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Abstract

These notes have grown (and are still growing) out of two graduate courses I gave at the University
of Toronto. The main goal is to give a self-contained introduction to several interrelated topics of

current research interests: the connections between
1) coarse geometric properties of Cayley graphs of infinite groups;
2) the algebraic properties of these groups; and

3) the behaviour of probabilistic processes (most importantly, random walks, harmonic functions,

and percolation) on these Cayley graphs.

I try to be as little abstract as possible, emphasizing examples rather than presenting theorems in their
most general forms. I also try to provide guidance to recent research literature. In particular, there are
presently over 150 exercises and many open problems that might be accessible to PhD students. It is
also hoped that researchers working either in probability or in geometric group theory will find these

notes useful to enter the other field.
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Preface

These notes have grown (and are still growing) out of two graduate courses I gave at the University of
Toronto: Probability and Geometry on Groups in the Fall of 2009, and Percolation in the plane, on Z%, and
beyond in the Spring of 2011. I am still adding material and polishing the existing parts, so at the end I
expect it to be enough for two semesters, or even more. Large portions of the first drafts were written up by
the nine students who took the first course for credit: Eric Hart, Siyu Liu, Kostya Matveev, Jim McGarva,
Ben Rifkind, Andrew Stewart, Kyle Thompson, Lluis Vena, and Jeremy Voltz — I am very grateful to
them. That first course was completely introductory: some students had not really seen probability before

this, and only few had seen geometric group theory. Here is the course description:

Probability is one of the fastest developing areas of mathematics today, finding new connections to
other branches constantly. One example is the rich interplay between large-scale geometric properties
of a space and the behaviour of stochastic processes (like random walks and percolation) on the space.
The obvious best source of discrete metric spaces are the Cayley graphs of finitely generated groups,
especially that their large-scale geometric (and hence, probabilistic) properties reflect the algebraic
properties. A famous example is the construction of expander graphs using group representations,
another one is Gromov’s theorem on the equivalence between a group being almost nilpotent and the
polynomial volume growth of its Cayley graphs. The course will contain a large variety of interrelated

topics in this area, with an emphasis on open problems.

What I had originally planned to cover turned out to be ridiculously much, so a lot had to be dropped,
which is also visible in the present state of these notes. The main topics that are still missing are Gromov-
hyperbolic groups and their applications to the construction of interesting groups, metric embeddings
of groups in Hilbert spaces, more on the construction and applications of expander graphs, more on
critical spatial processes in the plane and their scaling limits, and a more thorough study of Uniform
Spanning Forests and £2-Betti numbers — I am planning to improve the notes regarding these issues soon.
Besides research papers I like, my primary sources were [DrK09], [d[Har00] for geometric group theory
and [LyPer14], [Per04], [Woe00] for probability. I did not use more of [HooLW06], [Lub94], [Wil09] only
because of the time constraints. There are proofs or even sections that follow rather closely one of these
books, but there are always differences in the details, and the devil might be in those. Also, since I was a
graduate student of Yuval Peres not too long ago, several parts of these notes are strongly influenced by his
lectures. In particular, Chapter [0 contains paragraphs that are almost just copied from some unpublished
notes of his that T was once editing. There is one more recent book, [Gril(], whose first few chapters have
considerable overlap with the more introductory parts of these notes, although I did not look at that book
before having finished most of these notes. Anyway, the group theoretical point of view is missing from
that book entirely.

With all these books available, what is the point in writing these notes? An obvious reason is that it is
rather uncomfortable for the students to go to several different books and start reading them somewhere
from their middle. Moreover, these books are usually for a bit more specialized audience, so either nilpotent
groups or martingales are not explained carefully. So, I wanted to add my favourite explanations and
examples to everything, and include proofs I have not seen elsewhere in the literature. And there was a

very important goal I had: presenting the material in constant conversation between the probabilistic and



geometric group theoretical ideas. I hope this will help not only students, but also researchers from either
field get interested and enter the other territory.

There are presently over 150 exercises, in several categories of difficulty: the ones without any stars
should be doable by everyone who follows the notes, though they are often not quite trivial; * means it
is a challenge for the reader; ** means that I think I would be able to do it, but it would be a challenge
o

for m means it is an open problem. Part of the grading scheme was to submit exercise solutions

2# of stars

worth 8 points, where each exercise was worth . There are also conjectures and questions in the

*** exercises is that, according to my knowledge or feeling, the

notes — the difference compared to the
*,* exercises have not been worked on yet thoroughly enough, so I want to encourage the reader to try
and attack them. Of course, this does not necessarily mean that all conjectures are hard, neither that any
of the *** exercises are doable. ... But, e.g., for a PhD topic, I would personally suggest starting with the
X exercises.

Besides my students and the books mentioned above, I am grateful to Agi Backhausz, Alex Bloemendal,
Damien Gaboriau, Gady Kozma, Russ Lyons, Sébastien Martineau, Péter Mester, Yuval Peres, Mark Sapir,
Andreas Thom, Addm Timar, Laszl6 Marton Téth, Todor Tsankov and Balint Virdg for conversations and

comments.



1 Basic examples of random walks

Random walks on infinite graphs is one of the most classical examples of how the geometry of the underlying

space influences the behavior of stochastic processes on that space.

1.1 Z<% and Ty, recurrence and transience, Green’s function and spectral radius

In simple random walk on a connected, bounded degree infinite graph G = (V, E), we take a starting
vertex, and then each step in the walk is taken to one of the vertices directly adjacent to the one currently
occupied, uniformly at random, independently from all previous steps. Denote the positions in this walk
by the sequence Xg, X1,..., each X; € V(G).

Definition 1.1. A random walk on a graph is called recurrent if the starting vertex is visited again, and

hence visited infinitely often, with probability one. That is:
P, [Xn = o infinitely often] = P[Xn = o nfinitely often ‘ X = 0} =1.
Otherwise, the walk is called transient, and o is almost surely visited only finitely many times.

Exercise 1.1. Show that if G(V, E) is a connected graph, and simple random walk started at some o € V
visits o infinitely often almost surely, then the walk started at any x € V wvisits any given y € V infinitely
often, almost surely. Consequently, recurrence is a property solely of the graph, and in a transient graph,

the walk visits any given finite set only finitely many times.
The result that started the area of random walks on groups is the following:

Theorem 1.2 (Pélya 1920). Simple random walk on Z% is recurrent for d = 1,2 and transient for d > 3.
In fact, the so-called “on-diagonal heat-kernel decay” is p,(0,0) = Po[ X, = 0] < Cyn~%/2.

For the proof, we will need the following two lemmas. The first one is clear from Stirling’s formula
n! ~ v2mn(n/e)”, or alternatively, is a consequence of the Local Central Limit Theorem; see [Fel68]
Sections I1.9 and VIL.3] and [Durl0l Sections 3.1 and 3.5] for these theorems and their relationship with
each other. The proof of the second lemma will be discussed later, in Section

Lemma 1.3. Given a one-dimensional simple random walk Yy, Y1, ..., then
1 /2n 1
PlYs, =0]= — ~—_—
[Y2 ) 22n ( n ) NZTD

Lemma 1.4. The following estimate holds for a d-dimensional lattice:

3
P| # of steps among first n that are in the " coordinate ¢ {2—7;, %

} } < Cexp(—cqn) .

Proof of Theorem[L2. Let o = 0 € Z® denote the origin, X,, = (X},..., X%) the walk, and n = (n1,...,n4)
a multi-index, with |n|:=n; + -+ - 4+ ng. Furthermore, let S; = S;(X1,..., X,,) denote the number of steps
taken in the i*" coordinate, i = 1,...,d. Then

P,[X,=0]=P,[X, =0Vi]= Y P,[Y) =0Vi|S; =n; Vi]P[S;=n,; Vi],

[n|=n

{s.1}

{ss.zdTd}

{ex.transfinit

{t.Polya}

{1.8tirling}

{1.LD}



which we got by using the Law of Total Probability and Bayes’ Theorem, and where the sequences Y,fi are
the components of the sequence Xg, X1,... with the null moves deleted. That is, if in the random walk
we move from one node to one of the two adjacent nodes in the i*" coordinate, then Y,f changes by one
correspondingly, and n; increases by one.

Using the independence of the steps taken and Lemma [[L3] the last formula becomes

P,[X,=0]=< Y (n1---ng) ’P[S; = n; Vi]
In|=

~
—~

M 3

E(E)P[SZ:TI@V’L] + Z Cy- n_d/Q-P[Si:TLi VZ],

Ini¢lzy,35] Vni€[2y, 58]
where €(n) € [0,1]. Now, by Lemma [[.4]
Z P[S; =n; Vi] <C-d-exp(—cqn),
Ini¢l35,5%]

hence the first term in (1)) is exponentially small, while the second term is polynomially large, so we get
P,[ X, = 0] =< Cqn~ %2, (1.2)

as claimed.

Now notice that

EO[# of visits to 0] = an(o, 0).

Thus, from (L2) we get for d > 3 that Eo[# of visits to 0] < 00, hence PO[# visits to o is oo] =0, so
the random walk is transient.

Also, for d = 1,2 we get that EO[# of visits to 0] = oo. However, this is not yet quite enough to claim
that the random walk is recurrent. Here is one way to finish the proof — it may be somewhat too fancy,

but the techniques introduced will also be used later.

Definition 1.5. For simple random walk on a graph G = (V, E), let Green’s function be defined as
G(z,ylz) = an:vy z,y € V(G) and z € C.

In particular,
G(z,y|1) = B[ # of visits to y ] .

Let us also define
o0
Ulz,ylz) = Z = n]2",

where 1,7 is the first positive time hitting y, so that Py[r,” = 0] = 0.

Since any probability is at most 1, the power series G(x,y|z) and U(x,y|z) certainly converge for |z| < 1.
But one can also think of them as just formal power series, encoding the sequences p,(x,y) and PI[TyJr =n].
Furthermore, for 0 < z <1 we also have a probabilistic interpretation: G(x,y|z) is the expected number of
visits to y, while U(x,y|z) is the probability of ever reaching y in the random walk where we die at each

step with probability 1 — z.

{e.twosums}

{e.Zdret}

{d.Gu}



k=1
an(x, 2)2" =U(z,z|z) Gz, z|2),
n=1
G(z,z|z) — 1 =U(x, z|2) G(x, x|2),
1

As we proved above, for d = 1,2 we have E,[# of visits to x| = oo, hence G(x, z|1) = oo. Thus (3
says that U(z,z|1) = 1, which means that P,[7;7 < oo] = 1, which clearly implies recurrence: if we come
back once almost surely, then we will come back again and again. (To be rigorous, we need here the so-called
strong Markov property for simple random walk: given the present X, the future X, 11, X;42,... is
conditionally independent of the past Xy, X1,..., X,_1 for any stopping time 7, not just for deterministic
times. This is intuitively obvious, and is easy to prove by conditioning on the countable number of
possibilities 7 can take. For complicated continuous time and continuum state space Markov processes this

is less trivial, sometimes even false.)

Instead of using Green’s function, here is a simpler proof of recurrence (though the real math content

is the same). Assume P, |77 < oo] = ¢ < 1. Then
P[# of returns = k] = ¢"(1 — q) for k=0,1,2,...,
a geometric random variable. Therefore,
E[# of returns] = ¢/(1 — ¢) < 0.
Thus, the infinite expectation we had for d = 1,2 implies recurrence. O

Let us denote the radius of convergence of G(z,y|z) by rad(x, y). By the Cauchy-Hadamard criterion,

rad(z,y) = — ! >1,
limsup,, o V/Pn(z, )

hence rad(z,y) determines the exponential rate of decay of the sequence p,(x,y).

A useful classical theorem is the following:

Theorem 1.6 (Pringsheim’s theorem). If f(z) = >, an2™ with a, > 0, then the radius rad(f) of conver-

gence is the smallest positive singularity of f(z).
Exercise 1.2. Prove Pringsheim’s theorem.
The following is quite similar to Exercise [Tt
Exercise 1.3. Prove that for simple random walk on a connected graph, for real z > 0,
G(z,ylz) <00 & G(v,w|z) < 0.

Therefore, by Theorem [, we have that rad(x,y) is independent of x,y.

{e.GU}

{t.Pringsheim}

ex.Gxyvw
y



By this exercise, we can define

1
pi=——— =limsup Vpp(z,2) <1, (1.4)

rad (Ia y) n—00

which is independent of z,y, and is called the spectral radius of the simple random walk on the graph.

We will see in Section [.1] the reason for this name.

Now, an obvious fundamental question is when p is smaller than 1. I.e., on what graphs are the return
probabilities exponentially small? We have seen that they are polynomial on Z¢. The walk has a very
different behaviour on regular trees. The simplest difference is the rate of escape:

In Z, or any Z¢, E[dist(X,, Xo)] =< v/n; see Exercise [[4] below.

For the k-regular tree Ty, k > 3, let dist(X,,, Xo) = D,,. Then

P[Duir = Du 411D, # 0] = * 2
and P[Dy1 =D, —1|D, £0] :%,
hence E[ D41 — Dy|D, #0] = % _%_

On the other hand, E[DnH - D, ’ D, = O] = 1. Altogether,
k—2
k
Exercise 1.4. Let D,, := dist(X,,, Xo) be the distance of SRW from the starting point.

(a) Using the Central Limit Theorem, prove that B[ D, ] < \/n on any Z%.
(b) Comparing the number of visits to Xo = o on Ty and on Z, prove that E[D,,| ~ %n, as n — 0o.

E[Dn} > n.

In summary, the random walk escapes much faster on T}, than on any Z?. This big difference will also

be visible in the return probabilities.
. , PN =t
Theorem 1.7. The spectral radius of the k-regular tree Ty, is p(Ty) = =5—.
We first give a proof using generating functions, then a completely probabilistic proof.

Proof. With the generating function of Definition [[5] consider U(z) = U(x, y|z), where x is a neighbour of
y (which we will often write as x ~ y). By taking a step on T}, we see that either we hit y, with probability

%, or we move to another neighbour of x, with probability kk;l, in which case, in order to hit y, we have

to first return to x and then hit y. So, by the symmetries of Ty,

U(z)zlz—i—k_l

2
- k: 2U(2)%,

which gives

Uiy = kE VEZ =4k — 1)22

2(k—1)z

From the definition of U(z) as a power series it is clear that U(0) is 0. Furthermore, U(z) is easily seen to

k—y/k2—4(k—1)22

be continuous for |z| < 1, hence we get U(z) = S0=1)2 . Then,
k— /FZ 40k —1)22
Ua,ale) = U o glz) = S

{e.rho}

{ex.basicspeed

{t.treerho}



and thus, at least for |z] < 1,

1
1—=U(z,z|2)
B 2(k—1)

k=24 k2 —4(k—1)22

The smallest positive singularity of the right hand side is z = Qkﬁ, so Pringheim’s Theorem gives

G(z,z|z) =
(1.5)

that this is its radius of convergence. However, we are not quite done yet. We know only that G(z,z|z),
whenever exists, is given by the right hand side, but maybe its radius of convergence could be even smaller

than that of the right hand side. Nevertheless, this can easily be excluded: the right hand side has a Taylor

series expansion for |z| < Qkﬁ, while we already know that the Taylor series of G(z,z|z) converges
for |z| < 1; the values given by these two series coincide on the open set |z| < 1, hence the coeflicients
themselves and the radii of convergence must coincide, too. Therefore, p(Ty) = 2—”,:71 O

Exercise 1.5. Compute p(Ty¢), where Ty ¢ is a tree such that if v, € Ty is a verter at distance n from

the root,

The next three exercises provide a probabilistic proof of Theorem [[7] in a more precise form. (But
note that the correction factor n=3/2 of Exercise [[§ can also be obtained by analyzing the singularities
of the generating functions.) This probabilistic strategy might be known to a lot of people, but I do not
know any reference — I found it based on my own work [GarPS10al Section 4] and some conversations
with Balint Virag.

Exercise 1.6. Show that for biased SRW on Z, i.e., P[X,s1 =7+ 1| X, = 7] =p,
1
PO[Xi>Of0rO<i<n‘Xn:O} = -,
n

with constants independent of p € (0,1). (Hint: first show, using the reflection principle [Durll, Section
4.3], that for symmetric simple random walk, Po[ X; > 0 for all 0 < i < 2n]= %PO[XQn =0].)

Exercise 1.7.* For biased SRW on Z, show that there is a subexponentially growing function g(m) =
exp(o(m)) such that
1
Po[#{i:Xi:Of0r0<i<n}:m’Xn:()] §g(m)ﬁ.

(Hint: count all possible m-element zero sets, together with a good bound on the occurrence of each.)

Exercise 1.8. Note that for SRW on the k-regular tree Ty, the distance process D,, = dist(Xo, X,,) is a
biased SRW on Z reflected at 0.
(a) Using this and Exercise [[Lf, prove that the return probabilities on Ty, satisfy

cin?2p" < pla,x) < con”H2p",

for some constants ¢; depending only on k, where p = p(Ty) is given by Theorem[1.7]
(b) Using Ezercise[I.7, improve this to

pulz,z) =< n~32p"

)

with constants depending only on k.

10
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1.2 Large deviations: Azuma-Hoeffding and relative entropy ( }
ss.LD

We discuss now a result needed for the random walk estimates in the previous section.
{p.Azuma}

Proposition 1.8 (Azuma-Hoeffding inequality). Let X, Xo, ... be random variables satisfying the follow-
mng criteria:

e E[X;]| =0Vi.

e More generally, E[XZ-1 . sz] =0 forany k € Zy and iy <ig < --- <.

o ||X;|l,, <ooVi.
Then, for any L > 0,

P[X;+ - +X,>L] < e~ L/ X%

Proof. Define S,, :== X7 +---+ X,,. Choose any ¢t > 0. We have

P[S,>L] <Pl > et
< e_tLE[etS" ] , by Markov’s inequality.

By the convexity of e, for |z| < a, we have

a+x 4 — T
at +6 at

tx
e’ <e
- 2a 2a

= cosh(at) + L sinh(at) .
a

We now apply this for z := X; and a = a; := || X;|| . The point is that the bound is linear in X;, hence, after
taking the product over all ¢ and taking expectations, we can use our condition that E[Xi1 - Xy } =0,

and get

n n

E[etSn] _ E{Hetxi} < E[H (cosh(ait) + % sinh(aﬁ)) } = ﬁcosh(ait) .

i=1 i=1

Since

o (ait)® o~ (@it)* 22
coshlast) = ) (2k)! <D S =

we see that
P[S,>L]< e tLeX i IXall5t%/2,

We optimize the bound by setting t = L/ > | HXZ-HiO, proving the proposition. O

For an i.i.d. sequence, with E[ X; | = p and || X; — pil|oc =, for any a > p we get

P[S, >an] <exp (— (0‘2_7“)2n> :

which immediately implies Lemma [[4] where we have y = 1/d and v < 1. In fact, for an i.i.d. Bernoulli

sequence, X; ~ Ber(p), this exponential bound is among the most basic tools in discrete probability, usually
called Chernoff’s inequality; see, e.g., [AloS00, Appendix].

Of course, we would not have stated Proposition in such a general form if its only use was for
i.i.d. sequences. Indeed, the uncorrelatedness conditions for the X;’s, besides i.i.d. sequences, are also
fulfilled by martingale differences X; = M; —M,_1, where {M;}°, is a martingale sequence. See Section[6.3]

for the definition of a martingale and examples, in case you do not know them already.

11



{ex.MGdiff}
> Exercise 1.9. Show that if {M;}2, is a martingale, then the differences X; = M; — M,;_1 salisfy the

uncorrelatedness condition E[Xi1 e X } =0, forany k € Zy and i1 <ig < -+ <.

In Section [6.3] we will see applications of Proposition [[L8] to martingales. In the rest of the present
section, we will discuss what is known for i.i.d. sequences beyond this proposition.

First of all, for any i.i.d. sequence and any « € R, the limit

lim M = —v(a) (1.6) {e.LDiid}

n—oo n

exists. The reason is that
P[Sn > om} P[Sm > am] < P[Sn+m > a(n—i—m)] ,

hence v, = logP[S’n > an} is a subadditive sequence, and lim, v, /n = inf, v,/n holds by Fekete’s
lemma (prove it or look it up on Wikipedia, if you have not seen it). The function () is called the large
deviation rate function (associated with the distribution of X;). In order to ensure that v(«) > 0 holds
for a > p = E[Xi], instead of boundedness, it is enough that the moment generating function E[etx }
is finite for some ¢t > 0. The rate function can be computed in terms of the moment generating function,

and, e.g., for X; ~ Ber(p) it is

(o) = alog 2 (1—a)log ] a , fora>p. (1.7) {e.LDBinomial}
p

The proofs of these results involving the moment generating function can be found, e.g., in [Durl(, Section
2.6] and [Bil86l Section 1.9]. We will here sketch a proof of formula (7)), and give an interpretation of it

in terms of relative entropy.

To start with, note that 7,(a) > 0 holds for all @ # p. What is its interpretation for av < p? It turns

out that
log P[Binom(n,p) = a,,n |
m

= —p(a)

n—00 n
holds for any a € R and any sequence «,, — a such that a,,n € N for every n. This is an easy consequence
of Stirling’s formula (prove it). That is, the main claim in the large deviations bounds is that for v > p, the
exponential rate of P [ Sp > ann} is kind of comparable to being exactly a.,m, which is not that surprising:
it is very hard for Binom(n,p) to be so large, so it typically fulfils this task by going over ., n just a little
bit, hence it is not that unlikely that it is exactly au,n.

More generally, consider any probability measure 7 on a finite set .S such that w(x) > 0 for all x € S. For
iid. samples X = (X1,...,X,) from 7, let L,(X) := 23" | 6x, be the associated empirical distribution
(where 0, is the unit mass at x). Furthermore, let p, — p be probability measures on S such that
nun(z) € N for all n and 2 € S. Then, we may ask how hard it is for i.i.d. samples from 7 to behave as if
they were samples from p, and the answer is the following:

lim - log 7" (1 €S™: Ln(X) = un) = —D(u| ), (1.8) {e.pimu}

n—oco n

where D(pu || ) is called the relative entropy of 1 with respect to 7, which we now define.

12



{d.entropy}
Definition 1.9. The Shannon entropy H(u) of a probability measure p on a countable set S is

== p(x)log p(x

zeS

Similarly, for a random wvariable X with values in a countable set, H(X) is the entropy of the mea-
sure p(x) = P[X = a]. The relative entropy between the random variables X and Y, also called the
Kullback-Leibler divergence, is

DXIY)= ZP log%.
zes

Note that this depends only on the distributions of X and Y, not on the joint distribution. Of course, when

S is infinite, these quantities might be infinite.

