distinct branches evolve independently of each other. This is conjecturally the
case, but it turns out that it is very hard to control the dependency structure within
.. In [GPSI0], only a tiny hint of spatial independence within .}, is proved. One
of the main difficulties of the proof is to overcome the fact that one has very little
independence to play with.

A substantial part of this chapter focuses on the much simpler case of fractal per-
colation. Indeed, this process can be seen as the simplest toy model for the spectral
sample ., . Explaining the simplified proof adapted to this setting already enables us
to convey some of the main ideas for handling ., .

1 State of the art and main statement

See Figure Xl where we summarize what we have learned so far about the spectral
sample .7, of a left to right crossing event f,.

From this table, we see that the main question now is to prove that all the spectral
mass indeed diverges at speed nay(n) which is n?/4+°() for the triangular lattice. This
is the content of the following theorem.
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on the square lattice Z?

on the triangular lattice T

The spectral
mass diverges at
polynomial
speed

There is a positive ex-
ponent € > 0, s.t.
P[0 < |S,] <n] — 0

The same holds for all € <
1/8

Lower tail esti-
mates

On both lattices, Theorem

(non-sharp) lower tail estimates

V1T Tl enables to obtain

A positive
fraction of the
spectral mass
lies “where it

should”

There is some universal ¢ >
Q s.t.
P[|-7}.| > enau(n)] > ¢

P[|7,| > en¥/4oM] > ¢

May be summa-
rized by the fol-
lowing picture

A By (k) = Ss2r fa(S)?

At leas
A smaller i
.'L} g ” f 1 . pOSth(
“bump So posi fraction o
itive pectra the  spect
mass 77

tral mass

lies here

e \\ \—’—>
nl/3 n/4+o(1)

Figure X.1: A summary of some of the results obtained so far for ./, .
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Theorem X.1 ([GPSI0]).

limsupr”[O < | S| < Anfau(n)] — 0.

n—00 —0

On the triangular lattice T, the rate of decay in A is known explicitly. Namely:
Theorem X.2 ([GPSI0]). On the triangular grid T, the lower tail of |77,

satisfies

lim sup PP [0 < .7,

n—oo

< AE[|7,1])] = A3

This result deals with what one might call the “macroscopic” lower tail, i.e. with
quantities which asymptotically are still of order IAEU(E”fn | (since A remains fixed in
the above limsup). It turns out that in our later study of dynamical percolation in
Chapter XI, we will need a sharp control on the full lower tail. This is the content of
the following stronger theorem:

Theorem X.3 ([GPSI0]). On Z? and on the triangular grid T, for all 1 <r < n, one
has

n2

IP’[O < |Fp| < rPau(r)] = —au(r, n)?.
T

On the triangular grid, this translates into

wln

I@’[O < || <u] = nTrud

where we write &= to avoid relying on o(1) terms in the exponents.

2 Overall strategy

In the above theorems, it is clear that we are mostly interested in the cardinality of
%, . However, our strategy will consist in understanding as much as we can about the
typical geometry of the random set ., sampled according to the spectral probability
measure P -

As we have seen so far, the random set ., shares many properties with the set of
pivotal points Py,. A first possibility would be that they are asymptotically similar.
After all, noise sensitivity is intimately related with pivotal points, so it is not unrea-
sonable to hope for such a behavior. This scenario would be very convenient for us
since the geometry of Py, is now well understood (at least on T) thanks to the SLE
processes. In particular, in the case of Py, , one can “explore” Py, in a Markovian way
by relying on exploration processes. Unfortunately, based on very convincing heuristics,
it is conjectured that the scaling limits of %yfn and %an are singular random compact
sets of the square. See Figure for a quick overview of the similarities and differences
between these two random sets.
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Pivotal set Py, Spectral set 7,
First moment A
E[|Py,]] T E[|.77I]
Second moment .
E[‘anp] T E[‘yntQ}

Higher moments

] !
(k>3) In general, they differ !

Easy (and fast) using two explo-

Methods for sam- ration paths: The spectral sample .7}, is

pling these ran-

much harder to sample.
dom sets In fact, the only known way
to proceed is to compute the

weights f,,(S)2, one at a time

Distant regions in P, behave

Spatial  correla- more or less independently of

tion structure each other. ?
Furthermore, one can use the
very convenient spatial Markov
property due to the i.i.d struc-
ture of the percolation picture.

Much of the picture here re-
mains unclear

Lower Tail be-
havior

11

P[|Pr|=1] <xn™n I@’[\an\ =1] =<n~

D=

Figure X.2: Similarities and differences between %%, and Py, .

The conclusion of this table is that they indeed share many properties, but one
cannot deduce lower tail estimates on |.7%, | out of lower tail estimates on |Py,|. Also,
even worse, we will not be allowed to rely on spatial Markov properties for ., .

However, even though Py, and .#, differ in many ways, they share at least one essen-
tial property: a seemingly self-similar fractal behavior. The main strategy in [GPSI(]
to control the lower-tail behavior of |.},| is to prove that in some very weak sense,
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<}, behaves like the simplest model among self-similar fractal processes in [0, n]?: i.e.
a super-critical spatial Galton-Watson tree embedded in [0,n)?, also called a fractal
percolation process. The lower tail of this very simple toy model will be investigated in
detail in the next section with a technique which will be suitable for .#,. The main
difficulty which arises in this program is the lack of knowledge of the independency
structure within .%%,. In other words, when we try to compare ., with a fractal per-
colation process, the self-similarity already requires some work, but the hardest part is
to deal with the fact that distinct “branches” (or rather their analogues) are not known
to behave even slightly independently of each other. We will discuss these issues in
Section Bl but will not give a complete proof.

3 Toy model: the case of fractal percolation

As we explained above, our main strategy is to exploit the fact that ./, has a certain
self-similar fractal structure. Along this section, we will consider the simplest case
of such a self-similar fractal object: namely fractal percolation, and we will detail in
this simple setting what our later strategy will be. Deliberately, this strategy will not
be optimal in this simplified case. In particular, we will not rely on the martingale
techniques that one can use with fractal percolation or Galton-Watson trees, since such
methods would not be available for our spectral sample ., .

3.1 Definition of the model and first properties

To make the analogy with %%, easier let
n:=2" h>1,

and let’s fix a parameter p € (0, 1).

Now, fractal percolation on [0,n)? is defined inductively as follows: divide [0, 2"]?
into 4 squares and retain each of them independently with probability p. Let 7! be the
union of the retained 2" !-squares. The second-level tree 7?2 is obtained by reiterating
the same procedure independently for each 2"~!-square in 7. Continuing in the same
fashion all the way to the squares of unit size, one obtains 7,, = 7 := 7" which is a
random subset of [0, n]?. See [LyPTI] for more on the definition of fractal percolation.
See also Figure for an example of 7°.

Remark X.1. We thus introduced two different notations for the same random set
(7,,—o» = T"). The reason for this is that on the one hand the notation 7, defined on
[0,n)? = [0,2"]* makes the analogy with .}, (also defined on [0, n]?) easier, while on
the other hand inductive proofs will be more convenient with the notation 7".

In order to have a supercritical Galton-Watson tree, one has to choose p € (1/4,1).
Furthermore, one can easily check the following easy proposition.
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Figure X.3: A realization of a fractal percolation Tps = 7°

Proposition X.4. Let p € (1/4,1). Then

EUZLH _ n2ph — nQ—HOng7

and

E[|7.]?] < O(E[T|]*.

In particular, by the second moment method (e.g. the Paley-Zygmund inequality),
with positive probability, T, is of order n>*'o82P.

Let
a:=2+log,p.

This parameter o corresponds to the “fractal dimension” of 7,,. To make the analogy
with .7, even clearer, one could choose p in such a way that a = 2+ log, p = 3/4, but
we will not need to.

The above proposition implies that on the event 7, # (), with positive conditional
probability |7, is large (of order n®). This is the exact analogue of Theorem for
the spectral sample ./, .