Note that H(u) < log|supp p| by Jensen’s inequality, with equality for the uniform measure. A rough
interpretation of H(u) is the number of bits needed to encode the amount of randomness in y, or in other
words, the amount of information contained in a random sample from p. We will see a precise formulation
of this in (LA) below. (The interpretation with bits works the best, of course, if we are using log,.) A
quote from Claude Shannon (from Wikipedia):

“My greatest concern was what to call it. I thought of calling it ‘information’, but the word was overly used,
so I decided to call it ‘uncertainty’. When I discussed it with John von Neumann, he had a better idea. Von
Neumann told me, ‘You should call it entropy, for two reasons. In the first place your uncertainty function
has been used in statistical mechanics under that name, so it already has a name. In the second place, and

more important, nobody knows what entropy really is, so in a debate you will always have the advantage.”

Entropy plays an important role in many parts of probability theory and mathematics in general. We
will meet it again in Section (5.4, Chapter [@ and Section ??. For a nice summary of several probabilistic
aspects of entropy see [Geo03|, which we partly follow here.

In the special case that Y = U is uniform on |S| = k elements:
DX||U)=> P[X =z]logP[X =x]+logk=H(U) - H(X).
zes

In this case, using the uniform measure as 7 and noting that the number of all possible sequences X € S™
is k™, the limit (L8] says that

lim ~log ‘{1 €S™: Ln(X) = un}‘ = H(p). (1.9) {e.piunifmu}

n—,oo M

This gives the nice interpretation to H(u) that it measures the uncertainty inherent in the measure. (Or

in other words, the new information in a sample from p.) And now it is actually quite easy to prove (L8]

> Exercise 1.10.
(a) Using multinomial coefficients and Stirling’s formula, prove (I39).
(b) Show that, for any probability measure © on a finite set S, and any X € S™,

—log " (X) = D(La(X) | 7) + H(Ln(X)).
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(¢) From parts (a) and (b), deduce (I1.8).

Now, given formula (§)), it is not surprising that the following large deviations result holds. For a
proof, see [DemZ98, Theorem 2.1.10]:

Theorem 1.10 (Sanov’s large deviations theorem). Let w be a probability measure and G a set of probability

measures on a finite set S, and let G° and G denote its interior and closure, respectively, as subsets of RI°I.

Then,

1
— inf D(p||n) < liminf—logﬂ'”(ﬁ eS": LX) e g)
HeEG® n—oo 1

< limsupllogﬂ'n(ﬁ eS": LX) e g) < —inf D(u| ).
n—oo T neg
In many natural examples (e.g., the set of Ber(g) measures with ¢ > «), the infima over G° and G are
equal, hence this theorem gives an exact answer. Also, there are several extensions beyond the case of a
finite S, but then it starts to matter what topology we use on the set of probability measures on S, and
there are different versions depending on that. See [DemZ98] for more information.
We close this section with the following nice exercise from [GacsL09, Chapter 6]:

Exercise 1.11. We want to compute a real quantity a. Suppose that we have a randomized algorithm that
computes an approzimation A (which is a random variable) such that the probability that |A —a| > 1 is at
most 1/20.
(a) Show that by calling the algorithm t times, you can compute an approximation B such that the
probability that |B — a| > 1 is at most 2.
(b) Show by examples that the 1/2 versus 1/20 above is not a typo: if both numbers are 1/2 or both are
1/20, then the claim can fail, e.g., for t = 2.

2 Free groups and presentations

The group structure of R? and Z? is familiar to everyone from high school, even if it was not defined what
a group is. In this chapter, we study free groups, the grandmothers of all groups.

2.1 Introduction

Definition 2.1 (F}, the free group on k generators). Let ay,as,...,ay, al_l, az_l, cee a;l be symbols. The

elements of the free group generated by {a1,...,ax} are the finite reduced words: remove any aiai_l or

a;lai repeatedly until there is none. Group multiplication is concatenation of words, followed by reduction

if needed. The unit element is the empty word.
The associativity of this multiplication follows from the next lemma:

Lemma 2.2. Fvery word has a unique reduced word.
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Proof. We use induction on the length of the word w to be reduced. If there is at most one immediate
reduction to make in w, the induction is obvious. If there are two different reductions, resulting in w; and
ws, note that the reduction leading from w to wj; is still available in w3_;, and after making this second
reduction we get the same word w2 both from w; and ws. The induction hypothesis for wy, ws, w12 now
gives that the unique final reduced words from w; and wy both must be equal to the final reduced word

from w2, proving uniqueness for w. |

Proposition 2.3. If S is a set and Fg is the free group generated by S, and I' is any group, then for any
map f: S — T there is a group homomorphism f : Fs — T extending f.

Proof. Define f(s% ---si*) = f(s1)™ --- f(sk)%, then check that this is a homomorphism. O
Corollary 2.4. FEvery group is a quotient of a free group.

Proof. Lazy solution: take S = I', then there is an onto map Fs — I'. A less lazy solution is to take a
generating set, I' = (S). Then, by the proposition, there is a surjective map f : Fg — T" with ker(f) < Fg,
hence Fg/ ker(f) ~T. O

Definition 2.5. Given a generating set S and a set of relations R of elements of S, a presentation of
T is given by (S) mod the relations in R. This is written T' = (S|R). More formally, T' ~ (S)/({R)) where
R C Fg and ((R)) is the smallest normal subgroup containing R. A group is called finitely presented if
both R and S can be chosen to be finite sets. The minimal number of generators is called the rank of the

group.

Example: Consider the group I' = (a1, ...,aq | [ai,a;] Vi, j), where [a;,a;] = aiajai_laj_l. We wish to

show that this is isomorphic to the group Z<. It is clear that I" is commutitive — if we have a;a; in a word,

we can insert the commutator [a;a;] to reverse the order — so every word in I' can be written in the form

v=ai"ay® - -apt.
Define ¢ : G — Z% by ¢(v) = (n1,na,...,nx). It is now obvious that ¢ is an isomorphism.

Definition 2.6. Let T' be a finitely generated group, {(S) =T. Then the right Cayley graph G(T',S) is
the graph with vertex set V(G) =T and edge set E(G) = {(g,9s) : g € T',s € S}. The left Cayley graph
is defined using left multiplications by the generators. These graphs are often considered to have directed
edges, labeled with the generators, and then they are sometimes called Cayley diagrams. However, if S

—1

is symmetric (Vs € S, st € S), then G is naturally undirected and |S|-reqular (even if S has order 2

elements).

Example: The Z? lattice is the Cayley graph of Z? with the 2d generators {e;, —e; }L,.
Example: The Cayley graph of Fy with generators {a,b,a™!,b71} is a 4-regular tree, see Figure 211

Let T be a group with right Cayley graph G = G(I',S). Then I' acts on G by multiplication from
the left as follows: for h € I', an element g € V(G) maps to hg, and an element (g,gs) € E(G) maps to
(hg, hgs). This shows that every Cayley graph is transitive.
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Figure 2.1: The Cayley graph of F5.

Finitely presentedness has important consequences for the geometry of the Cayley graphs, see Sec-
tions 241 and Bl and the discussion around Proposition Classical examples of finitely generated
non-finitely presented groups are the lamplighter groups Zs ! Z%, which will be defined in Section [B.1], and
studied in Chapter [0 from a random walk point of view. The non-finitely presentedness of Zy ! Z is proved
in Exercise

We have seen two effects of Ty being much more “spacious” than Z? on the behaviour of simple
random walk: the escape speed is much larger, and the return probabilities are much smaller. It looks
intuitively clear that Z and Ty should be the extremes, and that there should be a large variety of possible
behaviours in between. It is indeed relatively easy to show that Tj is one extreme among 2k-regular
Cayley-graphs, but, from the other end, it is only a recent theorem that the expected rate of escape is at
least E[dist(Xo, X,)] > ¢y/n on any group: see Section One reason for this not being obvious is
that not every infinite group contains Z as a subgroup: there are finitely generated infinite groups with a
finite exponent n: the nth power of any element is the identity. Groups with such strange properties are
called Tarksi monsters. But even on groups with a Z subgroup, there does not seem to be an easy proof.

We will also see that constructing groups with intermediate behaviours is not always easy. One reason
for this is that the only general way that we have seen so far to construct groups is via presentations, but
there are famous undecidability results here: there is no general algorithm to decide whether a word can
be reduced in a given presentation to the empty word, and there is no general algorithm to decide if a
group given by a presentation is isomorphic to another group, even to the trivial group. So, we will need

other means of constructing groups.

2.2 Digression to topology: the fundamental group and covering spaces

Several results on free groups and presentations become much simpler in a topological language. The
present section discusses the necessary background.
We will need the concept of a CW-complex. The simplest way to define an n-dimensional CW-

complex is to do it recursively:

e A 0-complex is a countable (finite or infinite) union of points, with the discrete topology.
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e To get an n-complex, we can glue n-cells to an n — 1-complex, i.e., we add homeomorphic images of

the n-balls such that each boundary is mapped continuously onto a union of n — 1-cells.

We will always assume that our topological spaces are connected CW-complexes.

Consider a space X and a fixed point z € X. Consider two loops « : [0,1] — X and 8 :[0,1] — X
starting at z. Le., a(0) = a(l) = = = (0) = F(1). We say that « and § are homotopic, denoted by
a ~ B, if there is a continuous function f : [0,1] x [0,1] — X satisfying

f(tvo):a(t>a f(tvl):ﬂ(t)a f(O,s):f(l,s):x Vs € [Oal]

We are ready to define the fundamental group of X. Let 71 (X,x) be the set of equivalence classes

of paths starting and ending at . The group operation on 7 is induced by concatenation of paths:

a(2t) telo,3]

aB(t) = .
B2t—1) tel[i1]

While it seems from the definition that the fundamental group would depend on the point x, this is
not true. To find an isomorphism between 7 (X, 2) and 7 (X, y), map any loop 7 starting at 2 to a path
from y to z concatenated with v and the same path from x back to y.

The spaces X and Y are homotopy equivalent, denoted by X ~ Y if there exist continuous functions
f: X —Yandg:Y — X such that

fog~idy, go f~idx.
A basic result (with a simple proof that we omit) is the following:

Theorem 2.7. If X ~Y then m(X) 2 m(Y).

Theorem 2.8. Consider the CW-complex with a single point and k loops from this point. Denote this
CW-complex by Rosey, a rose with k petals. Then m (Rosey) = Fy.

The proof of this theorem uses the Seifert-van Kampen Theorem We do not discuss this here, but

we believe the statement is intuitively obvious.

Corollary 2.9. The fundamental group of any (connected) graph is free.

Proof. For any finite connected graph with n vertices and [ edges, consider a spanning tree T'. Then T has
n—1 edges. Contract T" to a point x. There are k = [ —n+ 1 edges left over, and after the contraction each
begins and ends at . Contraction of a spanning tree to a point is a homotopy equivalence, so the graph

is homotopy equivalent to Rose,. Hence, the fundamental group is free by Theorems 2.7 and 2.8 O

Exercise 2.1. IfT is a topological group then 71(T) is commutative. (Recall that a group T is a topological
group if it is also a topological space such that the functions TxT — T : (z,y) = xy andl — T : x> 271

are continuous.)

We now introduce another basic notion of geometry:
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Definition 2.10. We say that X' L Xisa covering map if for every x € X, there is an open neigh-
bourhood U > x such that each connected component of p~*(U) is homeomorphic to U by p.

Proposition 2.11. Let v C X be any path starting at x. Then for every x* € p~1(x) there is a unique v*
starting at x* with p(y*) = 7.

Sketch of proof. Because of the local homeomorphisms, there is always a unique way to continue the lifted
path. O

Theorem 2.12 (Monodromy Theorem). If v and § are homotopic with fixed endpoints x and y, then the

lifts v* and 0* starting from the same x* have the same endpoints and v* ~ 0*.
Sketch of proof. The homotopies can be lifted through the local homeomorphisms. O

The following results can be easily proved using Proposition 211 and Theorem [Z.12
Lemma 2.13. Any covering space of a graph is a graph.

Lemma 2.14. Let © € X and U > x a neighbourhood as in Definition [210. Then the number k of
connected components of p~1(U) is independent of x and U, and the covering is called k-fold. (In fact, the
lifts of any path v between x,y € X give a pairing between the preimages of x and y.)

Let X be a topological space. We say that X is a universal cover of X if:
e X is a cover.

e X is connected.

o X is simply connected, i.e., 7 (X) = 1.

The existence of a universal cover is guaranteed by the following theorem:

Theorem 2.15. Every connected CW complex X has a universal cover X.

Sketch of proof. Let the set of points of X be the fixed endpoint homotopy classes of paths starting from
a fixed z € X. The topology on X is defined by thinking of a class of paths [] to be close to [4] if there
are representatives 7y, d such that ¢ is just v concatenated with a short piece of path. |
Exercise 2.2. Write down the above definition of the topology on X properly and the proof that, with this

~

topology, m (X) = 1.

The fundamental group 71 (X) acts on X with continuous maps, as follows.

Let v € m1(X, z) be a loop, p the surjective map defined by the covering )?, and x* € p~1(x) a point
above z. Using Proposition [ZT11] and Theorem [ZT2] there exists a unique homeomorphic curve v* (not
depending on the representative for v) with starting point #* and some ending point z* , which also belongs
to p~*(z). The action f, on z* is now defined by f,(z*) = z*. As we mentioned above, this action does
not depend on the representative for v, and it is clear that fs o f, = f,s for v, € m (X, x), so we indeed

have an action of 71 (X, x) on the fibre p~!(x).
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We need to define the action also on any y* € p~1(y), y € X. We take a path §* in X from y* to z*,
then § = p(d*) is a path from y to z, and §yd~! is a path from y to itself. Since m; ()A() = 1, all possible
choices of §* are homotopic to each other, hence all resulting § and all §y6~! curves are homotopic. By
Proposition 211 and Theorem 12 there is a unique lift of §y6~! starting from y*, and its endpoint
y* € p~Y(y) does not depend on the choice of §*. Hence we indeed get an action of 71 (X, x) on the entire
X.

This action permutes points inside each fibre, and it is easy to see that the action is free (i.e., only the
identity has fixed points). If we make the quotient space of X by this group action (i.e., each point of
X is mapped to its orbit under the group action), we will obtain X, and the quotient map is exactly the
covering map p:

X/m(X,2)=X. (2.1)

Example: The fundamental group of the torus T? is Z?. We have R?/Z? = T?, where R? is the usual

covering made out of copies of the square [0,1) x [0, 1).

Exercise 2.3.
(a) Show that the universal covering tree of any finite graph is quasi-transitive.
(b) Give an example of a quasi-transitive infinite tree that is not the universal covering tree of any finite

graph.

For each subgroup H < m;(X), we can consider Xp = X /H, which is still a covering space of X: there
is a natural surjective map from Xy to X, by taking the 71 (X)-orbit containing any given H-orbit. On

the other hand, X is the universal cover of Xp, too, and we have m (Xpy) = H.

2.3 The main results on free groups
A probably unsurprising result is the following:
Theorem 2.16. Fy, = F; only if k =1.

Exercise 2.4. Prove Theorem [216l (Hint 1: how many index 2 subgroups are there? Or, hint 2: What
i5<Fk/[F%,Pk]?)

The next two results can be proved also with combinatorial arguments, but the topological language of

the previous section makes things much more transparent.
Theorem 2.17 (Nielsen-Schreier). Every subgroup of a free group is free.

Theorem 2.18 (Schreier’s index formula). If Fy, is free and F; < Fy, such that [Fy, : Fj] = r < 0o, then
I—1=(k-1)r

Proof of Theorem[2.17 Let the free group be Fj. By Theorem 28 we have Fy, = 71 (Rosey). Let G be
the universal cover of Rose,. By Lemma [2.13] it is a graph; in fact, it is the 2k-regular tree Toy.

Now take H < Fj. As discussed at the end of the previous section, Gy = G/H is a covering of Rose
and is covered by Th,. Again by Lemma 23] it is a graph, and m(Gy) = H. By Corollary 20 the
fundamental group of a graph is free, hence H is free, proving Theorem 217 O
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Proof of Theorem[2.18. The Euler characteristic of a graph is the difference between the number of vertices

and the number of edges:
x(G)

Homotopies of graphs increase or decrease the vertex and the edge sets by the same amount, hence y is a

V(@) = [E(G)]-

homotopy invariant of graphs. Furthermore, if G’ is an r-fold covering of G, then rx(G) = x(G").

Since the graph Rosey has one vertex and k edges, x(Rose,) = 1 — k. As the index of H = Fj in F}, is
r, we see that Thy/H is an r-fold covering of Rosey. Thus, x(Tax/H) = rx(Roser) = r(1 — k).

On the other hand, Ts/H is a graph with 71 (T2, /H) = H = F;. Since any graph is homotopic to a rose,
and, by Theorems and 210 different roses have non-isomorphic fundamental groups, 71 (Rose;) = Fj,
we get that Thr/H must be homotopic to Rose;, and thus x(Ta,/H) = 1 — I. Therefore, we obtain
r(l—k)=1-1 O

Notice that, if 2 <r < co then (1 — k) # 1 — k.
Exercise 2.5. Prove that F} has itself as a subgroup of infinite index.

Exercise 2.6.* A finitely generated group acts on a tree freely if and only if the group is free. (The
action is by graph automorphisms of the tree T, and a free action means that Stabg(x) = {1} for any
xeV(T)UE(T).)

Hint: separate the cases where there is an element of order 2 in I', and where there are no such elements

(in which case there is a fized vertex, as it turns out).

We will now show that a finitely generated free group is linear. For instance, Fy < SLo(Z) (integer 2 x 2

matrices with determinant 1). Indeed:

Lemma 2.19 (Ping-Pong Lemma). Let I be a group acting on some set X. Let T'y, T'y be subgroups of T,
with |T1| > 3, and let T* = (I'1,T2). Assume that there exist non-empty sets X1, Xo C X with Xo ¢ X3

and
7(X2) € X1 Vy € T\ {1},

Then I'y x I'y = T'*.

The product * denotes the free product. If T'y = (S1|R1) and T's = (S3|R2), then T'y * 'y =
(S1,S2|R1, Ry). In particular, F, = Z *Z % --- * Z, k times.

Exercise 2.7. Prove the Ping-Pong Lemma.

ffy e {2 o)
a{(Yemi) me{(?) e <

Now let

with
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1 2
Observe that the hypotheses of the Ping-Pong Lemma are fulfilled. Therefore, the matrices <O 1) and

1 0
(2 1) generate a free group.

Exercise 2.8. Show that the following properties of a group T' are equivalent.

(i) For every v # 1 €T there is a homomorphism 7 onto a finite group F such that w(vy) # 1.
(ii) The intersection of all its subgroups of finite index is trivial.

(iii) The intersection of all its normal subgroups of finite index is trivial.

Such groups are called residually finite.

For instance, Z", SL,,(Z) and GL,,(Z) are residually finite, because of the natural (mod p) homomor-
phisms onto (Z/pZ)", SL,(Z/pZ) and GL,(Z/pZ).

Exercise 2.9. Show that any subgroup of a residually finite group is also residually finite. Conclude that
the free groups Fy are residually finite.

Exercise 2.10.

(i) Show that if T is residually finite and ¢ : T' — T is a surjective homomorphism, then it is a bijection.
(Hint: assume that ker ¢ is non-trivial, show that the number of index k subgroups of T' ~ T/ ker ¢ is finite,
then arrive at a contradiction. Alternatively, show that any homomorphism w onto a finite group F' must
annihilate ker ¢.)

(ii) Conclude that if k distinct elements generate the free group Fy, then they generate it freely.

2.4 Presentations and Cayley graphs

Fix some subset of (oriented) loops in a directed Cayley graph G(T',S) of a group I = (S|R), which will

be called the basic loops. A geometric conjugate of a loop can be:
e “rotate” the loop, i.e., choose another starting point in the same loop;
e translate the loop in G by a group element.

A combination of basic loops is a loop made of a sequence of loops (¢;), where the i-th is a geometric
conjugate of a basic loop, and starts in a vertex contained in some ¢;,j € [1,7 — 1].
To any loop ¢ = (g, 9s1,95182,...,98182- Sk = g), with each s; € S, we can associate the word

w(l) = 182 -+ - sx. So, translated copies of the same loop have the same word associated to them.

Proposition 2.20. Any loop in G(T',S) is homotopy equivalent to a combination of basic loops if and only

if the words given by the basic loops generate ((R)) as a normal subgroup.

Recall that ((R)) denotes the normal subgroup of the relations, and I' = Fs/((R)).

Proof. Let the set of all loops in G be L, the set of basic loops B, and the set of loops produced from B by
combining them and applying homotopies C. The statement of the proposition is that C = £ if and only if

{(w(B))) = ((R))-

We first show that ((w(B))) = w(C). Let us start with the direction D.

21

{ex.resfin}

{ex.Fresfin}

{ss.presentati.

{p.loops}



What happens to the associated word when we rotate a loop? From the word sqs2 - - - s, € w(B), rotating
by one edge, say, we get ss - - - s5s1. This new word is in fact a conjugate of the old word: sfl(sl S9- - SkK)S1,
hence it is an element of ((w(B))).

Next, when we combine two loops, (g, gs1,...,981 - $n, = g) and (h, hty, ..., hty---t, = h) into
(g, N ,gSl, gSltl, N ,gSlT, gSlTSkJrl, gSlTSQ = g),

where S1 = s1---Sk, So = Sg41-+-Sp, and T = t;---t,,, then the new associated word 51752 equals
SS51TS,. Thus, combining loops does not take us out from ((w(B))). See Figure 22 (a).

Finally, if two loops are homotopic to each other in G, then we can get one from the other by combining
in a sequence of contractible loops, which are just “contour paths” of subtrees in G, i.e., themselves are
combinations of trivial s;s; ! loops for some generators s; € S. See Figure (b). The effect of these
geometric combinations on the corresponding word is just plugging in trivially reducible words, wich again
does not take us out from ((w(B))).

|-

L

g -

Al I

]

m

ajl

L

Figure 2.2: (a) Combining two loops. (b) Homotopic loops inside Z2.

So, we have proved ((w(B))) 2 w(C). But C is now also clear: we have encountered the geometric
counterpart of all the operations on the words in w(B) that together produce ((w(B))).

On the other hand, we obviously have w(L) = ((R)), since a word on S is a loop in G iff the word
represents 1 in I" iff the word is in the kernel ((R)) of the factorization from the free group Fs.