Let us first analyze what would be the analogue of Theorem XTIl in the case of our
toy model 7,,. We have the following.
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Proposition X.5.

li P 7, @ .
121qs£p [0 <|T,| < An®)] QO
Remark X.2. If one could rely on martingale techniques, then this proposition is a
corollary of standard results. Indeed, as is well-known
|T°]

YT (dp)

is a positive martingale. Therefore it converges, as n — 00, to a non-negative random
variable W > 0. Furthermore, the conditions of the Kesten-Stigum Theorem are ful-
filled (see for example Section 5.1 in [LyP11]) and therefore W is positive on the event
that there is no extinction. This implies the above proposition.

As we claimed above, we will intentionally follow a more hands-on approach in this
section which will be more suitable to the random set .}, which we have in mind.
Furthermore this approach will have the great advantage to provide the following much
more precise result, which is the analogue of Theorem for 7,,.

Proposition X.6. Forany 1 <r <n,
]P)[O < |7;L‘ < ,,,a} — (%)10& 1/#7

where p is an explicit constant in (0,1) computed in Ezercise X3

3.2 Strategy and heuristics

Letting u < n®, we wish to estimate P[0 < |7,| < u]. Even though we are only in-
terested in the size of 7,, we will try to estimate this quantity by understanding the
geometry of the conditional set:

Tl = £(T,

0<m|<u).

The first natural question to ask is whether this conditional random set is typically
localized or not. See Figure X4l

Intuitively, it is quite clear that the set 7,, conditioned to be very small will tend to
be localized. So it is the picture on the right in Figure K4 which is more likely. This
would deserve a proof of course, but we will come back to this later. The fact that it
should look more and more localized tells us that as one shrinks u, this should make
our conditional 7" more and more singular with respect to the unconditional one. But
how much localization should we see? This is again fairly easy to answer, at least on the
intuitive level. Indeed, 7./ should tend to localize until it reaches a certain mesoscopic
scale r such that 1 < r < n. One can compute how much it costs to maintain a single
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How does
c(z 0< OR?

|7,| < u) look ?

More Entropy (in Vol?) Less Entropy ( in Vol') but
but costs more to maintain only one island to maintain
these 3 “islands” alive. alive.

Figure X.4: Entropy v.s. Clustering effect

branch (or O(1) branches) alive until scale r, but once this is achieved, one should let
the system evolve in a “natural” way. In particular, once the tree survives all the way
to a mesoscopic square of size r, it will (by the second moment method) produce (%)
leaves there with positive probability.

To summarize, typically T,/ will maintain O(1) many branches alive at scale 1 <
r < n, and then it will let the branching structure evolve in a basically unconditional
way. The intermediate scale r is chosen so that r* =< u.

Definition X.1. If 1 <r < n = 2" is such that r = 21,0 <[ < h, let 1,y denote the
set of branches that were still alive at scale r = 2' in the iterative construction of T,,.
In other words, 1(,y = Tt and T, C UT,,). This random set Ty will be the analogue
of the “r-smoothing” Ay of the spectral sample /s, defined later in Definition X2

Returning to our problem, the above heuristics say that one expects to have for any
1l < u<n®

P[0 <|7,| < u] < P[0 < |T)] < O(1)]
=P[|T| =1],

where r is a dyadic integer chosen such that ¢ < u. Or in other words, we expect that

P[0 <|T,| < r*] < P[|T(»] =1] . (X.1)

In the next subsection, we briefly explain how this heuristic can be implemented
into a proof in the case of the tree 7, in a way which will be suitable to the study of
4, We will only skim through the main ideas for this tree case.
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3.3 Setup of a proof for 7,

Motivated by the above heuristics, we divide our system into two scales: above and
below the mesoscopic scale . One can write the lower tail event as follows (let 1 <«
r < n):

P[0 < |T,| <] = P[|T)| = k] P[0 < |To] <7 | |T(| = K] . (X.2)

k>1

It is not hard to estimate the second term P[0 < |Z,| < 7| |7(;y| = k|. Indeed, in
this term we are conditioning on having exactly k branches alive at scale r. Indepen-
dently of where they are, “below” r, these k branches evolve independently of each
other. Furthermore, by the second moment method, there is a universal constant ¢ > 0
such that each of them exceeds the fatal amount of r* leaves with probability at least
¢ (note that in the opposite direction, each branch could also go extinct with positive
probability). This implies that

P[0 < |T,| <r* | [Tyl = k] < (1—0)".

Remark X.3. Note that one makes heavy use of the independence structure within 7,
here. This aspect is much more nontrivial for the spectral sample .}, . Fortunately it
turns out, and this is a key fact, that in [GPSI(] one can prove a weak independence
statement which in some sense makes it possible to follow this route.

We are left with the following upper bound:

P[0 < |T,| <] <> P75 = k] (1 — o). (X.3)

k>1

In order to prove our goal of ([Xl), by exploiting the exponential decay given by
(1 — )k (which followed from independence), it is enough to prove the following bound
on the mesoscopic behavior of 7:

Lemma X.7. There is a sub-exponential function k +— g(k) such that for all 1 <
r<n,
P[|T)| = k] < g(k) P[|T()| = 1] .

Notice as we did in Definition [X]Il that since 7,y has the same law as Th=! this is
a purely Galton-Watson tree type of question.

The big advantage of our strategy so far is that initially we were looking for a sharp
control on IP’[O < |7T,| < u} and now, using this “two-scales” argument, it only remains
to prove a crude upper bound on the lower tail of |7)|. By scale invariance this is
nothing else than obtaining a crude upper bound on the lower tail of |7,|. Hence this
division into two scales greatly simplified our task.
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3.4 Sub-exponential estimate on the lower-tail (Lemma [X.T)

The first step towards proving and understanding Lemma [X4 is to understand the
term PP[|7(,)| = 1]. From now on, it will be easier to work with the “dyadic” notations
instead, i.e. with 7% = 7 (see remark [XJ). With these notations, the first step is
equivalent to understanding the probabilities p; := IP’[|Ti| = 1}. This aspect of the
problem is very specific to the case of Galton-Watson trees and gives very little insight
into the later study of the spectrum .#%,. Therefore we postpone the details to Exercise
The conclusion of this (straightforward) exercise is that p; behaves as i — oo like

pi~cpt,
for an explicit exponent p € (0, 1) (see Exercise [X2). In particular, in order to prove

Proposition XA it is now enough to find a sub-exponential function k — g¢(k) such
that for any i,k > 1,

P[|T'| = k] < g(k)u'. (X.4)
More precisely, we will prove the following lemma.

Lemma X.8. Let g(k) := 201083(:%2) where 0 is a fized constant to be chosen later.
Then for all i,k > 1, one has

P T = k] < g(k) ' (X.5)

We provide the proof of this lemma here, since it can be seen as a “toy proof” of the
corresponding sub-exponential estimate needed for the r-smoothed spectral samples
), stated in the coming Theorem The proof of this latter theorem shares
some similarities with the proof below but is much more technical since in the case of
() one has to deal with a more complex structure than the branching structure of a
Galton-Watson tree.

Proof. We proceed by double induction. Let & > 2 be fixed and assume that equa-
tion ([XH) is already satisfied for all pair (i',k’) such that &’ < k. Based on this
assumption, let us prove by induction on 4 that all pairs (i, k) satisfy equation (X3 as
well.

First of all, if ¢ is small enough, this is obvious by the definition of g(k). Let

J=Jy :=sup{i >1:g(k)u' > 10}.

Then, it is clear that equation (X) is satisfied for all (i, k) with ¢ < J,. Now let
1> Jg.

If 7¢ is such that |77 = k > 1, let L = L(7%) > 0 be the largest integer such
that 7 intersects only one square of size 2/=7. This means that below scale 2=~ the
tree 77 splits into at least 2 live branches in distinct dyadic squares of size 2=1~!. Let
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d € {2,3,4} be the number of such live branches. By decomposing on the value of L,
and using the above assumption, we get

P[|T| = k] <P[L(T") >i— Ji]+

(e X Tew)
1=0 d=2 (kj)1<j<d ’
ki > 1,3k =k

where ¢ is the probability that our Galton-Watson tree goes extinct.