So, the last step we need is that £ = C if and only if w(£) = w(C). Since both £ and C are closed under

translations, this is clear. O

We now state an elegant topological definition of the Cayley graph G(T,.S):

Definition 2.21. Take the 1-dimensional CW-complex Rose s, and for any word in R, glue a 2-cell on
it with boundary given by the word. Let X (S, R) denote the resulting 2-dimensional CW complex. Now
take the universal cover X (S, R). This is called the Cayley complex corresponding to S and R. The
1-skeleton of X (S, R) is the 2|S|-reqular Cayley graph G(T',S) of T = (S|R).

For instance, when S = {a,b} and R = {aba~1b~1}, we glue a single 2-cell, resulting in a torus, whose
universal cover will be homeomorphic to R?, with a Z? lattice as its 1-skeleton.

The proof that this definition of the Cayley graph coincides with the usual one has roughly the same
math content as our previous proposition. But here is a sketch of the story told in the language of
covering surfaces: It is intuitively clear, and can be proved using the Seifert — van Kampen theorem, that
(X (S, R)) = (S|R). Then, as we observed in &I, X(S,R)/T = X(S,R). We can now consider the
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right Schreier graph G(T, )?, S) of the action of T on X = )?(S, R) with generating set S: the vertices
are the vertices of the CW complex X (this is just one T'-orbit), and the edges are (x*, x*s), where x* runs
through the vertices and s runs through S. Clearly, this is exactly the 1-skeleton of X. On the other hand,
since the action is free, this Schreier graph is just the Cayley graph G(T",S), and we are done.

So, if we factorize Fj by normal subgroups, we get all possible groups I', and the Schreier graph of the
action by I' on the Cayley complex will be a 2k-regular Cayley graph. Besides the Schreier graph of a
group action, there is another usual meaning of a Schreier graph, which is just a special case: if H < T,
and S is a generating set of I', then the set H\I" of right cosets { Hg} supports a natural graph structure,
Hg ~ Hgs for s € S. This graph is denoted by G(T', H, S).

Exercise 2.11.* Show that any 2k-reqular graph is the Schreier graph of F, with respect to some subgroup
H. On the other hand, the 3-reqular Petersen graph is not a Schreier graph.

The above results show that being finitely presented is a property with a strong topological flavour.
Indeed, it is clearly equivalent to the existence of some r < oo such that the Rips,(G(T,S)) complex is

simply connected, with the following definition:

Definition 2.22. If X is a CW-complex and r > 0, then the Rips complex Rips,(X) is given by adding

all simplices (of arbitrary dimension) of diameter at most r.

3 The asymptotic geometry of groups

3.1 Quasi-isometries. Ends. The fundamental observation of geometric group

theory

We now define what we mean by two metric spaces having the same geometry on the large scale. It is a

weakening of bi-Lipschitz equivalence:

Definition 3.1. Suppose (X1,d1) and (Xo,d2) are metric spaces. A map [ : X1 — Xy is called a
quasi-isometry if 3C > 0 such that the following two conditions are met:

1. For all p,q € X1, we have % —C <dy(f(p), f(q) < Cdi(p,q) + C.

2. For each x4 € X, there is some x1 € X1 with da(xa, f(21)) < C.
Informally speaking, the first condition means that [ does not distort the metric too much (it is coarsely
bi-Lipschitz), while the second states that f(X1) is relatively dense in the target space Xs.

We also say that X, is quasi-isometric to Xo, denoted by X ~, X, if there exists a quasi-isometry
f X1 — X5. The notation suggests that this is an equivalence relation — this is shown in the next

exercise.

Exercise 3.1. Verify that being quasi-isometric is an equivalence relation. (Hint: given [ : X1 — X,
construct a quasi-inverse g : Xo — X1, a quasi-isometry with the property that both go f and fog are at

a bounded distance from the identity, i.e., sup,¢ x, di(z,g(f(x))) and sup,¢ x, d2(y, f(9(y))) are finite.)

For example, Z? with the graph metric (the ¢! or taxi-cab metric) is quasi-isometric to R? with the

Euclidean metric. Also, Z x Zy with the graph metric is quasi-isometric to Z: (n,i) — nforn € Z, i € {0,1}
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is a non-injective quasi-isometry that is “almost an isometry on the large scale”, while (n,4) — 2n + i is
an injective quasi-isometry with Lipschitz constant 2. Finally, and maybe most importantly to us, if I" is
a finitely-generated group, its Cayley graph depends on choosing the symmetric finite generating set, but
the good thing is that any two such graphs are quasi-isometric: each generator s; in the first generating
set is a product of some finite number k; of generators from the second generating set, hence any path of
length ¢ in the first Cayley graph can be replaced by a path of length at most ¢ max{k; : s; € S} in the
second Cayley graph.

Exercise 3.2. Show that the reqular trees Ty and T, for k,¢ > 3 are quasi-isometric to each other, by

giving explicit quasi-isometries.

For a transitive connected graph G with finite degrees of vertices, we can define the volume growth
function vg(n) = |B,(0)|, where o is some vertex of G and B, (0) is the closed ball of radius n (in the
graph metric on G) with center 0. We will sometimes call two functions vy, vs from N to N equivalent if
3C > 0 such that
V1 (%) J/C < wva(r) < Cuv1(Cr) for all » > 0. (3.1) {e.growthequiv

It is almost obvious that quasi-isometric transitive graphs have equivalent volume growth functions. (For
this, note that for any quasi-isometry of locally finite graphs, the number of preimages of any point in the
target space is bounded from above by some constant.)

Another quasi-isometric invariant of groups is the property of being finitely presented, as it follows

easily from our earlier remark on Rips complexes just before Definition 2.27
{ex.Mysterious

Exercise 3.3. Define in a reasonable sense the space of ends of a graph as a topological space, knowing
that Z. has two ends, Z¢ has one end for d > 2, while the k-reqular tree Ty has a continuum of ends. Prove
that any quasi-isometry of graphs induces naturally a homeomorphism of their spaces of ends. Thus, the

number of ends is a quasi-isometry invariant of the graph.

By invariance under quasi-isometries, we can define the space of ends of a finitely generated group to

be the space of ends of any of its Cayley graphs.
{ex.2and3ends}

Exercise 3.4 (Hopf 1944).
(a) Show that a group has two ends iff it has Z as a finite index subgroup.

(b) Show that if a f.g. group has at least 3 ends, then it has continuum many.
{ex.EndsExampl
Exercise 3.5.

(a) Show that if G1,G2 are two infinite graphs, then the direct product graph G1 x Go has one end.
(b) Show that if |T'1| > 2 and |T'3| > 3 are two finitely generated groups, then the free product T'y xT's has

a continuum number of ends.

An extension of the notion of free product is the amalgamated free product: if I'; = (S; | R;),
i = 1,2, are finitely generated groups, each with a subgroup isomorphic to some H, with an embedding

p; : H— T, then

Fl *g FQ = Fl >5<H_’<p179,,2 FQ = <S1 USQ | Rl UR2 U {@1(h>(p2(h)71 . h (S H}>
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If both I'; are finitely presented, then I'y %z I's is of course also finitely presentable. There is an important

topological way of how such products arise:

Theorem 3.2 (Seifert-van Kampen). If X = X3 U X5 is a decomposition of a CW-complex into connected
subcomplezes with Y = X1 N Xy connected, and y € Y, then

11(X,y) = m1(X1, ) *2,(vyy) T1(X2,9)
with the natural embeddings of m (Y,y) into (X, ).

Exercise 3.6.
(a) What is the Cayley graph of Z xoz Z (with the obvious embedding 27 < Z), with one generator for
each Z factor? Identify the group as a semidirect product Z* x Zs, see Section [[-3.
(b) Do there exist CW-complexes realizing this amalgamated free product as an application of Seifert-van

Kampen?

The reason for talking about amalgamated free products here is the following theorem. See the references
in [DrK09, Section 2.2] for proofs. (There is one using harmonic functions [Kap07]; I might say something

about that in a later version of these notes.)

Theorem 3.3 (Stallings [Sta68|, [Bergm68|). Recall from Exercise that a group has 0, 1, 2 or a

continuum of ends. The last case occurs iff the group is a free product amalgamated over a finite subgroup.

The following result is sometimes called “the fundamental observation of geometric group theory”.
For instance, it connects two usual “definitions” of geometric group theory: 1. it is the study of group
theoretical properties that are invariant under quasi-isometries; 2. it is the study of groups using their

actions on geometric spaces. We start with some definitions:

Definition 3.4. A metric space X is called geodesic if for all p,q € X there exists a,b € R and an
isometry g : [a,b] — X with g(a) = p, g(b) = q.

A metric space is called proper if all closed balls of finite radius are compact.

Definition 3.5. An action of a group T' on a metric space X by isometries is called properly discon-
tinuous if for every compact K C X, |[{g €T : g(K)N K # (0}] is finite.

Any group action defines an equivalence relation on X: the decomposition into orbits. The set of
equivalence classes, equipped with the factor topology coming from X, is denoted by X/T. The action is

called co-compact if X/I' is compact.

Lemma 3.6 (Milnor-Schwarz). Let X be a proper geodesic metric space, and suppose that a group T' acts
on it by isometries properly discontinuously and co-compactly. Then T is finitely generated, and for any

fized x € X, the map J, : T — X defined by J.(g) = g(x) is a quasi-isometry (on each Cayley graph).

Proof. Pick an arbitrary point € X, and consider the projection m : X — X/T. By compactness
of X/T', there is an R < oo such that the I'-translates of the closed ball B = Bgr(x) cover X, or in
other words, m(B) = X/T. (Why exactly? Since each element of T' is invertible, its action on X is a
bijective isometry, hence a homeomorphism. So, for any open U C X and g € I', we have that g(U) and

Y x(U)) = Uger 9(U) are open in X, and therefore m(U) is open in X/I'. In particular, the images
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m(B?(z)) of open balls are open. Since By X as r — oo, we also have 7(B2(z))  X/T', and, by
compactness, there exists an R < oo such that X/T' = n(B%(z)).)

Since the action of T is properly discontinuous, there are only finitely many elements s; € I'\ {1} such
that BN s;(B) # 0. Let S be the subset of I' consisting of these elements s;. Since each s; is an isometry,
si_l belongs to S iff s; does. Let

r:=inf {d(B,g(B)):g €T\ (SU{1})}.

Observe that r > 0. Indeed, if we denote by B’ closed ball with center zy and radius R + 1, then for all
but finitely many g € I' we will have B’ N g(B) = (), hence d(B, g(B)) > 1, therefore the infimum above is
a minimum of finitely many positive numbers, so is positive. The claim now is that S generates I'; and for

each g € T,
d(z, g(x))
2R
where ||g||s = ds(1, g) is the word norm on I’ with respect to the generating set S. Since, in the right Cayley

d(z, g(x))

< llglls < +1, (3.2)

graph w.r.t. S, we have dg(h, hg) = ds(1, g) for any g, h € T, this will mean that J,(g) := g(x) is coarsely
bi-Lipschitz. Furthermore, since w(B) = X/T', for each y € X there is some g € T with d(y, g(z)) < R,
hence J, will indeed be a quasi-isometry from I" to X.

Let g € T, and connect 2 to g(z) by a geodesic . Let m be the unique nonnegative integer with
(m—1)r+R<d(z,g9(x)) <mr+R.

Choose points xg = @, 1, ..., Tm4+1 = g(z) € v such that z1 € B and d(z;,z;41) < r for 1 < j <m. Each
x; belongs to some g, (B) for some g; € I' (and take g1 = g and go = 1). Observe that

d(B,g; ' (9;+1(B))) = d(g;(B), gj+1(B)) < d(xj,xj41) <,
hence the balls B and g;l(gjﬂ (B)) intersect, and g;11 = gj8;(;) for some s;(;) € SU{1}. Therefore,
g = Si(1)8i(2) """ Si(m) >

and S is a generating set for I". Moreover,

d(I,g(iﬁ))—R+1< d(ﬂ?),rg(x))

lglls <m < +1.

On the other hand, the triangle inequality implies that

d(z,g(x)) < 2R|g|s,

because, for any y € X and s € S, we have Br(y) N Br(s(y)) # 0 and hence d(y, s(y)) < 2R. This finishes
the proof of (3:2). O

This lemma implies that if T'; and T's both act nicely (cocompactly, etc.) on a nice metric space, then

they are quasi-isometric. A small generalization and a converse are provided by the following characteri-

zation noted in [Gro93):

Proposition 3.7. Two f.g. groups I'1 and I'y are quasi-isometric iff there is a locally compact topological
space X where they both act properly discontinuously and cocompactly, moreover, the two actions commute

with each other.
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{ex.qisomcomm}
> Exercise 3.7. Prove the above proposition. (Hint: given the quasi-isometric groups, the space X can be

constructed using the set of all quasi-isometries between I'y and I's.)

An important consequence of Lemma is the following: :
cor.FiniteInd

Corollary 3.8. A finite index subgroup H of a finitely generated group I is itself finitely generated and

quasi-isometric to I'. The same conclusions hold if H is a factor of T with a finite kernel.

Proof. For the case H <T', we consider an “extended” Cayley graph of I with respect to some generating
set. This is a metric space which contains not only vertices of the Cayley graph but also points on edges,
so that each edge is a geodesic of length 1. H naturally acts on it by isometries and clearly this action
satisfies all properties in the statement of the Milnor-Schwarz lemma =- we can just apply it.

For the case when H is a factor of I', the image of any generating set of I' generates H, so it is finitely
generated, and the action of I' on the Cayley graph of H satisfies the conditions of the Milnor-Schwarz

lemma. O

Based on this corollary, we will usually be interested in group properties that hold up to moving to a
finite index subgroup or factor group or group extension. In particular, we say that two groups, I'1 and
T'y, are virtually or almost isomorphic, if there are finite index subgroups H; < I'; and finite normal
subgroups F; < H; such that Hy/F; ~ Hs/F». Correspondingly, if a group T is virtually isomorphic to a
group that has some property P, we will say that I' almost or virtually has P.

Proposition B above is the geometric analogue of the following characterization of virtual isomor-

phisms:
{ex.isomcomm}

> Exercise 3.8. Show that two f.g. groups, I'1 and I'a, are virtually isomorphic iff they admit commuting
actions on a set X such that the factors X/T; and all the stabilizers Str,(z), x € X, are finite.

A key example of geometric group theory is the action of SL2(R) on the hyperbolic plane H? = {z €

C: 3z > 0} by Mdbius transformations:

a b az +b .
<c d) N =t d (3.3) {e.Moebius}

It is immediate to check that this is indeed a group action, and that these are isometries of H2. In fact,
these are all the isometries of H?; more precisely, the kernel of this map is {£/}, and the isometry group
of H? is PSLy(R) = SL2(R)/{=I}. The stabilizer of i € H? in SLy(R) is SO(2), a compact subgroup, and
we get H? as a quotient of Lie groups, SLo(R)/SO(2). An analogue of the Milnor-Schwarz Lemma [3.6] says
that the Lie group SLa(R) is quasi-isometric to H2.

An important discrete subgroup is the modular group PSL2(Z) = SLy(Z)/{£I}. It is generated, for

instance, by an inversion and a translation:

0 —1 1 1
S = Dz —1/z and T = Dz z+ 1.
1 0 0 1

> Exercise 3.9 (Alperin 1993). Using the Ping-Pong Lemma 213, show that PSLa(Z) = Zo * Z3, with Zo
generated by S and Zs by ST.

{ex.modular}
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Figure 3.1: A fundamental domain of the action of the modular group PSLy(Z) on HZ2.  Pic-
ture by Fropuff (from en wikipedia) [GFDL (www.gnu.org/copyleft/fdl.html) or CC-BY-SA-3.0
(http://creativecommons.org/licenses/by-sa/3.0/)], via Wikimedia Commons. {£ .Modular}

A fundamental domain for the action of PSLy(Z) is D = {z € H? : |z] > 1,|Rz| < 1/2}; see Figure Bl
This domain has finite volume in the volume measure generated by the Riemannian hyperbolic metric, but
it is not compact. Thus, the Milnor-Schwarz Lemma [3.6] does not apply, and indeed, PSLy(Z) and SLy(Z)
are not quasi-isometric to PSLy(R) and H?. A simple way to see this is that a version Exercise B3] implies
that any group quasi-isometric to H? has one end, while Exercise B0 implies that SLy(Z) is quasi-isometric
to the free group F», with continuum many ends.

The discrete subgroups of PSLy(R) are called Fuchsian groups; these are the crystallographic groups
of the hyperbolic plane. For an introduction in hyperbolic geometry and Fuchsian groups, see [Bea83).

Gromov proposed in [Gro93] the long-term project of quasi-isometric classification of all f.g. groups.
This is a huge research area, with connections to a lot of parts of mathematics, including probability theory,

as we will see.

Here is one more instance of realizing a group theoretical notion via geometric properties of group
actions. Recall the notion of residually finite groups from Exercise
> Exercise 3.10.*

(a) Show that a group T is residually finite iff it has a faithful chaotic action on a Hausdorff topological

space X by homeomorphisms, meaning the following two properties:

(i) the union of all finite orbits is dense in X ;
(ii) the action is topologically transitive: for any nonempty open U,V C X there is v € T’ such that

YU)NV #0.
(A rather obvious hint: start by looking at finite groups.)
(b) Construct such a chaotic action of SL(n,Z) on the torus T".
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3.2 Gromov-hyperbolic spaces and groups

3.3 Asymptotic cones

4 Nilpotent and solvable groups

We have studied the free groups, which are the “largest groups” from most points of view. We have also
seen that it is relatively hard to produce new groups from them: their subgroups are all free, as well, while
taking quotients, i.e., defining groups using presentations, has the disadvantage that we might not know
what the group is that we have just defined. On the other hand, the “smallest” infinite group is certainly
Z, and it is more than natural to start building new groups from it. Recall that a finitely generated group
is Abelian if and only if it is a direct product of cyclic groups, and the number of (free) cyclic factors is
called the (free) rank of the group. We understand these examples very well, so we should now go beyond

commutativity.

4.1 The basics
Recall that the commutator is defined by [g, h] = ghg~*h~ 1.

Definition 4.1. A group T is called nilpotent if the lower central series 'y = T', T',,11 = [[,T]
terminates at s = {1} in finite steps. If s is the smallest such index, T is called s-step nilpotent.
A group T is called solvable if the derived series I'(O) =T, T("+1) = [1(") ("] terminates at T(*) = {1}

in finite steps. If s is the smallest such index, T is called s-step solvable.

Clearly, nilpotent implies solvable. Before discussing any further properties of such groups, let us give
the simplest non-Abelian nilpotent example.

The 3-dimensional discrete Heisenberg group is the matrix group

z

|

Il
o O =
S = R

yl| ix,y,2€Z
1

If we denote by XY, Z the matrices given by the three permutations of the entries 1,0, 0 for x,y, z, then

T" is given by the presentation
(XY, Z|[X,2)=1[Y,Z] =1,[X,Y] = Z).
Clearly, it is also generated by just X and Y. Note that [X™ Y"] = Z™". Furthermore, [I',T] = (Z),
and the center is Z(T") = (Z), hence T is 2-step nilpotent.
Exercise 4.1. Show that the Heisenberg group has 4-dimensional volume growth.

Whenever I'* <« T, we have that [['*,T] is a subgroup of I'* that is normal in T': if g,h € T and v € T,
then [v,g] = v(gy"tg™!) € ' and h 1|y, glh = (h=1yh)(h~tgh)(h~ 1y~ th)(h~tg~—'h) € [[*,T]. Therefore,
in the nilpotent case, by induction, I',,.; < I',, «T", while in the solvable case, T("+1) qT(") 4T, The factor
['Ab .= T'/[[',T] is called the Abelianization of T', the largest Abelian factor of T':
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Figure 4.1: The Cayley graph of the Heisenberg group with generators X,Y, Z. {f .Heisenberg}

{ex.solvable}
> Exercise 4.2.
(a) Prove that if f : T — A is a surjective homomorphism with A being Abelian, then f can be written
as a composition of factor maps T' — T'Ab — A.
(b) A group T is solvable iff there is a finite sequence of subgroups T = Ho> Hy>---> Hy = {1} such that
each factor H;/H,;11 is Abelian.

It is not true that for any finitely generated group I, the subgroup [I', I'] is generated by the commutators
of the generators of I". For instance, we will define in Section [5.1]the lamplighter group I' = Z51Z, a finitely
generated solvable group, for which [T, T'| = ©zZ is not finitely generated. However, if " is nilpotent, then,
by simple word manipulations one can show that each I';, is finitely generated by iterated commutators of
the generators of I'; as follows. In any commutator of two words on the generators of I', there is an equal
number of x and ! letters for each generator . By introducing commutators, we can move such pairs
of letters towards each other until they become neighbours and annihilate each other. So, at the end, we

are left with a product of iterated commutators. For instance,

[a,bc] = abca™ e o7 = ablc,a a e 0T = [a, blbale,a a0

= [a,b]b[a, [c, ailﬂ [c,a Naa" b7 = [a, b] {b, la, [c, ail]]] [a, [c, ailﬂ bb e, a7 (e, a 17, b]
= [a, b {b, [, [c, a_l]” la,[c,a "] [c,a "] [[a™", c],b] -

In the resulting word, the iteration depths of the commutators depend on the two words we started with,
but since I' is s-step nilpotent, we can just delete from the word any iteration of depth larger than s. This
way we get a finite set of generators for [I',T'], and then for each T',,, as well.

The fact that for any finitely generated nilpotent group I', each I';, is finitely generated, together with
the next lemma, implies that T is polycyclic, i.e., there is a subgroup sequence I' = Ho>Hy>- - -> Hy, = {1}

such that each factor H;/H,11 is cyclic:
{1.polycyc}

Lemma 4.2. A solvable group is polycyclic iff all subgroups are finitely generated.
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Proof. If a group I' is polycyclic, then it is solvable by Exercise (b) above, and finitely generated
by Exercise below. Furthermore, any subgroup I'' < T' is also polycyclic: just consider the chain
H!:=T'nNH,. Thus I'" is also finitely generated, and we are done with the forward direction.

If T is finitely generated, then the factor I'/[I",T] is finitely generated and Abelian, hence is a finite
direct product of cyclic groups, 41 @ --- & Ag. By projecting further to the first coordinate, we get a
factor map I' — A;, whose kernel H; ; projects onto As & --- & Ay. By iterating this, we obtain a chain
' Hig>--->pHyp = I‘(l), with Hy ;/Hq ;41 being cyclic. By hypothesis, 'Y is also finitely generated,
hence we can now do the same for '? = [l"(l), 1"(1)], and so on. Since I' is solvable, in a finite number of

steps we get to Hy . = {1}, showing that I" is polycyclic. O

For future reference, note that the above proof also shows that if I" is a finitely generated group and
the factor I'/[I",T'] is infinite, then in its decomposition into a finite direct product of cyclic groups one of

the factors must be infinite, and hence we obtain a surjection of I" onto Z.

Exercise 4.3.
(a) Assume that for some H <T', both H and T'/H are finitely generated. Show that T is also finitely
generated. Same for finitely presented.

(b) Show that any finitely generated almost-nilpotent group is finitely presented.

4.2 Semidirect products

We do not yet have any general procedure to build non-commutative nilpotent and solvable groups. Such
a procedure is given by the semidirect product.

For any group N, let Aut(N) be the group of its group-automorphisms, acting on the right, i.e., f
acts by a/ = f(a) and fg acts by a/9 = (a’)? = g(f(a)). Further, let ¢ : H — Aut(N) be some group
homomorphism. Then define the semidirect product N x, H by

(a,g) (b,h) = (a¥Mb, gh), a,be N and g, h e H.

It is easy to check that this is indeed a group; in particular, (a, f)~* = (f~*(a™?t), f~1). Furthermore,
N «T := N x, H, with the inclusion a — (a,id), and H < T' with the inclusion f — (1, f). Then
fa=(1, f)(a,id) = (a, f), so one might prefer writing I' = H ,x N = {(h,a) : h € H,a € N}. Anyway,
we have HN =T and HN N = {1¢}. Conversely, whenever we have a group I' with subgroups N <«T" and
H < T satisfying HN =T and H NN = {1}, then H acts on N by conjugations, a*™® := h~'ah, and it is
easy to check that I' = H ,x N.

Of course, for the trivial homomorphism ¢ : H — {id} C Aut(N) we get the direct product of N
and H. The archetypical non-trivial examples are the affine group R? x GL4(R) = {v > vA+b : A €
GL4(R),b € R?} and the group of Euclidean isometries R% x O(d), with the product being just composition,
v vA] 4 by — vA; Ay + by Ag + by. Similar examples are possible with Z¢ instead of R?, but note that
Aut(Z?) = GL4(Z) is just £SL4(Z). One more small example of a semidirect product is in Exercise 3.6l

Exercise 4.4. For what primes p,q is there a semidirect product Z, X Zq that is not a direct product?
(Hint: you do not have to know what exactly the group Aut(Z,) is; it is enough to use Cauchy’s theorem
on having an element of order q in any group of size n, for any prime qn. But, in fact, Aut(Z,) is always

cyclic, because there exist primitive roots modulo any prime.)
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A fancy way of saying that N <T" and I'/N ~ F is to write down the short exact sequence
l—s N7 p 1,

which just means that the image of each map indicated by an arrow is exactly the kernel of the next map.
(When I was a Part III student in Cambridge, UK, a famous number theory professor, Sir Swinnerton-Dyer,
wrote down short exact sequences just to prove he was not hopelessly old and old-fashioned, he said.) If,
in addition, there is an injective homomorphism ~ : ' — T" with g oy = idp, then we say that the
short exact sequence splits. In this case, v(F) Na(N) = {1} and v(F)a(N) =T, hence I' >~ N %, F is
a semidirect product with ¢ : F — Aut(N) given by conjugation: a¥{/) := a‘l(v(f)_la(a)v(f)). This

splitting does not always happen; for instance, the exact sequence
1 —Zo — 7Ly — Lo — 1

defined by {0,2} < {0,1,2,3} does not split, since Aut(Zz) = {id} means that all semidirect products
are actually direct products, but Zs x Zs % Z4. (Or, the only Zo subgroup of Z4 does not have trivial

intersection with the given normal subgroup {0, 2}, hence there is no good ~v.) Similarly,

FAb

1 — I —T— —1

does not always split. Nevertheless, a lot of solvable and nilpotent groups can be produced using semidirect

products, as we will see in a second. It will also be important to us that any sequence
1—N-—T-527—1 (4.1) {e.NGZ}

does split. This is because if € 771(1), then 7(2¥) = k # 0 for all k € Z \ {0}, while ker(r) = N, hence
for H := (x) ~ 7 we have HNN = {1} and HN =T.

{ex.semidirect
> Exercise 4.5. (a) Show that

(a,g)(b, h)(a,g)_l(b, h)_l _ (agp(hgflhfl)bsa(g—lhfl)(a_l)gg(gfl}rl)(b_l)ga(}fl),ghg—lh—l),

and using this, show that if N and H are solvable, then N x, H is also.
(b) Given N % (g), g € Aut(N), show that

N x (g") kez\ {0}

is a finite index subgroup of N % (g).
{ex.almostnilp
> Exercise 4.6. Show that if T/K ~ N with K a finite normal subgroup and N nilpotent, then T' has a

finite index nilpotent subgroup. Also, obviously, any subgroup or factor group of a nilpotent group is also

nilpotent. Therefore, an almost nilpotent group in the sense given at the end of Section[3 1] has a finite index

nilpotent subgroup. (Hint: use the Z factor from the remark after Lemmal[f.2 and the splitting in (4-1)).)
Now, given I' = Z4 x5; Z, M € GL4(Z), we will prove the following:

{p.NilpOrExp}
Proposition 4.3. If M has only absolute value 1 eigenvalues, then T is almost nilpotent. If not, then T’

has exponential volume growth.

32



In fact, this is true in larger generality. The proof of the following theorem will be given in the next

section (with a few details omitted):

Theorem 4.4 (Milnor-Wolf [Mil68a, [Wol68, IMil68D]). A finitely generated almost-solvable group is of

polynomial growth if and only if it is almost-nilpotent, and is of exponential growth otherwise.

Moreover, the Bass-Guivarch formula (which we will not prove) states that if d; := free-rank(T";/T;41)

for the lower central series, then the volume growth of a nilpotent I is

d(I) = id;.

7

For example, for the Heisenberg group we have dy = 2 and di = 1, hence d(I') = 4, agreeing with

Exercise [4.1]
To prove Proposition L3, we shall first show the following lemma. I learnt it from [DrK09], with its
nice elementary proof coming from [Ros74].

Lemma 4.5. If M € GL4(Z) has only eigenvalues with absolute value 1, then all of them are roots of unity.

Proof. Let A\1,...\q be the set of eigenvalues of M. Then we have
d
Tr(M*) =Y N e
i=1

Now consider the sequence vy, = (A},...,Ak) € (S1)? as k = 0,1,2,.... Since (51)? is a compact group,
there exists a convergent subsequence {uvy, } of {vi}, and hence Ukulvk_@l — las{ — oo. Let my = kpy1—ko,
then (A7",..., A7) — Land 2% A — d as £ — co. But 3.0, A\™ € Z. This implies that there exists
my such that 3¢ A = d. But |A\™| = 1Vi. Thus, A" = 1Vi. O

Definition 4.6. A matriz M is unipotent if all eigenvalues are equal to 1 and quasi-unipotent if all

eigenvalues are roots of unity.

Note that a matrix M is quasi-unipotent if and only if there exists m < oo such that M™ is unipotent.
Thus, by Exercise part (b), for the first part of Proposition it is enough to show that if M is

unipotent, then T' = Z¢ 1, Z is nilpotent.

Exercise 4.7. If M € GL4(Z) is unipotent, then
M=1+S8S"'NS=S5YI+N)S
for some strictly upper-triangular integer matriz N .

Note that N? = 0 in the exercise. Then, for any m € Z,

m

<Mm_S%Nm+(1

>Nm1+”.+DS
M™ =8 YN™ 4 (T)N’”‘l +...+N)S,

which implies that (M™ — I)? = 0. Since the inverse of a unipotent matrix is again unipotent, the last

result holds, in fact, for any m € Z.
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What is now I'y = [[',T']? By Exercise L3 part (a),
(0, M) (w, M) (0, M) (10, M3) ™ = (oM~ + M= — oM~=3 — M, )
= (VM (M7 = I) +wM (I — M), 1) .

So, the matrix part has got annihilated, while, since M? — I lowers dimension for any i € Z, the “vector

part” has a smaller and smaller support:

I'y € (d — 1) dimsubspace
Iy = [I'1,T4] C (d — 2) dim subspace

Lg={1},

hence T is at most d-step nilpotent, proving the first half of Proposition 3]

{ex.HeisenSemi

11
Exercise 4.8. Show that Z? X Z with M = <O 1) is isomorphic to the Heisenberg group.

For the second half of Proposition 3] the key step is the following (again learnt from [DrK09]):
{1.alldifferen

Lemma 4.7. If M € GL4(Z) has an eigenvalue |\ > 2, then 3v € Z% such that for any k € N and
€i € {0,1}, the 251 vectors
eov—l—elvM—i-...—i-ekka

are all different.

Proof. Note that M7 also has the eigenvalue . Let b € C? a corresponding eigenvector, bM* = \b, or
MbT = MbT'. Define the linear form 3(v) = vb?. Then we have:

BloM*) = vM*bT = vAFBT = NFB(v)

Since 3 : C?* — C is linear and non-zero, its kernel is (d — 1)-dimensional, hence there exists v € Z¢ such
that B8(v) # 0. Now suppose that

25 )\1[3 (25 UMZ) (ieivMi) = iei)\iﬁ(v)

i=0 i=0
with €, — d,, # 0 for some m < k, but ¢; = ¢; for all m < i < k. Let n; = ¢, — ;. Then

> X Bv) =
i=0

. —1 1
Now consider | > ni)\1|. On one hand, we have

m—1
| > | = x| = A
i=0
On the other hand,
A" =1
771)‘1 < IAI™ —
| Z T
since |A| > 2. This is a contradiction, hence we have found the desired v. O
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Now, to finish the proof of Proposition [£.3] assume that M has an eigenvalue with absolute value not
1. Since |det(M)| = 1, there is an eigenvalue |[A| > 1. Then, there is an m < oo such that M™ has the

eigenvalue |\"*| > 2. Consider the products
(exv, M™)(ex—rv, M™) - - (€qv, M™) = (exvM™ + e_1oM™F=D .. 4 eqp, MmEHD)Y

with ¢; € {0,1} and the vector v € Z? given by Lemma L7 By that lemma, for a fixed k these elements
are all different. But, in the Cayley graph given by any generating set containing (v, I) and (0, M™), these

elements are inside the ball of radius 2(k + 1), hence T" has exponential growth. O
The proposition has the following generalization:

Exercise 4.9.% Let N be a finitely generated almost nilpotent group. Then N X, Z is almost nilpotent or
of exponential growth (and this can be easily detected from ).

4.3 The volume growth of nilpotent and solvable groups

As promised in the previous section, we want to go beyond semidirect products, and prove the Milnor-Wolf
Theorem 4l The exposition is mostly based on [DrK09], with some differences in organization and in
using Exercise [L11] that T was somehow missing from [DrK09].

The first step is for free: we have seen that an exact sequence ([{I]) always splits, hence Exercise

can be reformulated as follows:

Proposition 4.8. Assume that

1—N-—>I —Z—1

is a short exact sequence with N being a finitely generated almost nilpotent group. Then, if I' is not almost

nilpotent, then it has exponential growth.

We will need two more ingredients, Propositions and [£1Tl We will prove the first one, but not the
second, although that is not hard, either: the key idea is just to analyze carefully the procedure we used in
Section [41] to prove that the subgroups '), in the lower central series are finitely generated. See [DrKQ9]
for the details.

Proposition 4.9. Assume we have a short exact sequence
l1—N-—T-57—1.

(i) If T has sub-exponential growth, then N is finitely generated and also has sub-exponential growth.
(ii) Moreover, if T' has growth O(R?), then N has growth O(R™1).

Definition 4.10. Let H < T, and Sy and St finite generating sets of H and I" respectively, with Sp D Sy .
Note that for the distance in the corresponding Cayley graphs, dp(e,h) =: ||hllg > ||h|lr Yh € H. We say
that H has polynomial distortion if there is a polynomial p(z) so that p(|hllc) > ||h||m Vh € H.

Proposition 4.11. If T is a finitely generated nilpotent group, then [T, T] has polynomial distortion.

In fact, any subgroup has polynomial distortion, but we will not need that result.
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> Exercise 4.10.*% Without looking into [DrK09], but using the hint given in the paragraph before Proposi-
tion[{.9, prove the last proposition.

Anti-example: Consider the solvable Baumslag-Solitar group,
BS(1,m) := (a,b| a ‘ba = b").

A concrete realization of this presentation is to take the additive group H of the rationals of the form
x/mY, z,y € Z, and then BS ~ H x Z, where t € Z acts on H by multiplication by m!. Indeed, we can
take the generators a : u — um and b : u — u+ 1. One can check that [BS,BS] = (b), hence the group
is two-step solvable. Furthermore, a~"ba™ = b™". So ||bmn||<b> = m” but [|b™" ||gs = 2n + 1. So (b) as a

subgroup of BS(1, m) does not have polynomial distortion.
{t.nilpoly}

Theorem 4.12. Finitely generated almost nilpotent groups have polynomial growth.

Proof. The proof will use induction on the nilpotent rank. First of all, by Corollary 3.8 we can assume

that T is nilpotent. So, we have the short exact sequence

I\Ab

1— [ —T -5 — 1,

where I'; = [, T'] is nilpotent of strictly smaller rank. Moreover, as we showed in Section [41] it is finitely
generated. Take a finite generating set S of it. Let the Abelian rank of I'4 be 1/ and its free-rank be r < 7.
Take a generating set ey, . .. e,» for [4?, with r free generators, and let the 7-preimages be T' = {ty,... ¢,/ }.
Then I' is generated by SUT.

Consider any word w of length at most R in SUT. Move all letters of T' to the front of w: since I'y T,
for any ¢ € T'; and t € T there is some g’ € T'y with gt = tg’. We get a word w’ representing the same
group element, but of the form wrwg, where wr is a word on T of length equal to the number of T-letters
in the original w, while wg is a word on S, but its length might be much longer than the original number
ky
1

k :
---e,7", there is some element

of S-letters in w. Now, since 7(wr) in T'4® can be written in the form e
h € [T, T] such that wrwg = 5 - - -tf,“h inT.

Since |w||sur < R, we also have ||t4" - --t]:,“ lsur < k1 + -+ 4+ kv < R, and hence, by the triangle
inequality, ||h||sur < 2R. But, by Proposition 11l T'; has polynomial distortion, so, if D is the degree of
this polynomial for the generating sets S and SUT), then ||h||s < O(RP). By the induction hypothesis, I'y
has polynomial growth of some degree d, hence [{h € T'; : ||h||sur < 2R}| = O(RP?). Since the number of
different possible words 5 - - -t]:,“ is O(R"), we altogether have |B2“T| = O(RP*7), so T has polynomial

growth. O
{t.solvnilorex

Theorem 4.13.
(i) Any finitely generated almost solvable group of polynomial growth is almost nilpotent.

(ii) The statement remains true if only subexponential growth is assumed.

Proof. The beginning and the overall strategy of the proof of the two cases are the same. By Corollary [3.8]

we may assume that I' is infinite and solvable. Then, there is a first index j > 0 in its derived series
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such that T'W) /[0 TW)] is infinite. Since [T : TU)] < oo, we can further assume that j = 0. So, by the

argument at the end of Section 1] there is a short exact sequence
l1—N-—I—Z—1. (4.2)

It is also clear from that argument that [N, N] = [[,T], so N is solvable. By Proposition 9, it is also
finitely generated. Furthermore, we know from the argument at (1)) that this exact sequence splits.

We now prove (i) by induction on the degree of the polynomial growth of I'. For degree 0, i.e., when
I is finite the statement is trivial. Now, if I' has volume growth O(R?), then Proposition 20l says that N
has growth O(R9~1), so, by induction, it is almost nilpotent, and then Proposition B8 says that I is also
almost nilpotent, and we are done.

In case (ii), we know only that I" has subexponential growth. By Proposition 9] also N does. So, we
can iterate ([£2), with N in place of T'. If this procedure stops after finitely many steps, then in the last
step N is a finite group, which is trivially almost nilpotent, hence we can apply Proposition .8l iteratively
to the short exact sequences we got, and find that I at the top was also almost nilpotent.

However, it is not obvious that the splitting procedure (£2) terminates. For instance, for the finitely
generated solvable lamplighter group I' = Z ! Z that we mentioned earlier, in the first step we can have
N = [[,T] = @&zZ, then we can continue splitting off a Z factor ad infinitum. Of course, this T has
exponential growth and N = [[',T] is not finitely generated, which suggests that subexponential growth

should crucially be used. This is done in the next exercise, finishing the proof. |

Exercise 4.11.* Assume that T is finitely generated and has infinitely many subgroups T'1,Ta, ... with
the properties that for each i > 1, T; ~Z, and T; N (Tiy1,Tiya,...) = {1}. Show that T has exponential
growth.

Proof of Proposition[{-9 Let I' = (f1, f2,..., fx). Take v € T so that 7(y) = 1 € Z. Now, for each f; pick
s; € Z so that w(fiv®) =0. Let g; = fiy* € N. Then I" = (g1,...,9k,7). If we let

S ={Ymi=7"gy " |meL, i=1,... k},

then (S) = N, since for any f € ker(w),

Sil

f=fiufu= gy~ g
) ) s —g: ) ) _yi=1 o s
= (90r) - (Y752 giy7*1) - (7750 S gy Stz ) o (7 2k Sk gy )

where the last factor is actually also a conjugated g;,, since 22:1 si, = 0, due to f € ker(w). So indeed

fe(s).

Now consider a fixed ¢ and the collection of 2™ words (for m > 0)

€

{vg5vgs - vgr e € {0,1} ),

each of length at most m on the generators g; and ~g;. So, the subexponential growth of I implies that

there must exist some m and €, # d,, such that
m 6 Om
gt g =gyt g
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Now notice that, somewhat miraculously,

gt g = A ey

Thus our relation becomes
€1 €m __ 01 Om
Y1, Ymye = Y157 Vmyi s

By €m — 0m # 0, this yields ymi € (0.5 -+, Ym—1.)- SINCE Vint1i =" Ym.i Y *, we also get
Ymt1,i € (Yiyis- - Ymii) C (Y0yis- -+ Ym—1,i)-

We can do the same argument for m < 0, and so get that (vy,; | n € Z) is finitely generated, and doing
this for every ¢ gives that N is finitely generated.

Let Y be this particular finite generating set of N. Then I' = (Y U {y}). Let BY be the ball of radius
R in N with this generating set. Suppose |BY,| = {h1,...,hk}, and consider the elements

{hiv* | -R <k < R}.

If hiy* = h‘ﬂl, then /=% = hj_lhi, but v ¢ N, sol =k and i = j. That is, these elements are distinct and
belong to B;ﬁv}. There are K (2R + 1) of them. So

By

Y

e < —T= .

Brl =K< 5p

This shows both parts (i) and (ii) of the proposition. O

4.4 Expanding maps. Polynomial and intermediate volume growth
Let us start with some definitions.

Definition 4.14. Let X and Y be metric spaces. Then ¢ : X — Y is an expanding map if 3 A > 1
such that Mdx (z,y) < dy(p(z),o(y)) Va,yeX.

Recall the definition of virtually isomorphic groups from the end of Section Bl In particular, a group
homomorphism ¢ : 'y — T'5 is an expanding virtual isomorphism if it is expanding (hence injective),
and [Tz : p(T'1)] < cc.

Our reason for considering expanding virtual isomorphisms is the following result. We will come back

to its proof after looking at some examples.

Lemma 4.15 (Franks’ lemma 1970). If a finitely generated group has an expanding virtual automorphism,

then it has polynomial growth.

Exercise 4.12. Given two different generating sets S1 and Sy for T', prove that if ¢ is expanding in
G(T, S1) then ©* is expanding in G(T', Sy) for some k.

The standard examples of expanding virtual automorphisms are the following:

1. In Z%, the map x — k - = is an expanding virtual isomorphism, since [Z? : kZ9] = k.
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2. For the Heisenberg group Hs(Z), the map

1 =z =z 1 mx mnz
01 y| 5 o 1 ny
0 0 1 0 0 1

is an expanding virtual automorphism, with index [H3(Z) : ¢ »(H3(Z))] = m?n?.

> Exercise 4.13.%* [If 7% x,; 7 is nilpotent, does it have an expanding virtual automorphism?

There exist nilpotent groups with no isomorphic subgroup of finite index greater than one [Bel03].
Groups with this property are called co-Hopfian. (And groups having no isomorphic factors with non-
trivial kernel are called Hopfian.)

Instead of proving Franks’ Lemma .15 let us explore a geometric analogue:
{1.franks2}

Lemma 4.16. Let M be a Riemannian manifold. Assume v(r) := sup,¢ s vol(By(x)) < oco. Ifp: M — M
is an expanding homeomorphism with Jacobian Det(Dy) < K, then M has polynomial volume growth.

Proof. From Definition 14 of expanding, we have ¢(B,(x)) 2 Bar(¢(x)), which gives

vol(¢(B;(x))) = vol(Bxr(¢()))-

By the bound on the Jacobian of ¢, we have that Kv(r) > vol(¢(B,(x)) > vol(Bx,(¢(x))), and taking the
supremum over x on both sides gives Kv(r) > v(Ar). This implies polynomial growth by the following:

For a given r, set j = log, r. Then
o(r) =v(N) < U(/\fﬂ) < Kv(/\m’l) <...< Kmv(l)'

Since KV < K7 max(1,K) and K7 = K'98" = 7198 K we finally have v(r) < Cr¢, where d = log, K
and C = v(1) max(1, K). O

> Exercise 4.14. Prove the group version of Franks’ Lemma. (Hint: Emulate the ideas of the proof of the
topological version, but in a discrete setting, where the bounded Jacobian is analogous to the finite index of

the subgroup.)

> Exercise 4.15.%**  Assume ' is a finitely generated group and has a virtual isomorphism ¢ such that

'@ = {1}.

n>1
(This is the case, e.g., when ¢ is expanding.) Does this imply that T has polynomial growth?

A condition weaker than in the last exercise is the following: a group I is called scale-invariant if it
has a chain of subgroups I' =T'g > T'y > T’y > --- such that [I" : T',)] < oo and (\T',, = {1}. This notion was
introduced by Itai Benjamini, and he had conjectured that it implies polynomial growth of I'. However,
this was disproved in [NekPQ9], by the following examples. The proofs use the self-similar actions of these

groups on rooted trees, see Section [5.11
{t.scaleinv}

Theorem 4.17. The following groups of exponential growth are scale-invariant:
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e the lamplighter group Zs 7, described below in Section [5.1);
e the affine group Z¢ x GL(d,Z);
o the solvable Baumslag-Solitar group BS(1,m), defined in Section[{.3

On the other hand, torsion-free Gromov-hyperbolic groups are not scale-invariant, a result that can be
a little bit motivated by the well-known fact that hyperbolic spaces do not have homotheties.