Let us first estimate what P[L(7") > m] is for m > 0. If m > 1, this means that
among the 22™ dyadic squares of size 2™, only one will remain alive all the way to
scale 1. Yet, it might be that some other such squares are still alive at scale 2°=™ but
will go extinct by the time they reach scale 1. Let p,,; be the probability that the
process 7™+ which lives in [0,2™%%]2] is entirely contained in a dyadic square of size
2°. With such notations, one has

IP’[L(Ti) > m} = Pmjiem -

Furthermore, if i = m, one has p; o = p; ~ cu'. It is not hard to prove (see Exercise
[X22) the following lemma.

Lemma X.9. For any value of m,b > 0, one has

Pm.b S ,Um
In particular, one has a universal upper bound in b > 0.

It follows from the lemma that P[L(7") =] < P[L(T") > ] < p' and
P@Uﬂ>i—@}gmﬂk (X.6)

< 10 g(k) " by the definition of Jj, . (X.7)

This gives us that for some constant C'

P[|T'| = k] < )+C Z 7 Z > JJELCN)
=2 (kj)i<j<d 7
ki > 1,5k =k
SRR S S el NS DU | (/0
=2 =0 (kj)i<j<d 7
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Let us deal with the d = 2 sum (the contributions coming from d > 2 being even
smaller). By concavity of k +— 6 logs(k 4 2), one obtains that for any (k;, ky) such that
ki + ke = k: g(k1)g(k2) < g(k/2)?. Since there are at most k* such pairs, this gives us
the following bound on the d = 2 sum.

i— Tk i— Tk
Z(MH)Z_l Z Hg(k‘j) < Z kP g(k/2)?
=0 (kj)i<j<o 7 =0

k> 1LYk = k

1
< —— kP g(k/2)?
S 9(k/2)

ng};wmwm%w%»*,

by definition of Jj.

Now, some easy analysis implies that if one chooses the constant 6 > 0 large enough,
then for any k& > 2, one has C1071k g(k/2)* (ng(k))~" < 159(k). Altogether (and
taking into consideration the d > 2 contributions), this implies that

BT = 4] < Zg(k)u' < gk

as desired. 0

Remark X.4. Recall the initial question from Figure XXl which asked whether the clus-
tering effect wins over the entropy effect or not. This question enabled us to motivate
the setup of the proof but in the end, we did not specifically address it. Notice that
the above proof in fact solves the problem (see Exercise X3)).

4 Back to the spectrum: an exposition of the proof

4.1 Heuristic explanation

Let us now apply the strategy we developed for 7,, to the case of the spectral sample .77, .
Our goal is to prove Theorem (of which Theorems [XJ] and are straightforward
corollaries). Let .}, C [0,n]* be our spectral sample. We have seen (Theorem [X0)
that with positive probability |-, | =< n?as(n). For all 1 < u < n®ay(n), we wish to
understand the probability I@’[O < |#},.] < u]. Following the notations we used for 7,,,

let Yf‘: be the spectral sample conditioned on the event {0 < |.%},| < u}.
Question: How does 5”]1: typically look?

To answer this question, one has to understand whether 5”}: tends to be localized
or not. Recall from Figure [X{4] the illustration of the competition between entropy and
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clustering effects in the case of 7,,. The same figure applies to the spectral sample .77, .
We will later state a clustering lemma (Lemma [XXT4) which will strongly support
the localized behavior described in the next proposition.

Therefore we are guessing that our conditional set Y}: will tend to localize into O(1)
many squares of a certain scale r and will have a “normal” size within these r-squares.
It remains to understand what this mesoscopic scale r as a function of w is.

By “scale invariance”, one expects that if ., is conditioned to live in a square of
size r, then |.#},| will be of order r2ay(r) with positive conditional probability. More
precisely, the following lemma will be proved in Problem X6

Lemma X.10. There is a universal ¢ € (0,1) such that for any n and for any r-square
B C [n/4,3n/4)? in the “bulk” of [0,n]?, one has

Lo |
P[TLTQL) € (¢, 1/c) } S, 0 and S, C B} > c. (X.8)

In fact this lemma holds uniformly in the position of the r-square B inside [0,n]?,
but we will not discuss this here.

What this lemma tells us is that for any 1 < u < nay(n), if one chooses r = r, in
such a way that r?ay(r) < u, then we expect to have the following estimate:

I@’[O <|Fp ] <u] = If”[j”fn intersects O(1) r-squares in [0, n]?]

= If”[j”fn intersects a single r-square in [0, n]?]
At this point, let us introduce a concept which will be very helpful in what follows.

Definition X.2 (“r-smoothing”). Let 1 < r < n. Consider the domain [0,n)* and
divide it into a grid of squares of edge-length r. (If 1 < r < n, one can view this grid
as a mesoscopic grid).

Ifn is not divisible by r, write n = mr+q and consider the grid of r-squares covering
[0, (m + 1)r].

Now, for each subset S C [0,n]?, define S,y to be the set of r x r squares in the
above grid which intersect S. In particular |S(y| will correspond to the number of such
r-squares which intersect S. With a slight abuse of notation, Siy will sometimes also
denote the actual subset of [0,n)* consisting of the union of these r-squares.

One can view the application S — Sy as an r-smoothing since all the details
below the scale r are lost.

Remark X.5. Note that in Definition [XIl, we relied on a slightly different notion of
“r-smoothing” since in that case, 7,y could also include r-branches which might go
extinct by the time they reached scale one. The advantage of this choice was that there
was an exact scale-invariance from 7" to 7,y while in the case of .7}, , there is no such
exact scale-invariance from .’ to 7).
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With these notations, the above discussion leads us to believe that the following
proposition should hold.

Proposition X.11. For all 1 <r <mn, one has
IP’[O < || < r2a4(r)] = IP’fn[|5ﬂ(r)| = 1} )

Before explaining the setup used in [GPSI0] to prove such a result, let us check that
it indeed implies Theorem [X:3 By neglecting the boundary issues, one has

Py, [|n] = 1] < 3 Pl £0and 7, C B].  (X.9)
r-squares

B C [n/4,3n/4]?

There are O(f—j) such B squares, and for each of these, one can check (see Exercise [X3)
that
I@’[an # 0 and .7, C B] < au(r,n)”. (X.10)

Therefore, Proposition CTT] indeed implies Theorem

4.2 Setup and organization of the proof of Proposition X:11]

To start with, assume we knew that disjoint regions in the spectral sample ., behave
more or less independently of each other in the following (vague) sense. For any k >
1 and any mesoscopic scale 1 < r < n, if one conditions on .7,y to be equal to
By U---U By for k disjoint r-squares, then the conditional law of .7 jp, should be
“similar” to an independent product of L[S, | S NB; # 0], i € {1,...,k}. Similarly
as in the tree case (where the analogous property for 7, was an exact independence
factorization), and assuming that the above comparison with an independent product
could be made quantitative, this would potentially imply the following upper bound for
a certain absolute constant ¢ > 0:

P[0 < |, | < r?ou(r)] < ) P[|F0] = k] (1 — o). (X.11)

k>1

This means that even if one managed to obtain a good control on the dependency
structure within .%, (in the above sense), one would still need to have a good estimate
on IAP)[LS”(,,)\ = l{:] in order to deduce Proposition [XXTTl This part of the program is
achieved in [GPST(] without requiring any information on the dependency structure of
4,. More precisely, the following result is proved:

Theorem X.12 ([GPSI0]). There is a sub-exponential function g — g(k), such that
forany 1 <r <nand any k > 1,

P[|S| = k] < g(k)B[|Fny] =1].
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The proof of this result will be described briefly in the next subsection.

One can now describe how the proof of Theorem is organized in [GPSI0]. It is
divided into three main parts:

1. The first part deals with proving the multi-scale sub-exponential bound on the
lower-tail of |.#(,)| given by Theorem [XT2

2. The second part consists in proving as much as we can on the dependency struc-
ture of ., . Unfortunately here, it seems to be very challenging to achieve a good
understanding of all the “independence” that should be present within ., . The
only hint of independence which was finally proved in [GPST0] is a very weak one
(see subsection EEA]). In particular, it is too weak to readily imply a bound like

(X1,

3. Since disjoint regions of the spectral sample .}, are not known to behave inde-
pendently of each other, the third part of the proof consists in adapting the setup
we used for the tree (where distinct branches evolve exactly independently of each
other) into a setup where the weak hint of independence obtained in the second
part of the program turns out to be enough to imply the bound given by ([XITI)
for an appropriate absolute constant ¢ > 0. This final part of the proof will be
discussed in subsection

The next three subsections will be devoted to each of these 3 parts of the program.