Benjamini’s question was motivated by the “renormalization method” of percolation theory. In [NekP09),
we formulated a more geometric version of this question, on “scale-invariant tilings” in transitive graphs,

which is still relevant to percolation renormalization and is still open; see Question [12.33]
Going back to volume growth, here are some big theorems:

Theorem 4.18 (Tits’ alternative [Tit72]). A linear group (subgroup of a matriz group) I either has Fo <T

or it is solvable. In particular, I' has either exponential growth or polynomial growth.
Theorem 4.19 (Grigorchuk [Gri83]). There exist finitely generated groups with intermediate growth.
Conjecture 4.20. There are no groups with superpolynomial growth but with growth of order exp(o(y/n)).

For an introduction to groups of intermediate growth, see [GriP08], and for more details, see [d[Har00L
[BartGNO3|. The proof of Grigorchuk’s group being of intermediate growth relies on the following observa-

tion:

Lemma 4.21 (Higher order Franks’ lemma). If T is a group with growth function vr(n) and there exists
an expanding virtual isomorphism

I'xI'x. .- xI' — T,

—_————

m>2
then exp(n®') < vp(n) <X exp(n®2) for some 0 < aq < ag < 1.
Exercise 4.16. Prove the higher order Franks’ lemma. (Hint: T™ < T implies the existence of aq,

since v(n)™ < Cw(kn) for all n implies that v(n) has superpolynomial growth. The expanding virtual

isomorphism gives the existence of as.)

5 Isoperimetric inequalities

5.1 Basic definitions and examples
We start with a coarse geometric definition that is even more important than volume growth.

Definition 5.1. Let ¥ be an increasing, positive function and let G be a graph of bounded degree. Then
we say that G satisfies the y-isoperimetric inequality IPy if 3 £ > 0 such that |0gS| > k¢(|S]) for
any finite subset of vertices S C V(G), where the boundary S is defined to be the set of edges which are
adjacent to a vertex in S and a vertex outside of S. The supremum of all k’s with this property is usually

called the -isoperimetric constant, denoted by vy .
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Besides the edge boundary dg defined above, we can also consider the outer vertex boundary 99"S,
the set of vertices outside of S with at least one neighbour in S, and the inner vertex boundary di*S, the
set of vertices inside S with at least one neighbour outside S. Since G has bounded degrees, any of these
could have been used in the definition. If the degrees are unbounded, or we are interested in the optimal
constant factor k, then we need to distinguish between edge- and vertex-isoperimetric inequalities, and in

the edge-version it is natural to replace the size of S by ) g deg(z).

Exercise 5.1. Show that the satisfaction of an isoperimetric inequality is a quasi-isometry invariant among

bounded degree graphs, but not among graphs with unbounded degrees.

7% satisfies IP,1-1/4, often denoted IP;. (This is so well-known that one might forget that it needs a
proof. See Sections and [04l) If a group satisfies [ Py, i.e., a linear isoperimetric inequality, then it is
called nonamenable, as described in the next definition. The isoperimetric constant ¢, g in this case is

usually called the Cheeger constant.

Definition 5.2. A bounded degree graph G is amenable if there exists a sequence {S,} of connected

subsets of vertices, S, C V(G), such that
05, ]

|Snl
Such an {S,} is called a Fglner sequence. We say that a group is Folner amenable if any of its finitely

— 0.

generated Cayley graphs is. A finite set S with |0S|/|S| < 6|S| will sometimes be called a §-Folner set.

If, in addition to connectedness, the S,,’s also satisfy S,, /' V(G), i.e., S, € Sp41 Vnand Y, S, = V(G),
then the sequence {S,,} is called a Fglner exhaustion. Not every amenable graph has a Fglner exhaustion,

as the example after the next exercise shows.

Exercise 5.2.
(a) Find the edge Cheeger constant i g of the infinite binary tree.
(b) Show that a bounded degree tree without leaves is amenable iff there is no bound on the length of
“hanging chains”, i.e., chains of vertices with degree 2. (Consequently, for trees, IPii. implies

IP...)

Consider now the following tree. Take a bi-infinite path Z, and, for each even integer 2k, root an
infinite binary tree at every vertex of Z whose distance from the origin is between 22* and 22**!. This
tree has unbounded hanging chains and is thus amenable; however, it is clear that you cannot both have
S, connected and S,, C S,,41 in a Fglner sequence, because then the S,,’s would contain larger and larger

portions of binary trees, causing the S,,’s to have a large boundary.

Lemma 5.3. In Definition[5.2, you can achieve S, SV (G) in the case of amenable Cayley graphs.

Proof. Given a Fglner sequence S,,, set ST := g5y, where B, is the ball in G of radius r centered at

€B,
the origin. Without loss of generality we can asZume e € Sy, since I' acts on G by graph automorphisms,
and thus choosing any g, € S, we can consider g,,'S,,. Now, since e € B, S, C S, hence |S,| < |Sr|.
Also,

0Sh] < > 10(9Sn)| < [B(r)] 0S|,

gEB,

41
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Thus we have

osr Sy,

o <
Now, for each r € N, choose n, such that |05y, |/|Sn,| < ﬁ, and set Sy := 5] . Then {5} is a Fglner
sequence, and e € S,, implies that B, C S’. If we take now a rapidly growing sequence {r(%)}; such that
S* ) € By (i11), then {S* )}i N G is a Fglner exhaustion. O

r(i r(i

The archetypical examples for the difference between amenable and non-amenable graphs are the Eu-
clidean versus hyperbolic lattices, e.g., tilings in the Euclidean versus hyperbolic plane. The notions
“non-amenable”, “hyperbolic”, “negative curvature” are very much related to each other, but there are
also important differences. Here is a down-to-earth exercise to practice these notions; it might not be

obvious at first sight, but part (a) is a special case of part (b).

Figure 5.1: Trying to create at least 7 neighbours for each country. It works fine for a while, but then we

seem to run out of space. {f .hexsept}

> Exercise 5.3.
(a) Consider the standard hexagonal lattice. Show that if you are given a bound B < oo, and can group
the hexagons into countries, each being a connected set of at most B hexagons, then it is not possible
to have at least 7 neighbours for each country.

(b) In a locally finite planar graph G, define the combinatorial curvature atl a vertex x by

curvg(x) == 21 — Z %72)71- ,

i
where the sum runs over the faces adjacent to x, and L; is the number of sides of the i face. Show
that if there exists some & > 0 such that curvature is less than —dm at each vertex, then it is not

possible that both G and its planar dual G* are edge-amenable.
{ex.endsnoname

> Exercise 5.4. Show that a group with a continuum number of ends (see Exercises and [37)) must be

non-amenable.

We now look at an important example of a Fglner amenable group with exponential growth.

The lamplighter group is defined to be the wreath product Zs ¢ Z, which is defined to be

CORE
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where the left group consists of all bi-infinite binary sequences with only finitely many nonzero terms, and
o is the left shift automorphism on this group. Thus a general element of the lamplighter group looks like
(f,m), where f : Z — Zs has |supp(f)| < oo, interpreted as a configuration of Zy-lamps on a Z-street,
and m € Z is the lamplighter or marker. Such pairs multiply according to the semidirect product rules,
see Section The most transparent description is just to describe the Cayley graph w.r.t. some simple
generating set:

Let ey, € ®7Zy denote the function that has a 1 in the k' place and zeroes everwhere else. Then the

group is generated by the following three elements:
s:=(ep,0); R:=(0,1); and L:=(0,-1).

Multiplication by these generators givess-(f,m) = (eo,0)-(f,m) = (em+ f,m), while R-(f,m) = (f,m+1)
and L-(f,m) = (f,m—1), and so they can be interpreted as “switch”, “Right” and “Left”. (Unfortunately,
because of the way we defined semidirect multiplication, we need to multiply from the left with these nice
generators to get the above nice interpretation, even if we generally prefer taking right Cayley graphs in
these notes.)

The volume of a ball in this generating set has the bound |B,,(id)| > 2"/2, therefore it has exponential
growth. This bound is clear because at each step you can either “switch” (apply s), or not. On the other

hand, it is not hard to see that this left Cayley graph is amenable: set
Sn={(f,m) : =n <m < n and supp(f) € [-n, n]}

and observe that |S,| = 22" T1(2n+1) and |9i2S,,| = 22"F1.2, since the points on the boundary correspond
to m = —n or m =n.

One may consider generalizations F:I' = (. F) x I, with I being any base group as a “city”, and F
being any “lamp group”. Moreover, one can even define the lamplighter graph F{ G built from any two
graphs F' and G: the lamplighter can adjust the status of the current lamp according to F', or can move
on the base graph G.

The lamplighter groups Z, ! Z also have some surprising Cayley graphs. The Diestel-Leader graph
DL(k, ) is the so-called horocyclic product of Ty;1 and Tyy1: pick an end of each tree, organize all the
vertices into layers labeled by Z with labels tending to +oo towards that end (with the location of the zero
level being arbitrary), then let V/(G) consist of all the pairs (v,w) € Tjy1 x Tepq with labels (n, —n) for
some n € Z, with an edge from (v, w) to (v/,w’) if (v,v") € E(Tyy1) and (w,w’) € E(Tyy1). See Figure 5.2

Figure 5.2: The Diestel-Leader graph DL(3,2). A sample path: (u,a), (v,b), (w,c), (v,0), (u,d’), (¢, z2),

(u',a).
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{ex.LLDL}
> Exercise 5.5.

(a) Show that DL(k,£) is amenable iff k = ¢.
(b) Show that the Cayley graph of the lamplighter group T' = Zo { Z with generating set S = {R,Rs, L,sL}
is the Diestel-Leader graph DL(2,2). How can we obtain DL(p,p) from Z, 1 Z?

5.2 Amenability, invariant means, wobbling paradoxical decompositions ( )
SS.amen

The algebraic counterpart of amenability is the following. ( )
d.vNamenable

Definition 5.4 (von Neumann 1929). A finitely generated group T' is von Neumann amenable if it
has an invariant mean on L>°(T), i.e., there exists a linear map m : L>°(I') — R with the following two
properties for every bounded f: T — R:

1. m(f) € [inf(f), sup()

2. For ally € T, m(f,) = m(f), where f,(x) := f(yz).

{p.measurevN}

Proposition 5.5. A finitely generated group I' is von Neumann amenable if and only if there exists a

finitely additive invariant (with respect to translation by group elements) probability measure on all subsets

of .

To prove the proposition, identify p(A) and m(14) and approximate general bounded functions by step

functions.

Example: Z is amenable, but the obvious candidate

L [[=n,n] N A|
w(A) = llﬁsolip o+ 1

is not good enough, as it fails finite additivity. But there is some sort of limit argument to find an

appropriate measure, which requires the Axiom of Choice.

> Exercise 5.6.
(a) Prove that subgroups of amenable groups are amenable.
(b) Given a short exact sequence 1 — Ay — T' — Ay — 1, show that if Ay and As are amenable,

then I is as well.

From the amenability of Z, this exercise gives that Z? is amenable. Moreover, it can be proved that an
infinite direct sum of amenable groups is also amenable, hence the lamplighter group I' is also amenable:
it is two-step solvable, with [[',T'] = ©zZ2. More generally, a group is amenable if and only if all finitely

generated subgroups of it are amenable, and hence the exercise implies that any solvable group is amenable. ( )
t.folner

Theorem 5.6 (Folner [Fol55]). If T is a finitely generated group, it is von Neumann amenable if and only

if any of its Cayley graphs is Folner amenable.
{t.kestenorig}

Theorem 5.7 (Kesten [Kesh9)). A finitely generated group T is amenable if and only if the spectral radius
p of any of its Cayley graphs, as defined in (1), equals 1.
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We will sketch a proof of Fglner’s theorem below, and prove Kesten’s theorem in a future lecture,

Section

Proposition 5.8. F5 is nonamenable in the von Neumann sense.

Proof. Denote Fy as {(a,b), and let At denote the set of words in F» beginning with a. Let A~ denote the
set of words beginning with a=!, and let A = A* U A~. Define BT, B~, and B similarly. Notice that
Fy, = AU B U{e}, and that F; also equals AT LlaA™, as well as BT LUbB™.

Now, suppose that we have u as in Proposition [5.8l Certainly u({e}) = 0, and so we have

p(F2) = p(A) + p(B) + p({e})

p(AT) + (A7) + u(B) + pu(B7)
#(AT) + p(aA™) + u(B*) + p(bB™)
u(

2

AT UaA™) + p(BTUbBT)
p(F).

This is a contradiction, and thus no such measure exists. |

Exercise 5.7.* SO(3) > Fy (Use the Ping Pong Lemma, Lemma[2Z19).

This exercise and Proposition form the basis of the Banach-Tarski paradox: the 3-dimensional
solid ball can be decomposed into finitely many pieces that can be rearranged (using rigid motions of R3)
to give two copies of the original ball (same size!). See [Lub94] or [Wag93] for more on this.

The following theorem was proved by Olshanski in 1980, Adian in 19827 Gromov in 1987, and again by
Olshanski and Sapir in 2002, this time for finitely presented groups.

Theorem 5.9 (Olshanski 1980). There exist nonamenable groups without Fy as a subgroup.

An example of this is the Burnside group B(m,n) = (g1, ...,gm | g" = 1¥g) for m > 2 and n > 665 and
odd.

Now we sketch the proof of the Fglner theorem, but first we define some notions and state an exercise
we will use. I learned about this approach, using wobbling paradoxicity, from Gabor Elek; see [EITS05]

and the references there, although I am not sure that this proof has appeared anywhere before.

Definition 5.10. Let X be a metric space. As in Exercise[31], a map ¢ : X — X is at a bounded distance
from the identity, or wobbling, if sup, d(z,p(z)) < co. Further, the maps « and 8 form a wobbling
paradoxical decomposition of X if they are wobbling injections such that a(X)U B(X) = X

Exercise 5.8.* A bounded degree graph is monamenable if and only if it has a wobbling paradozical
decomposition. (Hint: State, prove and use the locally finite infinite bipartite graph wversion of the Hall
marriage theorem [DieQ0, Theorem 2.1.2], called the Hall-Rado theorem.)

Sketch of proof of Theorem[5.4. For the reverse direction, if there exists a Fglner sequence {S,}, define

un(4) = %, and show that some sort of limit exists. Now, because {S,} is a Fglner sequence,
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_ 1AgnSa| _ [(ANSng” gl

|Sng™t A S,| < €|Sy]| for g a generator. So p,(Ag) = EN TN will have the same limit as

un(A), giving invariance of p.
For the forward direction, we prove the contrapositive, so assume that G is nonamenable. Then by
Exercise 0.8 it has a paradoxical decomposition o and 8. Suppose that both of these maps move a vertex

a distance of at most . Then we can decompose
V=AUAU---UA, =By UByLl---L By,

where «|4, is translation by some g; € B,., |p, is a translation by some h; € B,., and k, £ < |B,|. If we let
C; ;= A; N Bj, and if we assume for contradiction that there exists some invariant probability measure g
on I' as in Definition [5.5] then since p(a(C; ;) = u(Ci ;) = p(B(Ci ;)), we have

(V) = pla(V)upV)) = Zu(a(@,j)) + u(B(Ciy)) =2u(V).
Hence I' is von Neumann nonamenable. O

5.3 From growth to isoperimetry in groups

The following theorem was proved by Gromov for groups, and generalized by Coulhon and Saloff-Coste in

1993 for any transitive graph.

Theorem 5.11 ([CouSC93]). Let T be a finitely generated group, with a right Cayley graph G(T', S). Define
the inverse growth rate by
p(n) :=min{r : |B,(0)] > n}.

Let K be any finite subset of I'. Recall the definition 0K = {v € K : 3y € S vy ¢ K}. Then we have

|0 K| .1
K|~ 2p(2|K])
Proof. Take any s € S. It is clear that z € K \ Ks™!, i.e.,  — xs moves z out of K, only if z € dPK.
Thus |K \ Ks~!| < [0iK|. More generally, if ||g||¢ = r, i.e., g € I' is a product of r generators, then, by
iterating the above argument, we see that |K \ Kg~!| < T‘@%}‘K’.
On the other hand, let p = p(2|K|), and observe that for any = € K,

{zg:9€ By(0)} \ K| > |K| > |[{zg:g€ By(0)} NK]|,

since the size of {zg : g € B,(0)} is greater than 2|K|. Therefore, if we pick g € B,(0) uniformly at
random, then

P[g moves z out of K| > 1/2 > P[g leaves z in K |,

which implies E [ number of 2’s moved out of K | > |K|/2. Hence, there is a g that moves at least |K|/2
elements out of K. Combining our upper and lower bounds on the number of elements of K moved out of
K by g, we have

plOVE] = llglls [0V K| > |K]/2,

and we are done. O
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Examples: For T' = Z%, p(n) = n'/? hence we get that it satisfies TP;. (We will see another proof
strategy in the next section.) Hence Z¢ shows that the above inequality is sharp, at least in the regime of
polynomial growth. The lamplighter group shows that the inequality is also sharp for groups of exponential

growth.

Exercise 5.9 (Addm Timér).*** For any f.g. group T, does 37Cy s.t. YA C T finite g € T with
0 <d(A,gA) <Cr,

and does 37Cy s.t. YA, B C T’ finite, g € T with
0 <d(A,gB) < Cy?

Exercise 5.10 (Iva Kozékové—Spakulové). Give an example of a group I' where Cy > 1 is needed.

One reason for these exercises to appear here is the important role translations played also in The-
orem BTl A simple application of an affirmative answer to Exercise would be that the boundary-
to-volume ratio would get worse for larger sets, since we could glue translated copies of any small set to
get larger sets with worse boundary-to-volume ratio. In other words, the isoperimetric profile ¢(r) :=
{1905]/]S| : |S| < r} would be roughly decreasing. An actual result using the same idea is

Theorem 6.2]: for any finite set, the boundary-to-volume ratio is strictly larger than the Cheeger constant.
Related isoperimetric inequalities were proved in [BabSz92] and [Zuk00].

5.4 Isoperimetry in Z¢ and {0,1}"
On Z%, the following sharp result is known:

Theorem 5.12. For any S in Z%, |0pS| > 2d|S|*~ 4, where OpS is the set of edges with one vertex in S

and one in S°.

One proof of Theorem [5.12], using some very natural compression methods, was done by Bollobds and
Leader [BolLL91]. The basic idea is that one can apply “gravity” (acting in any coordinate direction) to
any subset S of vertices, which compresses S, reducing its boundary without changing its volume. Subsets
with minimal boundary are more-or-less stable under this compression, and one can describe such stable
sets quite well. A beautiful alternative method can be seen in Section 6.7]: it goes through
the following theorem, which is proved using conditional entropy inequalities. See [BaliBo12| for a concise
treatment and a mixture of both the entropy and compression methods, with applications to combinatorial

number theory.

Theorem 5.13 (Discrete Loomis-Whitney Inequality).
d
vsczd, ISt <[] 1P(s),
i=1

where P;(S) is the projection of S in the direction of the it coordinate (that is, we simply delete the ith

coordinate).
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The Loomis-Whitney inequality gives:

514 < <f[l|Pz-<s>|>

where the last inequality holds because each line in the i¢th coordinate direction must leave the set S
through at least two edges. And this is exactly Theorem (.12

d
1 |0r S|
< NP < ,
< d;;;| S = =

Exercise 5.11 ([Hart76]). The classical edge-isoperimetric inequality for the hypercube says that for sets
of size |S| = 2%, 0 < k < n, the edge-boundary is minimized by the k-dimensional subcubes, hence |0gS| >
2k(n — k). Also more generally, |0gS| > |S|log, (2/]S]). Prove this.

Let me give my personal endorsement for the conditional entropy proof of Theorem B.13] in [LyPer14
Section 6.7]. In [Pet08], I needed to prove an isoperimetric inequality in the wedge W), C Z3, the subgraph
of the lattice induced by the vertices VOV,) = {(z,y,2) : © > 0 and |z| < h(z)}, where h(z) is some

increasing function. Namely, using the flow criterion of transience, Theorem below, it was shown in

[LyT83] that W), is transient iff
=1

—— < 00. 5.1
2 h(j) 5-1)

=17
For example, h(j) = log" j gives transience iff » > 1. I wanted to show that this implies Thomassen’s
condition for transience , which is basically an isoperimetric inequality 1P, with

Y(k)™? < o00. (5.2)

NE

el
Il

1

(The reason for this goal will be clear in Section [2.5) In such a subgraph W, the Bollobds-Leader
compression methods seem completely useless, but I managed to prove the result using conditional entropy

inequalities for projections. What I proved was that W), satisfies I P, with

P(v) = Uh(\/v/h(\/ﬂ)).

As can be guessed from its peculiar form, this is not likely to be sharp, but is good enough to deduce (5.2])
o 062 . . . . . .

from (51). E.g., for h(v) = v, we get ¢(v) = v2+ 5% which is close to the easily conjectured isoperi-

metric function vz+a only for a close to 0, but that is exactly the interesting regime here, hence this strange

1 (v) suffices.

1+«

Exercise 5.12. Show that the wedge Wy, with h(v) = v®, a > 0, does not satisfy I Py, whenever (v)/v¥a —

Q.

6 Random walks, discrete potential theory, martingales

Probability theory began with the study of sums of i.i.d. random variables: LLN, CLT, large deviations.
One can look at this as the theory of 1-dimensional random walks. One obvious generalization is to consider
random walks on graphs with more interesting geometries, or on arbitrary graphs in general. The first

two sections here will introduce a basic and very useful technic for this: electric networks and discrete
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potential theory. Another obvious direction of generalization is to study stochastic processes that still take
values in R, resemble random walks in some sense, but whose increments are not i.i.d. any more: these
will be the so-called martingales, the subject of the third section. Discrete harmonic functions will connect

martingales to the first two sections.

6.1 Markov chains, electric networks and the discrete Laplacian

Simple random walks on groups (for which we saw examples in Section [[T]), are special cases of reversible
Markov chains, which we now define.

A Markov chain is a sequence of random variables X7, Xo, X3,... € V such that
P Xnpi=y|Xi=21,X0=a20,...., Xpn =2 | =P[Xps1 =y | Xpy = 20 | = p(an,y).

That is, the behaviour of the future states is governed only by the current state. The values p(z,y) are
called the transition probabilities, where it is usually assumed that Eyevp(x, y)=1forallz e V. We
will also use the notation py(z,y) = P[ X, =y | Xo =« |, just as in Section [T}

Given any measure 7 (finite or infinite) on the state-space V', the Markov chain tells us how it evolves
in time: after one step, we get the measure 7P(y) = > .y, 7(x)p(z,y). A measure 7 is called stationary
if the chain leaves it invariant: 7P = w. An important basic theorem is that any finite Markov chain has
a stationary distribution, which is unique if the chain is irreducible (which means that for any x,y € V
there is some n with p,(x,y) > 0). These facts follow from the Perron-Frobenius theorem for the matrix
of transition probabilities, which we will not state here. There is also a probabilistic proof, constructing a
stationary measure using the expected number of returns to any given vertex. See, for instance, m
Section 6.5]. For an infinite state space, there could be no stationary measure, or several. We will not
discuss these matters in this generality, but see the example below.

We say that a Markov chain is reversible if there exists a reversible measure, i.e., non-negative function

m(x), not identically zero, that satisfies

m(z)p(w,y) = 7(y)p(y,z) Va,y.

Note that this reversible measure is unique up to a global factor, since 7 (x)/7(y) is given by the Markov
chain. Note also that reversible measures are also stationary. But not every stationary measure is reversible:

it is good to keep in mind the following simple examples.

Example. Consider the n-cycle Z (mod n) with transition probabilities p(i,i+1) = 1—p(i+1,i) = p > 1/2
for all 4. It is easy to see that this is a non-reversible chain; intuitively, a movie of the evolving chain looks
different from the reversed movie: it moves more in the + direction. But the uniform distribution is a
stationary measure.

On the other hand, the chain with the same formula for the transition probabilities on Z is already
reversible. Although the uniform measure (i) = 1 Vi € Z is still stationary but non-reversible, the measure
(i) = (p/(1— p))i is reversible. The above intuition with reversing the movie goes wrong now because 7’
is not a finite measure, hence looking at a typical realization of the movie is simply meaningless. A simple

real-life example of an infinite chain having some unexpected stationary measures is the following joking
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complaint of my former advisor Yuval Peres: “Each day is of average busyness: busier than yesterday but

less busy than tomorrow.”

Exercise 6.1. Show that a Markov chain (V,P) has a reversible measure if and only if for all oriented

-1 -1
cycles xo,x1, . .., = o, we have [[ p(xi, xip1) = [[1g p(@ig1, z3).
Now, all Markov chains on a countable state space are in fact random walks on weighted graphs:

Definition 6.1. Consider a directed graph with weights on the directed edges: for any two vertices T and
y, let e(x,y) be any non-negative number such that c(x,y) > 0 only if x and y are neighbours.
Let C, = Ey c(x,y), and define the weighted random walk to be the Markov chain with transition

probabilities
c(z,y)
C,

An important special case is when c(x,y) = c(y,x) for every x and y, i.e., we have weights on the

p(:zr,y) =

undirected edges. Such weighted graphs are usually called electric networks, and the edge weights c(e)
are called conductances. The inverses r(e) = 1/c(e) € (0,00] are called resistances. The associated

weighted random walk s sometimes called the network walk.

The walk associated to an electric network is always reversible: C, is a reversible measure. On the

other hand, any reversible Markov chain on a countable state space comes from an electric network, since
we can define c(z,y) = m(2)p(z,y) = 7(y)p(y, z) = c(y, ).

Exercise 6.2. Show by examples that, in directed weighted graphs, the measure (Cy)recv might be non-
stationary, and might be stationary but non-reversible. Can the walk associated to a finite directed weighted

graph have a reversible measure?

An electric network is like a discrete geometric space: we clearly have some notion of closeness coming
from the neighbouring relation, where a large resistance should mean a larger distance. Indeed, we will
define discrete versions of some of the notions of multidimensional calculus (or more generally, differential
and Riemannian geometry), like gradient, divergence, and harmonicity, which will turn out to be very
relevant for studying the random walk associated to the network.

Let us start with the following problem. We are given a network G(V, E, ¢), with two subsets A, Z C V,

we start the random walk at some x € V', and want to compute

f(@) :==Py[ra <72], (6.1)

where 74 is the first time we hit A. In order for (6]) to be well-defined, we assume that 74 A 7z is almost
surely finite. A simple example to keep in mind is SRW on the interval V' = {0,1,...,n}, with A = {0}
and Z = {n}. We can solve this problem by writing a recursion, or a discrete differential equation, or a
dynamic program, call it according to your taste. Namely, for any inner vertex = ¢ A U Z, condition on
what the first step X; of the walk could be:

F@) =Y P X1 =y|Po[ra<7z| Xi=y]= > Pu[Xi =y]Pyra<7z] =Y plx.9)f(),
yev yev yev
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or more concisely,
f(i[:) = Ew[Pm[TA < Tz | Xl]] = Em[PX1[TA < TZ” = Em[f(Xl)]

The boundary values are of course f|4 = 1 and f|z = 0. In the example of the interval, f(z) = (f(z—1)+
flx+1))/2forall 1 <z <n-—1, and one can easily see that the unique solution is the linear extension of
the boundary values: f(z) = (n — z)/n.
More generally, let W be any subset of V', and let f : W — R be any real-valued function. Then, for
x € V\ W, define
f@) =B[f(X;) | Xo==], (6.2)

where 7 is the first time we visit W, and we assume that 7 < co almost surely. We get back the previous
example by W = AU Z, fla = 0, flz = 1. And, by the exact same argument as above, we have

f(z) = E.[f(X1)] again. Tt is now time to make the following fundamental definitions:

Definition 6.2. The Markov operator P of a Markov chain on V is defined by

(PH)(x) = plx,y)f(y) = B f(X1)],
yeVv
acting on functions f : V. — R: taking the one-step average by the Markov chain. The Laplacian
operator is A := I — P. A function f:V — R is harmonic at some x € V if Af(x) = 0; that is, if
the mean value property holds: the average of the function values after one step of the chain equals the

value at the starting point x. A function is harmonic if it is harmonic at every vertex.

Examples ([G.I)) and ([G2]) are harmonic in V' \ (AU Z) and V' \ W, respectively. One justification for

calling this property harmonicity is the mean value property, which is a direct analogue of the continuous

property
1 1

1) = VSR o = T o O
And, just like in the case of continuous harmonic functions, an immediate consequence of the mean value
property is the maximum principle: if f : V' — R is harmonic for all z € V' \ W, then there are no
strict local maxima in V' \ W, and if there is a global maximum over V', then it must be achieved also at

some point of W.

Lemma 6.3. Given a finite network G(V, E,c), a subset W C V', and any real-valued function f on W,

there exists a unique extension of f to V that is harmonic on V' \ W.

Proof. Existence: use the extension (6.2]) above.
Uniqueness: Suppose that f; and fo are two extensions of f. Let ¢ = f1 — f2, again harmonic on V'\ .
Since V is finite, the global maximum and minimum of ¢ is attained, and by the maximum principle, it

must also be attained on W, where g = 0. Hence g =0 on V. O

In the continuous world, the Laplacian is the second order differential operator Z'Z:l Oz;z,- Then we

should also have first order operators in the discrete world! Here are they.
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Consider an electric network on the graph G = (V,E). If e is an edge with vertices e™ and e~
decompose it into two directed edges e and € such that e runs from e~ to e™, while € runs from e™ to e™.
Denote by ? the set of directed edges formed.

Take f,g:V — R. Define

Vi(e) =[f(e") = fle7)]cle)
to be the gradient of f. The weight c(e) = 1/r(e) is natural since the resistance r(e) of a physical link is
proportional to the length of e. In a cohomological language, this is a coboundary operator, since, from
functions on zero-dimensional objects (the vertices), it produces functions on one-dimensional objects (the

edges). Also define the inner product
(f,9) = (f,9)c = f(x)g(x)Ca.
zeV

This is again natural from the point of view that imposing a large potential at a vertex that has larger
total conductance has a larger effect on the network. Also mathematically, it is natural to consider the
Hilbert space L?(V, ) based on any stationary measure 7, and (C,).cy is a reversible stationary measure
for the network walk; see, e.g., Exercise [6.3] below.

Take 60,7 : ‘E — R such that 6(e) = —6(e). Define the boundary operator

1
V*(x) = O(e)—.
0= T g
Also define another inner product,
1
(0.0) = (O.m)r = 5 Y () n(e) r(e)-
86?3
Some works, e.g. [LyPer14], omit the “vertex conductances” C, from the inner product on V and the

boundary operator V*, while our definition agrees with [Woe((]. This is an inessential difference, but one

needs to watch out for it.

Proposition 6.4. (Vf,0), = (f,V*0)c, i.e., V and V* are the adjoints of each other (hence the notation).

Proof. The right hand side is
S (E w0 =3 3 a0
The left hand side is S S
%% () = ) ele)) Ole) s = 5 3 [Fe) = e 0o

In this sum, for each z and e such that et = z, the term f(2)6(e) is counted twice: once when y = e™ and

once when y = et = e~. Since 6(€) = —6(e), the two sums are equal. O

A very important exercise is the following:

Exercise 6.3. Show that the Markov operator P is self-adjoint with respect to the inner product (-,-)r,

with some 7 : V — R>g, if and only if m is a reversible measure for the Markov chain.
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Now, how is the Laplacian related to the boundary and coboundary operators? For any f :V — R,

we have

Vi) = Y Vi) 5

|
g
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+
S~—
A
@
S~—"
I
~
@
-
Q
~—~
Q
~—

et=x Ca et=zx Ca
= 5@ 3 4D Y

= f(z) = (Pf)(z) = Af(z).
{d.flow}
Definition 6.5. Let A and Z be disjoint subsets of V(G).

e A voltage between A and Z is a function f :V — R that is harmonic at every x € V \ (AU Z),
while Af|a >0 and Af]z <O0.

e A flow from A to Z is a function 6 : E 5 R with 0(e) = —0(e) such that V*0(x) = 0 for every
x eV \(AUZ), while V*0|4 > 0 and V*0|, < 0. In words, it satisfies Kirchhoff’s node law: the

inflow equals the outflow at every inner vertex.

e The strength of a flow is

ol =Y 6le)y= > 8le)=2 V'b(a)Ca=—) V6(2)C:,

e:et €A e:e”€Z a€A 2€Z

the total net amount flowing from A to Z. (Or maybe from Z to A — it is unclear what the best
terminology is. Electricity flows from higher to lower voltage, but the gradient vector field is pointing

towards higher values.)

o A main example of a flow is the current flow 0 := V [ associated to a voltage function f between A

and Z. (It is a flow precisely because of the harmonicity of f.)

Example 1. The hitting probability function f(z) = P,[74 < 7z] defined in (6] is harmonic on V \
(AU Z), satisfies f]la =1 and f|z = 0, while f(z) € [0,1] for all z € V, hence Af|4 > 0 and Af|z < 0.

Therefore, f is a voltage function from A to Z.

Example 2. More generally, consider the function f(z) = E;[ f(X;)] defined in ([@2). If we now define
Wo={ueW|Af(u) <0} and Wy = {u € W | Af(u) > 0}, then f is a voltage from Wi to Wy, and
0 = V[ is the associated current flow from W; to Wj.

Example 3. Flows are the discrete analogue of divergence-free vector fields. Current flows are the
gradient vector fields of harmonic functions. Of course, not every flow is a current flow. E.g., on the
cycle Cy = {0,1,2,3} with unit conductances, define 6(0,1) = 6(1,2) = —1, 6(0,3) = 6(3,2) = 0. Then
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V*0(0) =1 = —-V*0(2) and V*0(1) = V*0(3) = 0, hence 6 is a flow from 0 to 2 of strength 1. However,
any current flow from 0 to 2 assigns equal amounts to the four edges (0,1), (1, 2), (0, 3), (3, 2).

Example 4. Let Z C V be such that V' \ Z is finite, and let x ¢ Z. Then
G%(x,y) == B, [ number of times the walk goes through y before reaching Z | ,

is called Green’s function killed at Z. It is almost the standard Green’s function corresponding to the
Markov chain killed at Z, i.e., with transition probabilities p? (z,y) = p(x,y)1,¢z. (This is a sub-Markovian
chain, i.e., the sum of transition probabilities from certain vertices is less than 1: once in Z, the particle
is killed instead of moving.) The only difference between G#(z,y) and Y. o pZ(z,y) isat x & Z,y € Z,
where the former is zero, the latter is not. R

Quite similarly to the previous examples, G is harmonic in its first coordinate outside of Z U {y}:

G (x,y) =Y pi(zy)  (sincex ¢ ZU{y})

n>1

=3 vl (@ y)

n>1 z’

= P (@,a) Y pi (@)

n>1

=Y pP(x,a) Y pll(ay)

n>0

= ZpZ(ZE, x/)GZ('rlv y)

x

= P@GZ (z,y).

To get harmonicity in the second coordinate, we need to change G# a little bit. Notice that C,, G%(z,y) =
Cy G#(y,x), by reversibility when x,y ¢ Z, and by definition when z or y is in Z. Therefore, f(z) :=
G%(0,7)/C, = G?(x,0)/C, is now harmonic in z ¢ Z U {o}. It is clear that f|z = 0 and f(0) > 0, so, by
the maximum principle, Af(o) > 0 and Af|z < 0. So, f is a voltage function from o to Z.

Using Lemma [6.3] we can define a certain electrical distance between disjoint nonempty subsets A and
Z of V(G). Namely, consider the unique voltage function v from A to Z with v|4 = o and v|z = 8, where
a > (. The associated current flow i = Vo has strength |||¢||| > 0. It is easy to see that
a—p
(121l
is independent of the values o > (5. It is called the effective resistance between A and Z. Its inverse
C(A+ Z):=1/R(A < Z) is the effective conductance.

R(A+ Z):= (6.3) {e.Reff}

Exercise 6.4. Show that effective resistances add up when combining networks in series, while effective

conductances add up when combining networks in parallel.
{ex.Ceff}

> Exercise 6.5.

(a) Show that for the wvoltage function f(z) = GZ(0,z)/Cy of Evample j above, the associated current
flow has unit strength, hence R(o +» Z) = G?(0,0)/C,. (Hint: show that YV f(y,z) for = € Z and
y € Z is exactly the probability that the random walk hits Z through the edge (y,z).)

o4



(b) Using (a), show that C(o +» Z) = C, Po[ 1z < 7,7 ], where 7,5 is the first positive hitting time on o.

o

(Hint: we have seen the connection between the probability of return and the expected number of visits

in Section[11l)

The last exercise provides a great electric interpretation for recurrence of infinite networks G(V, E, ¢).
Consider a sequence of finite cutsets Z,, C V between the starting vertex o and infinity, such that each Z,
is also a cutset between o and Z,.1. Then the sequence of events {7z, < 7.} is decreasing in n, hence
lim,, 0 Po[ 72, < 7,7 ] exists. Moreover, this limit is independent of the sequence {Z,,}. Indeed, given two
such sequences {Z,,} and {Z],}, for any Z,, there exists a Z/, such that Z, is a cutset between o and Z/, ,
and vice versa, giving two interlacing subsequences of probabilities, which then must have the same limit.
Therefore, Exercise (b) says that lim,,—, C(o <> Z,) also exists and is independent of the sequence
{Z,}, and hence may be called the effective conductance between o and infinity, denoted by C(o <+ o0). It

is equal to C, P,[7z, < 7, for all n]. We claim that this can be written more simply as
C(o 4 o0) = O, P,[1 = o0]. (6.4)

In particular, the effective conductance to infinity is positive iff the network is transient. To verify (6.4,
if the right hand side is 0, then P,[7z, < 7,7 for all n] = 0, as well, since the latter is a smaller event. On
the other hand, if the right hand side is positive, then the network is transient, and Exercise [[LT] says that
the walk spends in any finite set only finite time. Thus every Z,, will be eventually reached almost surely,

and hence {77 = oo} actually implies {7z, < 7,7 for all n}.

Exercise 6.6. Let G(V, E,c) be a transitive network (i.e., the group of graph automorphisms preserving

the edge weights have a single orbit on V). Show that, for any u,v € V,
P,[7, <o00] =Py[1, < ].

Exercise 6.7 (“Green’s function is the inverse of the Laplacian”). Let (V, P) be a transient Markov chain
with a stationary measure w and associated Laplacian A = I —P. Assume that the function y — G(z,y)/m,
is in L?(V,m). Let f:V — R be an arbitrary function in L*(V, 7). Solve the equation Au = f.

6.2 Dirichlet energy and transience

In PDE theory, the Laplace equation arises as the Euler-Lagrange variational PDE for minimizing the L?
norm of the gradient. The same phenomenon holds in the discrete setting.
Definition 6.6. For any f : V(G) — R, define the Dirichlet energy by

1

r=5 D ) = fle)Pee).
e E (@)

E(f) == (V1 V)

With a slight abuse of notation, for any antisymmetric 0 : ? — R we can define £(0) := (0,0),.
Lemma 6.7. The unique harmonic extension in Lemmal6.3 is the unique minimizer of Dirichlet energy.
Exercise 6.8. Prove this lemma. (Hint: for a quadratic function f(z) =3 ,(x —a;)?, what is the solution

of f'(x) = 02)
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Note that an antisymmetric function 6 : ?(G) — R is the gradient § = Vf of some f: V(G) — R

if and only it satisfies Kirchhoff’s cycle law, i.e., is circulation-free:

Z O(e)r(e) =0 for all directed cycles C' C E.

ecC
Thus, Lemma can be reformulated as follows: among all antisymmetric 6 satisfying Kirchhoff’s cycle
law, with a given flux along the boundary (the values V*6(u), u € W), the one that minimizes the Dirichlet
energy £(0) also satisfies Kirchhoff’s node law in V'\ W (i.e., it is a flow). There is a dual statement:

Lemma 6.8 (Thomson’s principle). If A and Z are disjoint subsets of V(G), then among all the flows 6
with given values V*0|auz, the current flow has the smallest energy (i.e., the one that satisfies Kirchhoff’s

cycle law).

Proof. The strategy is the same as in Exercise [0.8] just need to perturb flows instead of functions: if € is
a flow with minimal energy £(0), and C' is an oriented cycle, then consider the flow ~ that is constant 1
on C, and a simple quadratic computation shows that £(6 4+ ey) > £(0) can hold for all € > 0 only if 6
satisfies the cycle law along C. O

Let us compute this minimum Dirichlet energy for the unique harmonic extension (the voltage v) of
v[a = aand v[z = 3, where a > 3. Here £(v) = (v,V*Vv) =a ) ., CoV*Vo(a)+B> . ., C.V*Vu(z) =
alllVoll| = BVl So, if the voltage difference av — § is adjusted so that we have a unit flow from A to Z,
ie., [[[Vv]| = 1, then, by the definition (G.3)),

EWw)=a—-F=R(A+ 2). (6.5)

Theorem 6.9 (Terry Lyons [LyT83]). A graph G is transient if and only if there exists a non-zero flow
of finite energy from some vertex o € V(QG) to infinity (i.e., a flow with A = {o} and Z =10).

Proof. Tf G is transient, then Green’s function G(o,x) is finite for all o, z, hence we can consider f(x) :=
G(o,z)/Cy, as in Example 4 after Definition Then Vf is a non-zero flow to infinity from o € G, and,
by Exercise (a), it has unit strength. Its energy, by the above calculation, is E(f) = (f,V*Vf) =
FIIV S = flo) = G(o,0)/C, < 00, which is indeed finite.

For the other direction, assuming recurrence, take an exhaustion of G' by subgraphs F;,. As discussed
around (6.4)), recurrence of G implies that C(o <» G\ F,,) — 0 as n — co. So, the effective resistance blows
up. By Thomson’s principle (Lemma[6.8) and (63, this means that there are no unit strength flows from
o to G\ F,, whose energies remain bounded as n — co. On the other hand, if there was a finite energy flow
on G from o to infinity, then there would also be one with unit strength, and from that we could produce

a unit strength flow of smaller energy from o to each G \ F,, contradicting the previous sentence. O

Exercise 6.9. Without consulting Lyons (Terry or Russ), find an explicit flow of finite energy on Z3.
(Hint: what would a lot of water or electrons do in R® when pumped into the origin? Mimic this in 73,

and hope that it will have finite energy.)

Finding a flow of finite energy is a good possible way to prove transience. Unsurprisingly (especially in

view of the Max Flow Min Cut theorem), in order to prove recurrence, it is useful to find small cutsets:
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Proposition 6.10 (Nash-Williams criterion [NasW61]). If {II,},>1 is a sequence of pairwise disjoint
finite cutsets in a locally finite graph G(V, E), each separating o from oo, then

oo

-
ZeEHn C(e) '

Sketch of proof. Instead of proving this in detail (which can be found, e.g., in [LyPerl4] Section 2.5]), let

us just discuss a natural special case, in which the intuitive meaning of the formula becomes transparent.

R(o + 00) >

n=1

Assume that each II,, separates I1,,_1 from II,, ;. Then we can collapse all vertices between II,, and 11,41
into a single vertex v, (including the collapse of all vertices inside II; into a vg). By this, we can only
decrease the effective resistance, and we obtain a chain of vertices, where v,,_; and v, are joined by parallel
edges of total conductance )y c(e). To get the effective resistance to infinity, we sum up the reciprocals

of these conductances, and get the result. O
Exercise 6.10. Use the Nash-Williams criterion to prove the recurrence of Z.2.

In Section [Tl we computed return probabilities and concluded about recurrence and transience by
rather explicit calculations, relying heavily on the structure of Z% and T4. Flows of finite energy provide
us with a much more robust tool, as shown by the following result.

Any network G(V, E, ¢) is naturally a metric space, with

d(z,y) := inf {Z r(e) : v is a path connecting = and y} .

ecy
We say that G is uniformly locally finite if sup,cy |Br(z)| < co for any radius R > 0.

Theorem 6.11 (Kanai, 1986). If ¢ : (G1,d1) — (Ga2,d2) is a quasi-isometric embedding between uni-
formly locally finite networks, then 3C < oo such that

E1(fog) <C&(f).

Furthermore, if G1 is transient, then so is Gs.
Thus, if G1 ~¢ Ga, then the G;’s are transient at the same time and & =< > (in the obvious sense that

can be read off from the above inequality).