4.3 Some words about the sub-exponential bound on the lower
tail of .,

In this subsection, we turn our attention to the proof of the first part of the program,
i.e. on Theorem [X.T2 In fact, as in the case of 7,,, the following more explicit statement

is proved in [GPST0].

Theorem X.13 ([GPSI0]). There exists an absolute constant 8 > 0 such that for any
1<r<nandanyk >1,

IEP“Q%T)‘ _ l{;} < 2elog§(k+2) IEP“Q%T)‘ _ 1} '

Remark X.6. Note that the theorems from [BKS99] on the noise sensitivity of percola-
tion are all particular cases (r = 1) of this intermediate result in [GPST(].

The main idea in the proof of this theorem is in some sense to assign a tree structure
to each possible set .#;,). The advantage of working with a tree structure is that it is eas-
ier to work with inductive arguments. In fact, once a mapping .#{,) — “tree structure”
has been designed, the proof proceeds similarly as in the case of 7, by double induction
on the depth of the tree as well as on £ > 1. Of course, this mapping is a delicate affair:
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it has to be designed in an “efficient” way so that it can compete against entropy effects
caused by the exponential growth of the number of tree structures.

We will not give the details of how to define such a mapping, but let us describe
informally how it works. More specifically than a tree structure, we will in fact assign
an annulus structure to each set 7).

Definition X.3. Let A be a finite collection of disjoint (topological) annuli in the plane.
We call this an annulus structure. Furthermore, we will say that a set S C R? is
compatible with A (or vice versa) if it is contained in R* \ |JA and intersects the
iner disk of each annulus in A. Note that it is allowed that one annulus is “inside” of
another annulus.

S

n

@

)

Figure X.5: An example of an annulus structure A := {A;, Ay, A3} compatible with
a spectral sample .7, .

The mapping procedure in [GPSI0] assigns to each .7{,) an annulus structure A C
[0,n]* in such a way that it is compatible with .#{,). See Figure [ for an example.
Again, we will not describe this procedure nor discuss the obvious boundary issues
which arise here, but let us state a crucial property satisfied by annulus structures.

Lemma X.14 (clustering Lemma). If A is an annulus structure contained in [0, n]?,
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then

I@’[&”M is compatible with A] < H as(A)?,
AeA

where ay(A) denotes the probability of having a four-arm event in the annulus A.

Remark X.7. To deal with boundary issues, one would also need to incorporate within
our annulus structures half-annuli centered on the boundaries as well as quarter disks
centered at the corners of [0, n]?.

Let us briefly comment on this lemma.

e First of all, its proof is an elegant combination of linear algebra and percolation.
It is a short and relatively elementary argument. See Lemma 4.3 in [GPST0].

e [t is very powerful in dealing with the possible non-injectivity of the mapping
Sy — A. Indeed, while describing the setup above, one might have objected that
if the mapping were not injective enough, then the cardinality of the “fibers” above
each annulus structure would have to be taken into account as well. Fortunately,
the above lemma reads as follows: for any fixed annulus structure A,

Z If”[j”(r)] < If”[j”(r) is compatible with A} < H ay(A)?.
y(r):y(r)'—hA AeA

e Another essential feature of this lemma is that it quantifies very efficiently the fact
that the clustering effect wins over the entropy effect in the sense of Figure [XZ4
The mechanism responsible for this is that the probability of the four-arm event
squared has an exponent (equal to 5/2 on T) larger than the volume exponent
equal to 2. To illustrate this, let us analyze the situation when k& = 2 (still
neglecting boundary issues). The probability that the spectrum .7, intersects two
and only two r-squares at macroscopic distance €2(n) from each other can be easily
estimated using the lemma. Indeed, in such a case, .,y would be compatible with
an annulus structure consisting of two annuli, each being approximately of the
type A(r,n). There are O(:f—j) X O(f—j) such possible annulus structures. Using

the lemma each of them costs (on T) (£)*°(). An easy exercise shows that this

is much smaller than IAP)[LS”(T)\ = 2]|. In other words, if |.#{,| is conditioned to be
small, it tends to be localized. Also, the way that the lemma is stated makes it

very convenient to work with higher values of k.

The details of the proof of Theorem can be found in [GPSI(]. The double
induction there is in some sense very close to the one we carried out in detail in sub-
section B4l in the case of the tree; this is the reason why we included this latter proof.
For those who might read the proof in [GPST0], there is a notion of overcrowded cluster
defined there; it exactly corresponds in the case of the tree to stopping the analysis
above scale J, instead of going all the way to scale 1 (note that without stopping at
this scale Ji, the double induction in subsection B would have failed).
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4.4 Some words on the weak independence property proved
in [GPS10]
This part of the program is in some sense the main one. To introduce it, let us start by
a naive but tempting strategy. What the first part of the program (Theorem [X.13) tells
us is that for any mesoscopic scale 1 < r < n, if ., is non-empty, it is very unlikely
that it will intersect few squares of size 7. In other words, it is very unlikely that [.7,|
will be small. Let By, ..., B, denote the set of O(n?/r*) r-squares which tile [0, n]?.
One might try the following scanning procedure: explore the spectral sample ., inside
the squares B; one at a time. More precisely, before starting the scanning procedure,
we consider our spectral sample .%, as a random subset of [0,n]* about which we do
not know anything yet. Then, at step one, we reveal .#|p,. This gives us some partial
information about .%},. What we still have to explore is a random set of [0,n]* \ By
which follows the law of a spectral sample conditioned on what was seen in B; and we
keep going in this way. By Theorem [X.I3, many of these squares will be non-empty.
Now, it is not hard to prove the following lemma (using similar methods as in Problem

XZdl).

Lemma X.15. There is a universal constant ¢ > 0 such that for any r-square B in the
bulk [n/4,3n/4)%, one has

P(|.7;, N B| > crau(r) | S, NB#0] >c.

This lemma in fact holds uniformly in the position of B inside [0, n]?.
If one could prove the following (much) stronger result: there exists a universal
constant ¢ > 0 such that uniformly on the sets S C [0,n]* \ B one has

P(|.7;, N B| > crlou(r) | #;, NB #0 and Sp. = S] > ¢, (X.12)

then it would not be hard to make the above scanning strategy work together with
Theorem in order to obtain Theorem [XZ3 (Note that such a result would indeed
give a strong hint of independence within .%,.) However, as we discussed before,
the current understanding of the independence within .%;, is far from giving such a
statement. Instead, the following result is proved in [GPSI0]. We provide here a
slightly simplified version.

Theorem X.16 ([GPSI0]). There ezists a uniform constant ¢ > 0 such that for any
set W C [0,n]? and any r-square B such that BNW =0, one has

P(|.7, N B| > crou(r) | S5, N B #0 and Z;, "W = 0] > c.

Note that this theorem in some sense interpolates between part of Lemma [X. 10l and
Lemma XT3 which correspond respectively to the special cases W = B¢ and W = ().
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Yet it looks very weak compared to the expected ([XI2)) which is stated uniformly on
the behavior of .%, outside of B.

Assuming this weak hint of independence (Theorem [XXI6), it seems we are in bad
shape if we try to apply the above scanning procedure. Indeed, we face the following
two obstacles:

1. The first obstacle is that one would keep a good control only as far as one would
not see any “spectrum”. Namely, while revealing .#|p, one at a time, the first
time one finds a square B; such that .7, # 0, one would be forced to stop the
scanning procedure there. In particular, if the size of the spectrum in this first
non-trivial square does not exceed r%ay(r), then we cannot conclude anything.

2. The second obstacle is that, besides the conditioning . N W = (), our estimate
is also conditioned on the event that . N B # (). In particular, in the above
“naive” scanning strategy where squares are revealed in a sequential way, at each
step one would have to update the probability that . N B, # () based on what
was discovered so far.