Proof. We will prove only the transience statement, the other being very similar. Suppose 6; is a flow of
finite energy on G, say, from a to infinity. For any e in GGy, we choose one of the shortest paths in G»
going from the vertex ¢(e_) to ¢(e4 ), in an arbitrary way, and we call this the image of e under ¢. Define
05 as follows:
02(e2) = Z +01(e1),
eriea€p(er)

where the sign of 0;(e;) depends on the orientation of the path ¢(e;) with respect to the orientation of es.
Now 65 is a flow from ¢(a) to oo, since the contribution of each path ¢(e) to each V*05(x) is zero unless

x € ¢(ex). Define
a = sup da(¢(e”), p(e”))/di(e",e7)

eeGy
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and

B:= sup #{e1 € Gi:ez € ¢ler)}.

e2€G2
Note that « is finite, since ¢ cannot increase distances by a lot. Then £ is finite, as well: since o < oo and
¢ cannot decrease distances by a lot, all edges e; counted here must come from within some distance o/ of
the set ¢~1(es) of uniformly bounded diameter, which is altogether a finite set of uniformly bounded size,

because of the uniform local finiteness of GG;. Finally, the energy of 65 is finite, since:

ba(e2)P < B DY bi(er)?

er:ex€p(er)

by the convexity of x — 2, and then

EB2) = > 02(ea)l’r(e2) <BY . D Oi(er)’r(e2) aB Y bi(er)’r(er) < oo,

e2€E(G2) e2 ej:ea€p(er) e1€E(Gh)

and we are done. O

6.3 Martingales

We now define one of the most fundamental notions of probability theory: martingales. We will use them
in the evolving sets method of Chapter B in the study of bounded harmonic functions in Chapter [@ and
in several other results related to random walks. We will also use them in static models where there is
no a priori time: to prove Kolmogorov’s 0-1 law Theorem 0.20] to prove concentration results for the
Erdés-Rényi random graph later in this section, and in the study of the appearance of the giant cluster in
the evolution of the Erdés-Rényi random graph in Section

Definition 6.12. A sequence My, M, ... of R-valued random wvariables (or in any value set where av-
eraging makes sense) is called a martingale if E[ M, 1 | My,..., M, | = M,. More generally, given an
increasing sequence of o-algebras, F1 C Fo C ... (called a filtration), and M, is measurable w.r.t. F,,
we want that B[ M1 | %n] = M,.

Example 1: We start with a trivial example: if M, = Zzzl X, with E[ X ] =0 for all &k, with the X}’s
being independent, then E[ M,,+1 | M1,..., M, | = E[ X, 1] + M, = M,,.

Example 2: A classical source of martingales is gambling. In a completely fair casino, if a gambler chooses
based on his history of winnings what game to play next and in what value, then the increments in his
fortune will not be i.i.d., but his fortune will be a martingale: he cannot make and cannot lose money in

expectation, whatever he does. In particular, for any martingale,
B[ M, | M, ] :E[E[Mk | My_1, My _s, ..., My ] ‘ MO} , by Fubini

= E[Mk,l | MO} , by being a martingale (6.6)

= ... = My, by iterating,

and
E[My]=E[My_1]|=---=E[Mo]. (6.7)

o8
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A famous gambling example is the “double the stake until you win” strategy: 0. start with fortune
My = 0; 1. borrow one dollar, double or lose it with probability 1/2 each, arriving at a fortune My =2—1 =
1lor My =0—1= —1; 2. if the first round is lost, then borrow two more dollars, double or lose it with
probability 1/2 each; 3. if the second round is also lost, then borrow four more dollars, and so on, until first
winning a round, and then pay back all the debts. This will eventually happen almost surely, in the random
7th round, and then the net payoffis —1 —2 —---—2771 427 = 1, 5o this is an almost certain way to make
money in a fair game — assuming one has a friend with infinite fortune to borrow from! Now, it is easy to
see that the fortune M}, (set to be constant from time 7 on) is a martingale: on the event {Mj_; = 1}, we
have My, =1 = My_y as., while E[ My | My = —1—2—--- =281 ] = My_1+1/2:28-1/2.2F = M;._;.
But then, how does EM;, = EM, = 0 square with EM, = 1?7 Well, 7 is a random time, so why would (6.7])
apply? We will further discuss this issue a few paragraphs below, under Optional Stopping Theorems.

Example 3: G = (V,E,¢) is a network, W C V is given (thought of as some sort of boundary), and
f:V — R is harmonic on V' \ W; see Definition Define M,, = f(X,,), where X,, is the random walk
on the network, and let 7 € N be the time of hitting W. It may be that 7 = co with positive probability.
On the event 7 < oo, we set X,1; = X, for all i € N. Now, by the Markov property of X,, and the
harmonicity of f, we have E[M,,11 | X1,...,X,, n<7] = f(X,), and the same holds trivially also on
the event {n > 7} instead of {n < 7}, thus M, is a martingale w.r.t. .%, = o(Xo,...,Xp). It is also a

martingale in the more restricted sense: given the sequence (M), only,

E[Mnyi1 | My,...,My]= > E[f(Xp) | Xi=mii=0,...,n]P[X;=2;i=0,...,n]
P i
= Z E[f(Xn41) | Xn =2, |P[X; =2, i=0,...,n]

e
Flei)=M; Vi

= Y f@P[X,=z]=M,.

@i f (2)=M,

This averaging argument can be used in general to show that it is easier to be a martingale w.r.t. to a

filtration of smaller o-algebras.

Exercise 6.11. Give an example of a random sequence (My)22, such that E[ My4+1 | My, ] = M, for all
n >0, but which is not a martingale w.r.t. the filtration F, = o(My, ..., M,).

Example 4: Given a filtration .%,, T %, possibly .%,, = Zn for some finite N, and Y is an integrable
variable in .%o, then M, := E[Y | .%#,] is a martingale:
E(Mui1 | Z,) =E[E[Y | Zo1] | Z0 ]
=E[Y | %, ]=M,.
In words: our best guesses about a random variable Y, as we learn more and more information about it,
form a martingale. As we will see, this is a far-reaching idea.

It might not be obvious at first sight, but Example 3 is a special case of Example 4, at least in the
case when 7 < oo almost surely. As we saw in Section [6I] given f : W — R, one harmonic extension
to V\ W is given by f(x) = E,[ f(X,)]. So, taking .%, = 0(Xo,...,X,) and Fo = 0(Xo, X1,...), we
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have that Y = f(X;) is Zs-measurable, and M,, = E[Y | .%#,] equals f(X,). A generalization of this
correspondence between harmonic functions and limiting values of random walk martingales, for the case
when 7 = 0o is a possibility, will be Theorem [0.25]

Another instance of Example 4, very different from random walks, but typical in probabilistic com-
binatorics, is the edge- and vertex-exposure martingales for the Erd6s-Rényi random graph model
G(n,p). An instance G of this random graph is generated by having each edge of the complete graph
K,, on n vertices be present with probability p and missing with probability 1 — p, independently from
each other. In other words, the probability space is all subgraphs of K,,, with measure P[G = H] =
plEEI(1 — p) (5)- 1B for any H. Now, given a variable Y on this probability space, e.g., the chromatic
number x(G), we can associate to it two martingales, as follows. Fix an ordering ey, ..., e, of the edges
of K, where m = (g) Let Gley, ..., e;] € {0,1}{ev¢} be the states of the edges eq,...,e; in G, and let
ME(G) == E[Y | Gle1,....e]] for i = 0,1,...,m. This is the edge exposure martingale associated
to Y, a random sequence determined by G, with M = E[Y'] and ME = Y. Similarly, one can fix an
ordering vy, ..., v, of the vertices, let G[v1, ..., v;] be the states of the (;) edges spanned by v, ..., v;, and
let MY (G) = E[Y ’ Gluy,. .. ,’UiH for i = 0,1,...,n. This is the vertex exposure martingale. One
reason for the interest in these martingales is that the Azuma-Hoeffding inequality, Proposition [[8 can
be applied to prove the concentration of certain variables Y around their mean (even if the value of the
mean is unknown). For instance, when Y = x(G), then we have the Lipschitz property [M}, — M| <1
almost surely, hence, for MY = x(G), Proposition and Exercise give

P[[x(9) — Ex(9)| > \Wa] < 2exp(—)2/2). (6.8)

The reason for the Lipschitz property is that we clearly have |x(H) — x(H')] < 1 if H and H' are two
graphs on the same vertex set whose symmetric difference is a set of edges incident to a single ver-
tex. Now, when we reveal the states of the edges between v, 11 and {vy,...,v;}, we can write MiV =
E[Mi‘jﬂ ’ Gluy, ..., v }, and think of the right hand side as a double averaging: first over the edges not
spanned by {v1,...,v;,v;41}, then over the edges between v;41 and {v1,...,v;}. Fixing the states of the
edges not spanned by {v1,...,v;,v;+1} and varying the states of the edges between v;11 and {v1,...,v;},
we get a set of possible outcomes whose Y-values differ by at most 1. Hence the Mi‘_/kl-values, given M},
all differ by at most 1. But their average is M}, hence they can all be at distance at most 1 from M}, as
claimed.

We give two more examples of this kind:

Exercise 6.12. Let G = (V, E) be an arbitrary finite graph, 1 < k < |V| an integer, and K a uniform
random k-element subset of V(G). Then the chromatic number x(G[K]) of the subgraph of G spanned by
KC is concentrated: for the number ¢(G, k) := E[x(G[K])], we have

P[|x(GIK]) — ¢(G, k)| > k] < exp(—€°k/2).

The concentration of measure phenomenon shown by the next exercise is strongly related to isoperi-
metric inequalities in high-dimensional spaces. (See Exercise[l.ITland the discussion around Exercises 240
and [ZA11) For a subset A of the hypercube {0,1}", let B(A,t) := {x € {0,1}" : dist(z, A) < t}.
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> Exercise 6.13. Let ¢, \ > 0 be constants satisfying exp(—\?/2) = €. Then, for A C {0,1}",
Al > €2" = |B(A,2\/n)| > (1 —¢€)2".

That is, even small sets become huge if we enlarge them a little.

There are two basic and very useful groups of results regarding martingales. One is known as Mar-
tingale Convergence Theorems: e.g., any bounded martingale M,, converges to some limiting variable
M., almost surely and in L'. An example of this was Example 3, in the case when f is bounded and 7 < co
almost surely. More generally, in Example 4, we have a natural candidate for the limit: M, — Y. This
convergence follows from .%,, T ., but in a non-trivial way, known as Lévy’s 0-1 law (see Theorem
in Section [0.4]). We will state but not prove a general version of the Martingale Convergence Theorem as
Theorem [0.8] in Section @2} a thorough source is [Durl0, Chapter 5].

One version of the Martingale Convergence Theorem implies that Example 4 is not at all that special:
the class of martingales arising there coincides with the uniformly integrable ones:

lim sup E[ M1, >k ] =0, (6.9) {e.ur}

K—o0 >0

where the corresponding Y is the a.s. and L!-limit of M,,, as n — oo; see [Durl0, Theorem 5.5.6].

The second important group of results about martingales is the Optional Stopping Theorems: given
a stopping time 7 for a martingale (i.e., the event {7 > k} is .#;-measurable for all £ € N), when do we
have E[ M, ]| = E[ My |? In Example 3, assuming that 7 < oo a.s., we had E,[ M, | = E,[Y ]| = f(z) = My
almost by definition. More generally, if M,, is a uniformly integrable martingale, as defined in (69)), and
T < 00 a.s., then E[M;] = E[Mj] does hold, see [Durl0l Section 5.7]. On the other hand, in Example
2, we had E[M,] =1 # 0 = My. An even simpler counterexample is SRW on Z, started from 1, viewed
as a martingale {M,,}2°, with 7 being the first hitting time on 0. By recurrence, 7 < oo a.s., but
E[M,]=0#1= M,.

Let us sketch the proof of the Optional Stopping Theorem for bounded martingales. M, := Mpn,
is a martingale again, hence E[M, | = E[M,] = E[M] for any n € N. On the other hand, 7 < oo
(a.s.) implies that lim, Mn = M, almost surely. Hence the Dominated Convergence Theorem says
that E[ M, ] = lim,_,o E[ M, | = lim,, .. E[ My] = E[ My ], as desired.

We have already seen applications of martingales to concentration results and to harmonic functions
defined on general graphs, and we will see more later, but let us demonstrate now that martingale techniques
are useful even in the simplest example, random walk on Z.

Start a symmetric simple random walk Xg, X7,... at k € {0,1,...,n}, and stop it when first hitting
0 or n, at time 79 A 7,. What is h(k) := Py[70 > 7,]? Since (X;) is a bounded martingale, we have
E;[ X, ] = k by the Optional Stopping Theorem. On the other hand, E;[X,] = h(k) -n+ (1 — h(k)) - 0,
thus h(k) = k/n. This is of course also the harmonic extension of A(0) = 0 and h(n) = 1, but (at least in
principle) one would get this discrete harmonic extension by solving a system of linear equations, which
can be considered less elegant than using the Optional Stopping Theorem. Also, one can use similar ideas

in the asymmetric case:
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> Exercise 6.14. Consider asymmetric simple random walk (X;) on Z, with probability p > 1/2 for a right
step and 1—p for a left step. Find a martingale of the form ¢ for some r > 0, and calculate Py[ 19 > 7,,].
Then find a martingale of the form X; — ui for some p > 0, and calculate Ex[70 A7, ]. (Hint: to prove

that the second martingale is uniformly integrable, first show that 79 A T, has an exponential tail.)

Now, condition the symmetric simple random walk (X;) to reach n before 0. This conditioning concerns
the entire trajectory, hence it might happen, a priori, that we get a complicated non-Markovian process.
A simple but beautiful result is that, in fact, we get a nice Markov process. This construction is a version

of Doob’s h-transform [Doo59], with A being the harmonic function h(k) := P[.A] below: ‘ )
1.condMC

Lemma 6.13. Let (X;)2, be any time-homogeneous Markov chain on the state space N, and A := {14 <
Tz} for some A, Z C N (more generally, it could be any event in the invariant o-field of the chain, see
Definition [I21] in Section [9F)). Then (X;) conditioned on A is again o Markov chain, with transition

probabilities
Pyl A]
Pyl A]

where Pp[A] = P[A| Xo = k] is supposed to be positive.

P[X; 1 =(|X;=kA]= P X =0|X;=k],

Proof. Note that P[A | X;11 =0, X; =k]=P[A| X;41 =] = Py[A]. Then,

P Xinn=0X; =k A]

P[X, =k A]
CPAI X =0X;=k]P[X;p =0, X; = k]
- P[A|X; = k|P[X; = k]

P[XiJrl =/ | Xl = k,A] =

- P X1 =0]X;=k],

as claimed. O

Back to our example, if (X;) is simple random walk with Xy = k, stopped at 0 and n, and A = {7,, < 70},

then Pi[A] = k/n. Therefore, the new transition probabilities are

k—1 k41
plk=1)= "=, plkk+1)= 2—+k (6.10) {e.Bessel3}
for k=1,...,n—1. Note the consistency property that these values do not depend on n. In particular, the

conditional measures have a weak limit as n — oo: the Markov chain with transition probabilities given
in ([GI0) for all k = 1,2,.... This chain can naturally be called SRW on Z conditioned not to ever
hit zero. It is the discrete analogue of the Bessel(3) process dX; = X%dt + dB;, for those who have or
will see stochastic differential equations. The reason for the index 3 is that the Bessel(n) process, given
by dX; = ;‘—;dt + dB4, is the Euclidean distance of an n-dimensional Brownian motion from the origin.
(But I do not think that anyone knows a direct combinatorial link between Brownian motion in R3 and

the conditioned one in R.)

> Exercise 6.15. Show that the conditioned random walk (6I0) is transient. (Hint: construct an electric
network on N that gives rise to this random walk, then use Sections[61] and/or[62.)
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> Exercise 6.16.* Let (X;);>0 be a random walk on Z, with i.i.d. increments & that have zero mean and {ex.returntail
an exponential tail: there exist K € N and 0 < ¢ < 1 such that P[§ > k+ 1] < qP[{ > k] for allk > K.
Let the moments of & be denoted by E[£'] = p;.
Starting from Xog =0 € {1,2,...,k—1}, let 79 be the first time the walk is at most 0, and for k > 2 let
Tk be the first time the walk is at least k. Show that, for Xo =1,

Pl[To >n] XPl[T\/E<T0] Xl/\/ﬁ

In more detail:

(a) For any 0 < € < k, prove Py[m, < 79| ~ {/k. For this, first prove that X, — k, conditioned on
Tk < To, has an exponential tail, independently of k.

(b) Show that X2 — pan is a martingale; using the exponential tail for the overshoot from part (a), and
proving an exponential tail for T, A 79 (which depends on k), prove that it is uniformly integrable.
Using the Optional Stopping Theorem, deduce that Ei[ 1 A 1o ~ £(k — )/ us.

(¢) Find a martingale of the form X2+ AnX2+ BnX,, + Cn?+ Dn with some constants A, B,C, D € R.
(Solution: A = —6us'/?, B = —4us, C = 3,u§/2, D = 3#2/2 — pg.) Use this to prove the second
moment bound Eo[ (1i A 70)%] < O(¢K?).

(d) Using part (b), show for some c = c(pu2) > 0, uniformly for all £, that Pe[ 1 A 7o > n] < exp(—cn/k?).

(e) Using either part (c) and the Second Moment Method (see in case you do not know what
that is) or Donsker’s theorem on { X, /(o+/n) : t > 0} converging to Brownian motion, prove that
Poi[70 AT > k%] > 6(c) > 0 for any c € (0, 1), uniformly for all large enough k.

(f) Consider the following decomposition, according to how big maxo<i<r, X; roughly is:

Pl[TO >7’L] :P]_[TQ >n | T\/ﬁ <7-0} Pl[T\/ﬁ <T0]
[log, v
+ Z P1[T0>7’L’T\/E/2k+1 <TQ<T\/E/2!¢:|P1[T\/E/21@+1 <7-0<7_\/E/2k}.
k=0
Using parts (a) and (e) above, show that the first line on the RHS is < 1/v/n. Using a Doob transform
argument and parts (a) and (d), show that the second line is at most O(1/y/n).

7 Cheeger constant and spectral gap
{s.Cheeger}
The previous chapter introduced a certain geometric view on reversible Markov chains: many natural

dynamically defined objects (hitting probabilities, Green’s functions) turned out to have good encodings
as harmonic functions over the associated electric network, and a basic probabilistic property (recurrence
versus transience) turned out to have a useful reformulation via the Dirichlet energy of flows (the usefulness
having been demonstrated by Kanai’s quasi-isometry invariance Theorem [G.1T]).

We will now make these connections even richer: isoperimetric inequalities satisfied by the underlying
graph (the electric network) will be expressed as linear algebraic or functional analytic properties of the
Markov operator acting on functions over the state space, which can then be translated into probabilistic

behaviour of the Markov chain itself.
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7.1 Spectral radius and the Markov operator norm

Consider some Markov chain P on the graph (V, E). We will assume in this section that P is reversible.
Given any reversible measure 7, we can consider the associated electric network c(x,y) = 7(z)p(z,y) =
c(y,x), Cx = >, c(,y), and the usual inner products (-, -)c on £o(V) and (-, ), on éo(?), where ¢; stands
for functions with finite support. Note that C, = m(x) now.

The Markov operator P : £y(V) — £o(V), introduced in Definition [6.2] satisfies

1P/l _

[Pl = suwp Z—= <1,
retovy IIf1
with || - || denoting £?-norm w.r.t. 7. The reason for this bound is that P is an averaging operator, while

f = ||f]I* is a convex function of the variables f(z),z € V, hence we can use Jensen’s inequality, plus the

stationarity of m:

2

< 7@ pla )l f))?
=D 1@ w@)plzy) =Y |f W) ry) = [If]*.

Y

IPAIP = w()

x

> (@ y)f(v)

Y

Now, since £o(V) is dense in ¢?(V, ), we can extend P to an operator £2(V,7) — (*(V, ) without

increasing the operator norm, and Exercise [.3] implies that this extension is self-adjoint:

(Pf,9)x = (f, Pg)r

Observe furthermore that the Dirichlet energy can be written as

E(f) = Epalf) = (VLEVS) = (£, V'V = (f.(I=P)f) = |fI* = (f. Pf). (7.1)
Recall the definition of the spectral radius from (4],

p(P) = limsup p,(0,0)"/™.

n—r00

Now here is the reason for calling p(P) the spectral radius:
Proposition 7.1. ||P]| = p(P).
Proof. Using self-adjointness,
(7()p2n(0,0)) 7% = (P26,,8,)% = (P"6,, P"6,)% = | P"6, |1/"
< (1P 18,])" = 1P (o) /™.

Letting n — oo, we almost find that p(P) < ||P||; the missing step is the following exercise:

Exercise 7.1. Show that in any reversible chain, limsup,,_, . pn(0,0)*/™

you may want to use Lemma [T from the beginning of Section [ 1)
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To prove the direction ||P|| < p(P), we want to show that the behavior of || Pd,| detects the behavior
of ||Pf]| for any function f € ¢o(V'). To this end, start with
[P = (PP )
= (P"f,P"*2f)
<|IPmfl- PR

The second equality holds since P is self-adjoint, and the final step is by the Cauchy-Schwarz inequality.

So, we get

[ [ [ s
sl = el

For any non-negative sequence (a,)%; we know that:

(7.2) {e.ratioineq}

lim inf dn+1 < liminf a,ll/" < limsup a}/" < limsup dnt1 .
n—=00  dn n—00 n— 00 n—oo  OUn
By ([C2), the sequence Hf;:;:ﬁ I has a limit, and hence
1Py PPl 1
20 < lim ———1 = lim |P"f|Y™.
IfII— n=oe [[PF —00
So, it is enough to show that limsup,,_, . [|P™f||}/" < p(P). We have
1P 11 = (f, P*"f)
= Z f@)P*" f (@)m ()
= Zf Y)pan(z, y)7(2)
< Z F(@) fF)1{ ) f)>0} P2n (T, y)m(2) - (7.3) {e.xyfxfy}

This is a finite sum since f has finite support. By Exercise [[.3] the radius of convergence of G(x,y|z) does
not depend on x and y. So, for every € > 0 there is some N > 0 such that for all n > N and for every pair
x,y appearing in this finite sum, po, (z, y)% < p+e. Thus, by ([Z3),

IP"f|* < Zf 1) r) >0y (p+ €)* 7 (x)

<Clp+e™

for some constant C' < oo, since f is finitely supported. Taking 2nth roots yields lim,, o | P™f||Y/" < p,

and we are done.
{1.hilbertnorm

Lemma 7.2. For a self-adjoint operator P on a Hilbert space H = (*(V), ||P| := supfeH% =

(Pf.f)
SUPfeto(v) T
Proof. We give two proofs. The first uses “theory”, the second uses a “trick”. (Grothendieck had the
program of doing all of math without tricks: the right abstract definitions should lead to solutions auto-
matically. I think the problem with this is that, without understanding the tricks first, people would not

find or even recognize the right definitions.)
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In the finite-dimensional case (i.e., when V is finite, hence ¢2(V) = £o(V)), since P is self-adjoint,
its eigenvalues are real, and then both sup ¢y % and sup ey (v) % are expressions for the largest
eigenvalue of P. For the infinite dimensional case, one has to use the spectral theorem, and note that it is
enough to consider the supremum over the dense subset £o(V'). For the details, see, e.g., [Rud73, Theorem
12.25].