It is the purpose of the third part of the program to adapt the above scanning
strategy to these constraints. Before describing this third part in the next subsection,
let us say a few words on how to prove Theorem X168

A crucial step in the proof of this theorem is to understand the following “one-point
function” for any x € B at distance at least r/3 from the boundary:

I@’[:ceﬁﬂfn and&’fnﬂW:@}.

A very useful observation is to rewrite this one-point function in terms of an explicit
coupling of two i.i.d. percolation configurations. It works as follows: let (wy,ws) be a
coupling of two i.i.d. percolations on [0, n]? which are such that

w1 =wy on W¢e
w1, Wa are independent on W

One can check that the one-point function we are interested in is related to this coupling
in the following simple way:

I@’[m € .7, and &, NW = ()] = P[z is pivotal for w; AND ws] .

Remark X.8. You may check this identity in the special cases where W = () or W =
{a}e.

Thanks to this observation, the proof of Theorem proceeds by analyzing this
W-coupling. See [GPSI0] for the complete details.
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4.5 Adapting the setup to the weak hint of independence

As we discussed in the previous subsection, one faces two main obstacles if, on the
basis of the weak independence given by Theorem [XI6 one tries to apply the naive
sequential scanning procedure described earlier.

Let us start with the first obstacle. Assume that we scan the domain [0,7]? in a se-
quential way, i.e., we choose an increasing family of subsets (W;);>1 = ({w1, ..., w;});>1.
At each step, we reveal what .#|¢,,,,} is, conditioned on what was discovered so far (i.e.,
conditioned on Ay,). From the weak independence Theorem [XXIG, it is clear that if
we want this strategy to have any chance to be successful, we have to choose (W));>1
in such a way that (7, N W;);>; will remain empty for some time (so that we can
continue to rely on our weak independence result); of course this cannot remain empty
forever, so the game is to choose the increasing family (1), in such a way that the
first time %, N {w;} will happen to be non-empty, it should give a strong indication
that %, is large in the r-neighborhood of w.

As we have seen, revealing the entire mesoscopic boxes B; one at a time is not a
successful idea. Here is a much better idea (which is not yet the right one due to the
second obstacle, but we are getting close): in each r-square B;, instead of revealing all
the bits, let us reveal only a very small proportion ¢, of them. Lemma tells us
that if .’ N B; # 0, then each point = € B; has probability of order ay(r) to be in .77, .
Therefore if we choose d§, < (ray(r))™!, then with high probability, by revealing only
a proportion 0, of the points in B;, we will “miss” the spectral sample .7}, . Hence, we
have to choose 8, > (r?a4(r))~!. In fact choosing § =< (r?ay(r))~! is exactly the right
balance. Indeed, we know from Theorem that many r-squares B; will be touched
by the spectral sample; now, in this more sophisticated scanning procedure, if the first
such square encountered happens to contain few points (i.e. < r2ay(r)), then with
the previous scanning strategy, we would “lose”, but with the present one, due to our
choice of 0,, most likely we will keep .7, N W, = () so that we can continue further on
until we reach a “good” square (i.e. a square containing of order r2cy(r) points).

Now, Theorems and together tell us that with high probability, one will
eventually reach such a good square. Indeed, suppose the m first r-squares touched
by the spectral sample happened to contain few points; then, most likely, if W,  is the
set of bits revealed so far, by our choice of d, we will still have . N W; = (). This
allows us to still rely on Theorem [X_T@, which basically tells us that there is a positive
conditional probability for the next one to be a “good” square (we are neglecting the
second obstacle here). This says that the probability to visit m consecutive bad squares
seems to decrease exponentially fast. Since m is typically very large (by Theorem [X.13),
we conclude that, with high probability, we will finally reach good squares. In the first
good square encountered, by our choice of ¢,, there is now a positive probability to
reveal a bit present in ., . In this case, the sequential scanning will have to stop, since
we will not be able to use our weak independence result anymore, but this is not a big
issue: indeed, assume that you have some random set S C B. If by revealing each bit
only with probability d,, you end up finding a point in S, most likely your set S is at
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least of size Q(r?ay(r)). This is exactly the size we are looking for in Theorem X3

Now, only the second obstacle remains. It can be rephrased as follows: assume
you applied the above strategy in By, ..., B, (i.e. you revealed each point in B;, i €
{1,...,h} only with probability ¢,) and that you did not find any spectrum yet. In
other words, if W, denotes the set of points visited so far, then .y, N W, = (. Now if
Bj,41 is the next r-square to be scanned (still in a “dilute” way with intensity ¢,.), we
seem to be in good shape since we know how to control the conditioning ., N W, = .
However, if we want to rely on the uniform control given by Theorem KXXI6 we also
need to further condition on ., N Bjy1 # 0. In other words, we need to control the
following conditional expectation:

P, N By #0 | S, N W = 0] .

It is quite involved to estimate such quantities. Fortunately, by changing our sequential
scanning procedure into a slightly more “abstract” procedure, one can avoid dealing
with such terms. More precisely, within each r-square B, we will still reveal only a 9,
proportion of the bits (so that the first obstacle is still taken care of), but instead of
operating in a sequential way (i.e. scanning By, then B, and so on), we will gain a lot
by considering the combination of Theorem and Theorem in a more abstract
fashion. Namely, the following large deviation lemma from [GPSI0] captures exactly
what we need in our present situation.

Lemma X.17 ([GPSI0)). Let X;,Y; € {0,1}, i € {1,...,m} be random variables such
that for each i Y; < X; a.s. IfVJ C [m] and Vi € [m]\ J, we have

P[Yi=1|Y;=0,VjeJ] >cP[X;=1|Y;=0,Vj € J], (X.13)
then if X :=> X, and Y :=>_Y;, one has that
PY =0|X>0] <c'E[e”“¥ | X >0].

Recall that By, ..., B,, denotes the set of r-squares which tile [0,n)>. For each
i € [m], let X; = 1ynp,2p and Y; := 1 ynp,rwp, where W is an independent uniform
random subset of [0,n]? of intensity 4.

This lemma enables us to combine our two main results, Theorems [X_16 and [XT3]
in a very nice way: By our choice of the intensity d,, Theorem exactly states
that the assumption ([XXI3) is satisfied for a certain constant ¢ > 0. Lemma [XXT7 then
implies that

PlY =0 | X >0] <c'E[e" 9% | X >0].

Now, notice that X = Y~ X; exactly corresponds to |#{,)| while the event {X > 0}
corresponds to {.7}, # 0} and the event {Y = 0} corresponds to {-, N W = 0}.
Therefore Theorem leads us to
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PLA AW =0, 7 £ 0] < B[ @V 0l 7, £0)]
<C_1Z]P)|c5ﬂ(r|—k‘} (c/e)k

k>1
_1 <Z 2610g2(k+2 —(c/e)k ) [|y | :|
k>1
R 2
< CO) P[] = 1] = = au(r,n)?, (X.14)

r2

where (XXIT) is used in the last step.

This shows that on the event that .7, # 0, it is very unlikely that we do not detect
the spectral sample on the ¢,-dilute set VW. This is enough for us to conclude using the
following identity:

1

r2ay(r)

If”[&”fnﬂW:Q) ‘ an} = (1—6)ml =(1- ) sl

Indeed, by averaging this identity we obtain

P, nW =0, # 0] =E[P[7, nW =0 | 7] 1o, 4]

T Lt
= E{(l - 7’2@4(7’))' ! 1yfn#@]

> QP[0 < |A,| < rPau(r)],

which, combined with (XXI4) yields the desired upper bound in Theorem See
Problem X7 for the lower bound.

5 The radial case

The next chapter will focus on the existence of exceptional times in the model of dy-
namical percolation. A main tool in the study of these exceptional times is the spectral
measure @QR where gp is the Boolean function gp = {—1,1}°%) — {0,1} defined
to be the indicator function of the one-arm event {0 «—— 0B(0,R)}. Note that by
definition, gg is such that ||gr||3 = a1 (R).

n [GPST0], the following “sharp” theorem on the lower tail of .#, is proved.

Theorem X.18 ([GPSI0]). Let gr be the one-arm event in B(0,R). Then for any
1 <r <R, one has

@gR [O < |Fal < r2a4(r)] = (X.15)
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The proof of this theorem is in many ways similar to the chordal case (Theorem
[X3). An essential difference is that the “clustering v.s. entropy” mechanism is very
different in this case. Indeed in the chordal left to right case, when .#%, is conditioned
to be very small, the proof of Theorem shows that typically .}, localizes in some
r-square whose location is “uniform” in the domain [0,n)?. In the radial case, the
situation is very different: ./, conditioned to be very small will in fact tend to localize
in the r-square centered at the origin. This means that the analysis of the mesoscopic
behavior (i.e. the analogue of Theorem XXT3)) has to be adapted to the radial case. In
particular, in the definition of an annulus structure, the annuli containing the origin
play a distinguished role. See [GPSI(] for complete details.
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Exercise sheet on chapter X

Exercise X.1. Prove Proposition X4

Exercise X.2. Consider the fractal percolation process 7¢, i > 1 introduced in this
chapter. (Recall that 75: = 7). Recall that in Section B it was important to estimate
the quantity IP’UTi\ = 1]. This is one of the purposes of the present exercise.

(a)

Let p; := P[|77] = 1]. By recursion, show that there is a constant ¢ € (0,1) so
that, as i — oo

pi~ e’
where p := 4p(1 — p + pq)?® and q is the probability of extinction for the Galton-
Watson tree correponding to (7);>1.

Using the generating function s — f(s)(= E(s Bumber of offspring) ¢ this Galton-
Watson tree, and by studying the behavior of its i-th iterates f®, prove the same
result with p := f’(¢q). Check that it gives the same formula.

Recall the definition of p,,; from Section Bl Let p,, . be the probability that
exactly 1 person at generation m survives forever. Prove that

Pmoe = (1 —q)u™

for the same exponent u. Prove Lemma XX3 Finally, prove that limy_, oo pmpy =

Pm,oo-

Exercise X.3. Extract from the proof of Lemma X8 the answer to the question asked
in Figure X4

Exercise X.4. Prove that

Theorem = Theorem = Theorem X

Exercise X.5. Consider an r-square B C [n/4,3n/4]? in the “bulk” of [0, n]?.

(a)

Prove using Proposition [X.3 that

If”[&”fn # 0 and .7, C B] < au(r,n)?

131
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(b) Check that the clustering Lemma [X.T4 is consistent with this estimate.
Problem X.6. The purpose of this exercise is to prove Lemma X 10

(a) Using Proposition [XZ3 prove that for any « € B at distance r/3 from the bound-

ary,
Plz € .7}, and .7}, N B = 0] =< au(r)au(r,n)*.

(b) Recover the same result using Proposition [XX4] instead.

(¢) Conclude using Exercise X that E[|.#;, N B| | 7, # 0 and .7}, C B] = rlau(r),
where B C B is the set of points € B at distance at least /3 from the boundary.

(d) Study the second-moment E[\an NBJ* | ., #0 and ., C BJ.

(e) Deduce Lemma

Problem X.7. Most of this chapter was devoted to the explanation of the proof of
Theorem XX3  Note that we in fact only discussed how to prove the upper bound.
This is because the lower bound is much easier to prove and this is the purpose of this
problem.

(a) Deduce from Lemma[XI0and Exercise[KT(a) that the lower bound on P [0 < [, < rPou(r)]
given in Theorem is correct. lL.e., show that there exists a constant ¢ > 0 such
that

2
n

<r?ay(r)] > c—ay(r, n)?.
r

P[0 < |7,

(b) (Hard) In the same fashion, prove the lower bound part of Theorem [XI8



Chapter XI

Applications to dynamical
percolation

In this section, we present a very natural model where percolation undergoes a time-
evolution: this is the model of dynamical percolation described below. The study
of the “dynamical” behavior of percolation as opposed to its “static” behavior turns
out to be very rich: interesting phenomena arise especially at the phase transition
point. We will see that in some sense, dynamical planar percolation at criticality is a
very unstable or chaotic process. In order to understand this instability, sensitivity of
percolation (and therefore its Fourier analysis) will play a key role. In fact, the original
motivation for the paper [BKS99| on noise sensitivity was to solve a particular problem
in the subject of dynamical percolation. [Sfe(9] provides a recent survey on the subject
of dynamical percolation.

We mention that one can read all but the last section of the present chapter without
having read Chapter X1

1 The model of dynamical percolation

This model was introduced by Haggstrom, Peres and Steif [HPSI7] inspired by a ques-
tion that Paul Malliavin asked at a lecture at the Mittag-Leffler Institute in 1995. This
model was invented independently by Itai Benjamini.

In the general version of this model as it was introduced, given an arbitrary graph
G and a parameter p, the edges of G switch back and forth according to independent
2-state continuous time Markov chains where closed switches to open at rate p and
open switches to closed at rate 1 — p. Clearly, the product measure with density p,
denoted by m, in this chapter, is the unique stationary distribution for this Markov
process. The general question studied in dynamical percolation is whether, when we
start with the stationary distribution 7, there exist atypical times at which the perco-
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lation structure looks markedly different than that at a fixed time. In almost all cases,
the term “markedly different” refers to the existence or nonexistence of an infinite con-
nected component. Dynamical percolation on site percolation models, which includes
our most important case of the hexagonal lattice, is defined analogously.

We very briefly summarize a few early results in the area. It was shown in [HPS9T]
that below criticality, there are no times at which there is an infinite cluster and above
criticality, there is an infinite cluster at all times. See the exercises. In [HPS97], exam-
ples of graphs which do not percolate at criticality but for which there exist exceptional
times where percolation occurs were given. (Also given were examples of graphs which
do percolate at criticality but for which there exist exceptional times where percolation
does not occur.) A fairly refined analysis of the case of so-called spherically symmetric
trees was given. See the exercises for some of these.

Given the above results, it is natural to ask what happens on the standard graphs
that we work with. Recall that for Z?, we have seen that there is no percolation at
criticality. It turns out that it is also known (see below) that for d > 19, there is no
percolation at criticality for Z?. It is a major open question to prove that this is also
the case for intermediate dimensions; the consensus is that this should be the case.

2 What’s going on in high dimensions: Z? d > 19?

For the high dimensional case, Z¢,d > 19, it was shown in [HIPS97] that there are no
exceptional times of percolation at criticality.

Theorem XI1.1 ([HPS9T)). For the integer lattice Z¢ with d > 19, dynamical critical
percolation has no exceptional times of percolation.

The key reason for this is a highly nontrivial result due to work of Hara and Slade
([HS94]), using earlier work of Barsky and Aizenman ([BA9T]), that says that if 6(p) is
the probability that the origin percolates when the parameter is p, then for p > p.

0(p) = O —p.) - (XIL.1)

(This implies in particular that there is no percolation at criticality.) In fact, this
is the only thing which is used in the proof and hence the result holds whenever the
percolation function satisfies this “finite derivative condition” at the critical point.

Outline of Proof. By countable additivity, it suffices to show that there are no times
at which the origin percolates during [0,1]. We use a first moment argument. We
break the time interval [0, 1] into m intervals each of length 1/m. If we fix one of these
intervals, the set of edges which are open at some time during this interval is i.i.d. with
density about p. + 1/m. Hence the probability that the origin percolates with respect
to these set of edges is by (XLIl) at most O(1/m). It follows that if N,, is the number
of intervals where this occurs, then E[N,,] is at most O(1). It is not hard to check that
N <liminf,, N,,, where N is the cardinality of the set of times during [0, 1] at which



3. D=2 AND BKS 135

the origin percolates. Fatou’s Lemma now yields that E(N) < co and hence there are
at most finitely many exceptional times during [0, 1] at which the origin percolates. To
go from here to having no exceptional times can either be done by using some rather
abstract Markov process theory or by a more hands on approach as was done in [HPS97]
and which we refer to for details. O

Remark XI.1. Tt is known that (XIT) holds for any homogeneous tree (see [Grid9] for
the binary tree case) and hence there are no exceptional times of percolation in this
case also.

Remark X1.2. Tt is was proved by Kesten and Zhang [KZ87], that (XITJ) fails for Z? and
hence the proof method above to show that there are no exceptional times fails. This
infinite derivative in this case might suggest that there are in fact exceptional times for
critical dynamical percolation on Z?, an important question left open in [HPS97].

3 d=2 and BKS

Omne of the questions posed in [HPS97] was whether there are exceptional times of
percolation for Z2. It was this question which was one of the main motivations for
the paper [BKS99]. While they did not prove the existence of exceptional times of
percolation, they did obtain the following very interesting result which has a very
similar flavor.

Theorem XI1.2 ([BKS99]). Consider an R X R box on which we run critical dynamical
percolation. Let Sg be the number of times during [0,1] at which the configuration
changes from having a percolation crossing to not having one. Then

Sk — o0 in probability as R — oc.

Noise sensitivity of percolation as well as the above theorem tells us that certain large
scale connectivity properties decorrelate very quickly. This suggests that in some vague
sense wi* “changes” very quickly as time goes on and hence there might be some chance
that an infinite cluster appears since we are given many “chances”.

In the next section, we begin our study of exceptional times for Z? and the hexagonal

lattice.

4 The second moment method and the spectrum

In this section, we reduce the question of exceptional times to a “second moment
method” computation which in turn reduces to questions concerning the spectral be-
havior for specific Boolean functions involving percolation. Since p = 1/2, our dynamics
can be equivalently defined by having each edge or hexagon be rerandomized at rate 1.
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The key random variable which one needs to look at is

1
X = Xp = / 1ot
0

where 0 <25 R is of course the event that at time ¢ there is an open path from the
origin to distance R away. Note that the above integral is simply the Lebesgue measure
of the set of times in [0, 1] at which this occurs.

We want to apply the second moment method here. We isolate the easy part of the
argument so that the reader who is not familiar with this method understands it in a
more general context. However, the reader should keep in mind that the difficult part is
always to prove the needed bound on the second moments which in this case is (XL2).

Proposition XI1.3. If there exists a constant C' such that for all R
E(X2) < CE(Xp)?, (X1.2)
then a.s. there are exceptional times of percolation.

Proof. For any nonnegative random variable Y, the Cauchy-Schwarz inequality applied
to Yy oy yields
P(Y > 0) > E(Y)?/E(Y?).

Hence by (XL2), we have that for all R,
P(Xr>0)>1/C
and hence by countable additivity (as we have a decreasing sequence of events)
P(Nr{Xg > 0}) > 1/C.

Had the set of times that a fixed edge is on been a closed set, then the above would
have yielded by compactness that there is an exceptional time of percolation with
probability at least 1/C. However, this is not a closed set. On the other hand, this
point is very easily fixed by modifying the process so that the times each edge is on is
a closed set and observing that a.s. no new times of percolation are introduced by this
modification. The details are left to the reader. Once we have an exceptional time with
positive probability, ergodicity immediately implies that this occurs a.s. O

The first moment of Xy is, due to Fubini’s Theorem, simply the probability of our
one-arm event, namely a;(R). The second moment of Xy is easily seen to be

1 1 1 1
E(X?) = IE(/ / Lows p 1y pdsdt) :/ / P(0 <= R,0 <% R)dsdt (XL3)
0 0 0 0

which is, by time invariance, at most

1
2 / P(0 «%» R,0 < R)ds. (X1.4)
0
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The key observation now, which brings us back to noise sensitivity, is that the
integrand P(0 <= R 0 «*% R) is precisely E[fr(w)fr(w.)] where fg is the indicator of
the event that there is an open path from the origin to distance R away and e = 1 —¢~*
since looking at our process at two different times is exactly looking at a configuration
and a noisy version.

What we have seen in this subsection is that proving the existence of exceptional
times comes down to proving a second moment estimate and furthermore that the
integrand in this second moment estimate concerns noise sensitivity, something for
which we have already developed a fair number of tools to handle.

5 Proof of existence of exceptional times for the
hexagonal lattice via randomized algorithms

In [SST0D], exceptional times were shown to exist for the hexagonal lattice; this was
the first transitive graph for which such a result was obtained. However, the methods
in this paper did not allow the authors to prove that Z? had exceptional times.

Theorem XI1.4 ([SSTOL]). For dynamical percolation on the hezagonal lattice T at the
critical point p. = 1/2, there exist almost surely exceptional times t € [0, 00) such that
wy has an infinite cluster.

Proof. As we noted in the previous section, two different times of our model can be
viewed as “noising” where the probability that a hexagon is rerandomized within ¢ units
of time is 1 — e™*. Hence, by ([L2), we have that

P[0« R, 0“5 R =E[fa]"+ Y. fr(S)?exp(~]S]) (XL5)
0#£SCB(0,R)

where B(0, R) are the set of hexagons involved in the event fr. We see in this expression
that, for small times ¢, the frequencies contributing in the correlation between {0 «2>
R} and {0 <%~ R} are of “small” size |S| < 1/t. Therefore, in order to detect the
existence of exceptional times, one needs to achieve good control on the lower tail of
the Fourier spectrum of fg.

The approach of this section is to find an algorithm minimizing the revealment as
much as possible and to apply Theorem [VITLIl However there is a difficulty here, since
our algorithm might have to look near the origin, in which case it is difficult to keep the
revealment small. There are other reasons for a potential problem. If R is very large
and t very small, then if one conditions on the event {0 <+ R}, since few sites are
updated, the open path in wy from 0 to distance R will still be preserved in w; at least
up to some distance L(t) (further away, large scale connections start to decorrelate).
In some sense the geometry associated to the event {0 <~ R} is “frozen” on a certain
scale between time 0 and time ¢t. Therefore, it is natural to divide our correlation
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analysis into two scales: the ball of radius r = r(¢) and the annulus from r(t) to R.
Obviously the “frozen radius” r = r(t) increases as t — 0. We therefore proceed as
follows instead. For any r, we have

P[0 <% R, 0 <% R| P[0 < r| P[r < R, r <*% R]

<
< Oél(rr)E[fr,R(WO)fr,R(Wtﬂa (XL.6)

where f,  is the indicator function of the event, denoted by 7 «“— R, that there is an
open path from distance r away to distance R away. Now, as above, we have

E[fr.n(wo) frrwe)] <E[frr] + > exp(—th) Y frr(S) (XL.7)
k=1 |S|=k

The Boolean function f, p somehow avoids the singularity at the origin, and it is
possible to find algorithms for this function with small revealments. In any case, letting
d = 6, r be the revealment of f, g, it follows from Theorem [VIITIl and the fact that
S kexp(—tk) < O(1)/¢* that

E[fr,R(wo)fr,R(wt)} < ay(r, R)? + O(1)day (r, R) /12 (XL.8)

The following proposition gives a bound on §. We will sketch why it is true after-
wards.

Proposition XI.5 ([SS100]). Let 2 <r < R. Then
Orr < O(1)on(r, R) as(r) . (XI1.9)

Putting together (XLG), (XLH), Proposition and using quasi-multiplicativity
of ay yields

P[0 <% R, 0 <% R] < 0(1)0‘;(?; (1 + O‘thr)) .

This is true for all r and ¢. If we choose r = 7(t) = (1/t)® and ignore o(1) terms in
the critical exponents (which can easily be handled rigorously), we obtain, using the
explicit values for the one and two-arm critical exponents, that

P[0 < R, 0 <% R] < O(1)t%ay(R)?. (XI1.10)

Now, since fol t7°/8dt < oo, by integrating the above correlation bound over the unit
interval, one obtains that E[X,%J < CE [X R}Q for some constant C' as desired. O

Outline of proof of Proposition XAl

We use an algorithm that mimics the one we used for percolation crossings except the
present setup is “radial”. As in the chordal case, we randomize the starting point of
our exploration process by choosing a site uniformly on the ‘circle’ of radius R. Then,
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we explore the picture with an exploration path ~ directed towards the origin; this
means that as in the case of crossings, when the interface encounters an open (resp.
closed) site, it turns say to the left (resp. right), the only difference being that when
the exploration path closes a loop around the origin, it continues its exploration inside
the connected component of the origin. (It is known that this discrete curve converges
towards radial SLEg on T, when the mesh goes to zero.) It turns out that the so-
defined exploration path gives all the information we need. Indeed, if the exploration
path closes a clockwise loop around the origin, this means that there is a closed circuit
around the origin making f, p equal to zero. On the other hand, if the exploration
path does not close any clockwise loop until it reaches radius r, it means that f. p = 1.
Hence, we run the exploration path until either it closes a clockwise loop or it reaches
radius r. This is our algorithm. Neglecting boundary issues (points near radius r or R),
if z is a point at distance u from 0, with 2r < u < R/2, in order for x to be examined
by the algorithm, it is needed that there is an open path from 2u to R and the two-arm
event holds in the ball centered at u with radius u/2. Hence for |z| = u, P[z € J] is at
most O(1)as(u)ay (u, R). Due to the explicit values of the one and two-arm exponents,
this expression is decreasing in u. Hence, ignoring the boundary, the revealment is at

most O(1)as(r)as(r, R). See [SST0OD] for more details. O

We now assume that the reader is familiar with the notion of Hausdorff dimen-
sion. We let £ C [0, 00| denote the (random) set of these exceptional times at which
percolation occurs. It is an immediate consequence of Fubini’s Theorem that £ has
Lebesgue measure zero and hence we should look at its Hausdorff dimension if we want
to measure its “size”. The first result is the following.
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Theorem XI.6 ([SSIOD]). The Hausdorff dimension of € is an almost sure constant
in [1/6,31/36].

It was conjectured there that the dimension of the set of exceptional times is a.s.
31/36.

Outline of Proof. The fact that the dimension is an almost sure constant follows
from easy 0-1 Laws. The lower bounds are obtained by placing a random measure on
& with finite so-called a—energies for any o < 1/6 and using a result called Frostman’s
Theorem. (This is a standard technique once one has good control of the correlation
structure.) Basically, the 1/6 comes from the fact that for any o« < 1/6, one can
multiply the integrand in fol t=5/6dt by (1/t)* and still be integrable. It is the amount
of “room to spare” you have. If one could obtain better estimates on the correlations,
one could thereby improve the lower bounds on the dimension. The upper bound is
obtained via a first moment argument similar to the proof of Theorem XTIl but now

using ([LT)). O

Before moving on to our final method of dealing with the spectrum, let us consider
what we might have lost in the above argument. Using the above argument, we op-
timized things by taking r(t) = (1/t)®. However, at time ¢ compared to time 0, we
have noise which is about ¢. Since we now know the exact noise sensitivity exponent,
in order to obtain decorrelation, the noise level should be at least about the negative
3/4th power of the radius of the region we are looking at. So, events in our annu-
lus should decorrelate if r(t) >> (1/t)*3. This suggests there might be potential for
improvement. Note we used an inner radius which is 6 times larger than potentially
necessary (8 = 6 x 4/3). This 6 is the same 6 by which the result in Theorem [VITT.Z]
differed by the true exponent (3/4 = 6 x 1/8) and the same 6 explaining the gap in
Theorem [XLA (1—1/6) = 6 x (1—31/36). This last difference is also seen by comparing
the exponents in (KLI0) and the last term in (XTI below.

6 Proof of existence of exceptional times via the
geometric approach of the spectrum

Recall that our third approach for proving the noise sensitivity of percolation crossings
was based on a geometrical analysis of the spectrum, viewing the spectrum as a random
set. This approach yielded the exact noise sensitivity exponent for percolation crossings
for the hexagonal lattice. This approach can also be used here as we will now explain.
Two big advantages of this approach are that it succeeded in proving the existence
of exceptional times for percolation crossings on Z?, something which [SSTOB] was not
able to do, as well as obtaining the exact Hausdorff dimension for the set of exceptional
times, namely the upper bound of 31/36 in the previous result.

Theorem XI1.7 ([GPSI0]). For the triangular lattice, the Hausdorff dimension of & is
almost surely 31/36.
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Proof. As explained in the previous section, it suffices to lower the 5/6 in (XLI0) to
5/36. (Note that (XLI0) was really only obtained for numbers strictly larger than 5/6,
with the O(1) depending on this number; the same will be true for the 5/36.)

Let s(r) be the inverse of the map r — r2ay4(r) ~ r*%. So more or less, s(r) :=r
Using Theorem [X.T8, we obtain the following;:

4/3

E[fr(wo)fr(w)] = Z exp(—t|5]) fr(S)?

_ Z Z exp(—i&\S\)JER(S)2

k=1 S:|S|€[(k—1)/t,k/t)

< Zexp Q[|Ffal| < k/1]
(3)2
- ZeXp <k/t>>
< Zexp 4/3><5/48
< 0(1)a1(3)2(%)5/36. (XL11)

This completes the proof. (Of course, there are o(1) terms in these exponents which we
are ignoring.) O

We have done a lot of the work for proving that there are exceptional times also on
72,

Theorem XI.8 (J[GPSI(]). For dynamical percolation on Z* at the critical point p. =
1/2, there exist almost surely exceptional times t € [0,00) such that wy has an infinite

cluster.
Proof. s(r) is defined as it was before but now we cannot say that s(r) is about r4/3,
However, we can say that for some fixed 6 > 0, we have that for all r,

s(r) >r? (XI.12)

From the previous proof, we still have

fr(wo) fr( Wt 1
E| i Zexp GO (XI.13)

Exactly as in the proof of Theorem [XT4, we need to show that the right hand side
is integrable near 0 in order to carry out the second moment argument.
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Quasi-multiplicativity can be used to show that

aq(s(1/1)) < E9Way (s(k/1)). (XI.14)

(Note that if things behaved exactly as power laws, this would be clear.)
Therefore the above sum is at most

Z ko(l <O()— - (XL15)
N TD)) an(s(1/1)) ‘

V. Beffara has shown that there exists ¢y > 0 such that for all r,
oy (r)ay(r) > ro 2, (XI.16)

Note that Theorem VL4 and (VL) tell us that the left hand side is larger than
Q(1)r=2. The above tells us that we get an (important) extra power of r in ((VL).
It follows that

1 2—eo _ s —eo
i S s/ = (/s (X117

(XTI tells us that the last factor is at most 7 for some n > 0 and hence the
relevant integral converges as desired. The rest of the argument is the same. O

One can also consider exceptional times for other events, such as for example times
at which there is an infinite cluster in the upper half-plane or times at which there
are two infinite clusters in the whole plane, and consider the corresponding Hausdorft
dimension. A number of results of this type, which are not sharp, are given in [SST0D]
while various sharp results are given in [GPST0.



Exercise sheet of Chapter XI

Exercise XI.1. Prove that on any graph below criticality, there are no times at which
there is an infinite cluster while above criticality, there is an infinite cluster at all times.

Exercise XI.2. Consider critical dynamical percolation on a general graph satisfying
O(p.) = 0. Show that a.s. {t : w; percolates } has Lebesgue measure 0.

Exercise XI.3. (Somewhat hard). A spherically symmetric tree is one where all ver-
tices at a given level have the same number of children, although this number may
depend on the given level. Let T, be the number of vertices at the nth level. Show that

there is percolation at p if
1
< 00
PP

n

Hint: Let X,, be the number of vertices in the nth level which are connected to the
root. Apply the second moment method to the sequence of X,,’s.

The convergence of the sum is also necessary for percolation but this is harder and
you are not asked to show this. This theorem is due to Russell Lyons.

Exercise XI.4. Show that if T}, is n?2" up to multiplicative constants, then the critical
value of the graph is 1/2 and we percolate at the critical value. (This yields a graph
which percolates at the critical value.)

Exercise XI1.5. (Quite a bit harder). Consider dynamical percolation on a spherically
symmetric tree. Show that there for the parameter p, there are exceptional times at

which percolation occurs if
1
< Q.
Z np—nTn

n

Hint: Find an appropriate random variable X,, to which the second moment method
can be applied.

Exercise XI.6. Find a spherically symmetric tree which does not percolate at criti-
cality but for which there are exceptional times at which percolation occurs.

143
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