For the tricky proof, which I learnt from [LyPer14 Exercise 6.6], first notice that

P P P
sup IPfl > sup I( f,£)| > sup ( f,2f)7
retevy IFIL ™ peeovy ISl reeovy Il

where the first inequality follows from (Pf, Pf)(f, f) > |(Pf, f)|?, which is just Cauchy-Schwarz.

For the other direction, if the rightmost supremum is C, then, using that P is self-adjoint,

(P(f+g), f+9)—(P(f—9),f—9)

(Pf.9) = 1
ccUtefto+(f-9f-9) LN+ (99)
4 2
Taking g := Pf||fII/IIPf|l vields ||Pf]| < C| f|l. Again by the denseness of ¢o(V') in H, this finishes the
proof.
WAIT. THIS WAS NOT A COMPLETE PROOF AT ALL. O

7.2 The infinite case: the Kesten-Cheeger-Dodziuk-Mohar theorem

In this section, we are going to prove Kesten’s characterization of the amenability of a group through the
spectral radius of the simple random walk, Theorem 5.7 However, we want to do this in larger generality.
The isoperimetric inequalities of Chapter [ were defined not only for groups but also for locally finite
graphs, moreover, we can naturally define them for electric networks, as follows. Satisfying the (edge)
isoperimetric inequality IP,, will mean that there exists a x > 0 such that C(9gS) > k7 (S) for any finite
connected subset S, where 7(S) =3 ¢
walk, and C(0gS) = ngg ¢(x,y). The largest possible &, i.e., oo g = infg C(9rS)/m(S), is the Cheeger
Y

C, is the natural stationary measure for the associated random

constant of the network. Note that if we are given a reversible Markov chain (V, P), then the Cheeger
contant of the associated electric network does not depend on which reversible measure m we take, so we
can talk about (oo g(P) = k(P), the Cheeger constant of the chain.

The following theorem was proved for groups by Kesten in his PhD thesis [Kes59]. A differential
geometric version was proved in [Che70]. Then [Dod84] and |[Moh88] proved generalizations for graphs
and reversible Markov chains, respectively. We will be proving Mohar’s generalization, following [Woe(0,
Sections 4.A and 10.A].

Theorem 7.3 (Kesten, Cheeger, Dodziuk, Mohar). Let (V, P) be an infinite reversible Markov chain on
the state space V', with Markov operator P. The following are equivalent:

(1) (V, P) satisfies I Po, with k > 0;

(2) For all f € £o(V) the Dirichlet inequality &| f||3 < Ep.(f) is satisfied for some k > 0, where
Epn(f) = (VEV) =530, 1 (@) = f@)Pe(z,y) and (f, f) = 3, [*(2)Ca;
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(3) p(P) <1— &, where the spectral radius satisfies p(P) = ||P||, shown in the previous section.
In fact, k and & are related by x(P)?/2 < 1 — p(P) < k(P).

Proof of (2) < (8). Recall from [T1)) that Ep(f) = || f|3—(f, Pf). Now rearrange the Dirichlet inequality
N3 < IfII3 = (f, Pf) into (f, Pf) < (1 —R)||f||3 for all f € £o(V). By Lemmal[l2] this is true precisely
when |P]| <1 -—kF. O

Proof of (2) = (1). Take any finite connected set S. Then 7(S) = > _.C, = || 153, and

zeS

Epn(ls) = Zus ~ 15(y)ele,y) = C(DS).

Now apply the Dirichlet inequality to 1g to get C(9S) = Epr(1s) > E||1s]|3 = En(S), and so (V, P)

satisfies I P, with k = k. O

To show that the first statement implies the second, we want to show that the existence of “almost
invariant” functions, or functions f such that (Pf, f) is close to | f]|?, gives the existence of “almost

invariant” sets, i.e., sets S with P1lg close to 1g, which are exactly the Fglner sets.
Definition 7.4. The Sobolev norm of f is Sp(f) := %Zzy [f(x) = f()le(z,y) = V-

Proposition 7.5. For any d € [1,00], a reversible chain (V, P) satisfies I Py(k) if and only if the Sobolev
inequality /i||f||% < Spr(f) holds for all f € £y(V'), where IP;(k) means C(0gS) > m‘r(S)% for any
finite connected subset S, and || f|, = (3=, |f(x)|p0x)%

Proof. To prove that the Sobolev inequality implies good isoperimetry, note that ||1g|| 4= W(S)d%dl and
Spx(lg) = C(OrS).

To prove the other direction, first note that Sp(f) > Sp(|f|) by the triangle inequality, so we may
assume f > 0. For ¢t > 0, we are going to look at the super-level sets S; = {f > t}, which will be finite

since f € {y. Now,

Sea(H)=Y_ > (fly)— f@))e(z.y)

T y:f(y)>f(x)

=> > C(ar,y)/o @), fwy (t)dt

z oy f(y)>f(z)

/ YooY @y lipw. s
z y:f(y)>f(x)

/ Z c(x,y)dt
@&t

:/ COp{f > t})dt
0
For d = 0o (% = 1), we get

Spn(f) = / " c@s(f > )t
n/ooo m({f > t})dt

= rE[f] = fl

Y
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For d =1, since 9({f >t}) #0 < 0 <t < | f|loc, we get that Sp(f) > OHf”“’ Kdt = K || f] co-

The case 1 < d < oo is just slightly more complicated than the d = co case, and is left as an exercise. O

> Exercise 7.2. Let d € (1,00), and let p = #.
(a) Show that [, ptP~ F(t)Pdt < ([,° F(t)dt)? for F >0 decreasing.
(b) Using part (a), finish the proof of the proposition, i.e., the 1 < d < 0o case.

We now use the proposition to complete the proof of the Kesten theorem.
Proof of (1) = (2) of Theorem[7.3
L£13 = 121

1
—Sp.(f*) by the proposition
K

= 21 - W) eley)

IN

IN

%Z [F(2) = f@)] (1f @)+ [ ®)]) ez, y)

1/2

1/2
% (% > oIf() - f(y)|20(x,y)> (% ST (@) + £ W) el y)) ,

z,Y

IN

where the last inequality follows by Cauchy-Schwarz.

/2 The second sum can be upper bounded by \/§||f||27 using the

The first sum above is precisely Ep  (f)
inequality 3 (|z| + |y|)? < z* 4+ y?. So, after squaring the entire inequality, we have || f[|3 < ZEp(f)| fII3.
which gives

2
1913 < Zena(h).

Therefore, the first statement in the Kesten theorem implies the second, with & = %2 O

7.3 The finite case: expanders and mixing
{ss.mixing}

The decay of the return probabilities has a very important analogue for finite state Markov chains: con-
vergence to the stationary distribution. In most chains, the random walk will gradually forget its starting
distribution, i.e., it gets mixed, and the speed of this mixing is a central topic in probability theory and
theoretical computer science, with applications to almost all branches of sciences and technology. (As I
heard once from Léaszlé Lovész, when I was still in high school: “With the right glasses, everything is a
Markov chain.”) A great introductory textbook to Markov chain mixing is [LevPW09], from which we will
borrow several things in this section.

Let (V,P) be a finite state Markov chain, with its Markov operator Pf(z) = > p(z,y)f(y) =
E[ f(X1) | Xy = x| acting on £y(V). The constant 1 function is obviously an eigenfunction with eigenvalue
1,i.e., P1 = 1. On the other hand, recall that a probability measure 7 on V is called stationary if 7P = 7,
e, if nP(y) =, p(z,y)m(z) = n(y), i.e., if it is a left eigenfunction with eigenvalue 1. The existence of
such a 7 is much less obvious than the case of the above constant eigenfunction, but we are dealing in this

section only with reversible chains, for which the reversible distribution is also stationary.

68



{ex.genspec}
> Exercise 7.3. Let (V, P) be a reversible, finite Markov chain, with stationary distribution m(x). Recall
that P is self-adjoint with respect to (f,g) = > oy f(x)g(z)m(x). Show:
(a) If f: V — R is a right eigenfunction of P, then x > g(x) = f(x)mw(x) is a left eigenfunction, with
the same eigenvalue.
(b) All eigenvalues \; satisfy —1 < \; < 1;
(¢) If we write =1 < \,, < -+ < Ay = 1, then Ao < 1 if and only if (V,P) is connected (the chain is
irreducible);
(d) A > =1 if and only if (V, P) is not bipartite. (Recall here the easy lemma that a graph is bipartite

if and only if all cycles are even.)

Recall from the Kesten Theorem that %2 < 1 — p < k for infinite reversible Markov chains. For

finite chains, we have the following analogue, where 1 — Ao is usually called the spectral gap.
{t.AlonMilman}

Theorem 7.6 (Alon, Milman, Dodziuk [Alo86l [AloMS85l [Dod84]). For a finite reversible Markov chain
(V, P) with stationary distribution ™ and conductances c(x,y) = m(x)p(z,y), set

L C(08S)
V. P) = b 775 /\EW(SC) :

the Cheeger constant of the finite chain. Then %2 <1-— X < 2h.

Sketch of proof. The proof is almost identical to the infinite case, with two differences. One, the definition
of the Cheeger constant is slightly different now, with the complement of the set also appearing in the
denominator. Two, we have to deal with the fact that 1 is an eigenvalue, so we are interested in the
spectral gap, not in the spectral radius. For this, recall that Ao = sup{% i >, f(x)m(z) = 0} (Raleigh,
Ritz, Courant, Fisher), since this is the subspace orthogonal to the constant functions, the eigenspace

corresponding to the eigenvalue 1. By an obvious modification of Lemma, and by (1)), this says that

1— X =inf { ﬁ‘}‘ﬁg : Z f(z)m(x) = O} ) (7.4) {e.gapDir}

Now, what are the effects of these modifications on the proofs?
When we have some isoperimetric constant h(V, P) and want to bound the spectral gap from below,
start with a function f attaining the infimum in (7)), and consider its super-level sets {x : f(z) > t}.

From the argument of Proposition [[.5] for fi := f Vv 0, we get

Sealfe) 20 [ a((f > 0) Al < )

By symmetry, we may assume that 7({f > 0}) < 1/2, hence n({f > t}) < n({f < t}) for all ¢ > 0, and
we get S(f1) > k|| fi|1. Similarly, we get S(f3) > h||fZ|li = k| f+]|3- Now, just as in the proof of (1) =
(2) of Theorem [T3] we have S(f2) < V2E(f+)*?(|f+||2. These two inequalities combined,
2 2 2
R _EUn) ey
2 7 P Al

where the second inequality is left as a simple exercise.

:1_)\27

For the other direction, if we have a subset A with small boundary, then take f = 14 — 81 4 instead

of f =14, with a 8 chosen to make the average 0, and compute the Dirichlet norm. O

69



> Exercise 7.4. Fill in the missing details of the above proof.

The main reason for the interest in the spectral gap of a chain is the following result, saying that
if the gap is large, then the chain has a small mixing time: starting from any vertex or any initial
distribution, after not very many steps, the distribution will be close to the stationary measure. The speed
of convergence to stationarity is basically the finite analogue of the heat kernel decay in the infinite case,
and the theorem is the finite analogue of the result that a spectral radius smaller than 1 implies exponential
heat kernel decay (i.e., the quite obvious inequality p(P) < || P|| in Proposition[Z]]). The converse direction
(does fast mixing require a uniformly positive spectral gap?) has some subtleties (pointed out to me by
Adém T imdr), which will be discussed after the proof of the theorem, together with proper definitions of

the different notions of mixing time.
{t.gapmix}
Theorem 7.7. Let (V,P) be a reversible, finite Markov chain. Set gaps := 1 — max;>2 |\;|, and 7, =

mingcy 7(x). Then for all x and y, |pt(mf();)ﬂ(y)| < uiﬁibsy , where pi(x,y) is the probability of being at y

after t steps starting from x.

The result is empty for a chain that is not irreducible: there gans = 0, and the upper bound 1/7, is
trivial. Note also that we use gaps, called the absolute spectral gap, instead of 1 — A\s. The reason is
that \,, being close to —1 is an obvious obstacle for mixing: say, if A,, = —1, then the graph is bipartite
(Exercise [73] (¢)), and the distribution at time ¢ depends strongly on the parity of ¢.

Before proving the theorem, let us see four examples.

Example 1. For simple random walk on a complete n-vertex graph with loops, whose transition matrix

1 1 1
n n n
11 1
n n n
i1 01
n n n

has eigenvalues 1,0,...,0, the bound in Theorem [[7is 0, that is, p;(z,y) is 1/n for every ¢ > 1.

Example 2. For simple random walk on the n-cycle C),, the exercise below tells us that the eigenvalues
are cos(2mj/n), j = 0,1,...,n — 1. If n is even, C, is bipartite, and indeed —1 is an eigenvalue. If n is
odd, then the absolute spectral gap is 1 — cos(27/n) = ©(n~2). So, the upper bound in the theorem gets
small at Cn?logn. The true mixing time is actually Cn?, as we will see in Exercises (b), (d),

and in Section
{ex.specCn}

> Exercise 7.5. Verifying the above example, compute the spectrum of simple random walk on the n-cycle
Cy. (Hint: think of the Markov operator as an average of two operators: rotating clockwise or counter-

clockwise.)

Example 3. A random walk can be made “lazy” by flipping a fair coin before each step, and only moving
if the coin turns up heads (otherwise, the walk stays in the same place for that step.) If {0,1}* is the

k-dimensional hypercube, consider the simple random walk on this hypercube and let P be its Markov

operator. Then P = # is the Markov operator for the lazy random walk on the hypercube, and it has

5

eigenvalues
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It turns out that gaps = % in this case, and 7, = 2% So, the upper bound in the theorem gets small for

t = Ck?, but the true mixing time is actually C klog k; see Exercises [12 (b), 15l (b), and Exercise Bl
{ex.hyperspec}
Exercise 7.6. Compute the spectrum of P on {0,1}* in the above example. (Hint: think of this as a

product of Markov chains P;, i = 1,..., k: with probability 1/k, move in the i*" coordinate according to P;.
Then, if f; ; is an eigenfunction of P; with eigenvalue \; j, what happens to the function F(z1,...,xx) =
Hle fij(x;) when P is applied?)

Our last example concerns graphs that are easy to define, but whose existence is far from clear. See

the next section for more on this.
{ndcExpander}

Definition 7.8. An (n,d,c)-expander is a d-reqular graph on n wvertices, with h(V) > ¢. A d-regular
expander sequence is a sequence of (ng, d, c)-expanders with ny — oo and ¢ > 0. By Theorem [7.0, the

existence of this ¢ > 0 is equivalent to having a uniformly positive spectral gap.

Example 4. For simple random walk on an (n,d,c) expander, = is uniform, and 7. = % For t =

C(d, c¢)logn, the bound in the theorem is small. This is sharp, up to a constant factor. In fact, note that any

d-regular graph with n vertices has diameter at least log,;_; n, which implies that max, , |%|
for t <log,_;n. Therefore, an expander mixes basically as fast as possible for a constant degree graph.

(The converse is false, see Exercise [[1T])

o=} Then (thy)(x) _ P[Xi=y|Xo=z] _ pi(z, y) So,

Proof of Theorem[7.] Define ¢, (2) := =) =) =)

Ipe(z,y) — 7(y)|

= |(P'y —1,00)| = [(P*(¢y — 1), 0a)|

< llgzll - 1P (py — 1)l = 1Py = DI,

1
V()
where the inequality is from Cauchy-Schwarz. Now, since (¢, —1,1) = 0, we can write ¢, —1 = >_"" , a; f;,

where f1,..., fn is an orthonormal basis of eigenvectors. Thus,

1P (0y — 1)II* = I\Zaz/\tleP ZIVI lai £

=2
<3 sl = Ny — 1P < Al %
i=2
where A, := max;>2|\;|, and the last inequality is by the Pythagorean theorem. So |7p : ’;’)y ”(y)|
t—L_ and we are done. u
(@) (y)

This theorem measures closeness to stationarity in a very strong sense, in the L°°-norm between the
functions py(x,-)/7(-) and 1(-), called the uniform distance. The proof itself used, as an intermediate

step, the L2-distance

nﬁ%—urﬂ
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where the middle equality uses that pi(z,y)/7(y) = pi(y,z)/m(z) for reversible chains, and x? is the

chi-square distance, the following asymmetric distance between two measures:

X v) =3

zeV

) 1‘ v(z), (7.5)

which we will again use in Section The most popular notion of distance uses the L'-norm, or more
precisely the total variation distance, defined as follows: for any two probability measures 1 and v on
v,

drv(p,v) : = max {|u(A) —v(A)|: ACV}

=2 lw) @l =3

zeV zeV

plz) 1} Vo). (7.6)

Exercise 7.7. Prove the equality between the two lines of (7.6]). This also shows dyrvy to be a metric.
Exercise 7.8. Show that dry(p,v) = min {P[X # Y] : (X,Y) is a coupling of p and v}.

Of course, one can use any L” norm, or quantities related to the entropy, and so on, see [SaC97, [BobT06].
In any case, given a notion of distance, the mixing time of a chain is usually defined to be the smallest
time ¢ when the distance between p;(x,-) and 7(-) becomes less than some small constant, say 1/4. This
time will be denoted by tmix(1/4). Why is this is a good definition? Let us discuss the case of the total
variation distance. Let

d(t) := 2161‘];; drv (pe(z,-),7(-)) and d(t):= ms;lepv drv (pe(z, ), pe(y, ")) -

The following two exercises explain why we introduced d(t).

Exercise 7.9. Show that d(t) < d(t) < 2d(t).

Exercise 7.10. Using Evercise[T.3, show that d(t + s) < d(t)d(s).
Therefore, for i, (1/4) = t1Y (1/4),

A0 tix(1/4)) < d(E tin(1/4)) < dltmin(1/4))" < 2d(tanie (1/4)" < 27

For instance, tmix(27190) < 100 t1yix(1/4), 50 tmix(1/4) captures well the magnitude of the time needed for

the chain to get close to stationarity.

Define the separation distance at time ¢ by s(t) := sup ¢y (1 - p;((fl’;’) ) Note that this is a one-sided
version of the uniform distance: s(¢) < € means that all states have collected at least a (1 — €)-factor of

their share at stationarity, but there still could be states where the walk is very likely to be.
Exercise 7.11.*% Show that, in any finite reversible chain, d(t) < s(t) < 4d(t/2).

The relaxation time of the chain is defined to be tyelax := 1/gabs, Wwhere gaps is the absolute spectral

gap. This is certainly related to mixing: Theorem [I.7] implies that
1
t?ix(l/e) < (1 +1n _) Lrelax - (77)
T

It also has an interpretation as a genuine temporal quantity, shown by the following exercise that is just

little more than a reformulation of the second part of the proof of Theorem [Tt
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{ex.L2mixing}
> Exercise 7.12.
2

(@) For [V — R, let Varg[f] = Balf?) — (Bof)? = 5, f(@)n(x) — (5, f(@)n(@)’.
Gabs > 0 implies that limy o P f(x) = Erf for all z € V. Moreover,

Show that

Var, [P'f] < (1 — gans)? Var,[f],

with equality at the eigenfunction corresponding to the \; giving gaps = 1 — |Ai|. Hence tyelax is the
time needed to reduce the standard deviation of any function to 1/e of its original standard deviation.

(b) Show that if the chain (V, P) is transitive, then

2 n

:Z,\?t,

2 =2

LU

4dTv(pt(Ia ')aﬂ'('))2 < ‘ (")

For instance, assuming the answer to Ezercise[7.0, one can easily get the bound d(1/2 klnk + ck) <
e~2¢/2 for ¢ > 1 on the TV distance for the lazy walk on the hypercube {0,1}*. (This is sharp even
regarding the constant 1/2 in front of klnk — see Exercise[7.13] below.) Also, assuming the answer
to Ezercise[T., one can get that tLY (C,,) = O(n?) for the n-cycle.

mix

Furthermore, the finite chain analogue of the proof of the ||P| < p(P) inequality in Proposition [Z1]

gives the following:
{pr.convspeed}

Proposition 7.9. For the distance in total variation, lim;_, o d(t)l/t =1— Gabs-

Proof. The direction < follows almost immediately from Theorem [.7l For the other direction, let f be an
eigenfunction corresponding to the \; giving g = 1 —|);|. This is orthogonal to the constant functions (the

eigenfunctions for A\; = 1), hence )" f(z)n(z) = 0. Therefore,

M@ = P F@)] = | S (e, y) = 7)) @)] < 1 lloo 2y (pul, ), 7)) < 211l dE).

Taking z € V with f(z) = || f|lco, We get (1 — gaps)? < 2d(t), then taking t*® roots gives the result. O

The above inequality (1 — gaps)? < 2d(t) easily gives that gaps > ¢/tLY (1/4), or in other words,

mix

trelax < C v (1/4), (7.8) {e.relaxTV}

mix

for some absolute constants 0 < ¢, C' < oco.

Besides (Z.8), it is clear that t1Y (¢) <t () for any e. It is therefore more than natural to ask: going
from the relaxation time to the uniform mixing time, how bad is the In 1/, factor in (1), and when and
how could we eliminate that? In some cases, this factor is not very important: e.g., in the example of
simple random walk on the cycle C,, it gives a bound O(n?logn), instead of the true mixing time < n?.
However, for rapidly mixing chains, where t,e1.x = O(log|V]), this is a serious factor. For the case of SRW
on an expander, it is certainly essential, and (7.7 is basically sharp. In some other cases, this factor will
turn out to be a big loss: e.g., for SRW on the hypercube {0, 1}", or on a lamplighter group, say, on Zo1Z%,
or for chains on spin systems, such as the Glauber dynamics of the Ising model in a box Z¢ on critical or

supercritical temperature. In these cases, |V, | is exponential in the parameter n that is the dimension of
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the hypercube or the linear size of the base box Z%, while we still would like to have polynomial mixing in
n, and the factor In 1/7, might ruin the exponent of the polynomial. Looking at the proof of Theorem [7.1]
this factor comes from two sources. The first one is an application of Cauchy-Schwarz that looks indeed
awfully wasteful: it seems very unlikely that P'p, — 1 is almost collinear with ¢,, it seems even more
unlikely that this happens for a lot of y’s and a fixed x, and it is certainly impossible for a fixed y and
several z’s, since different ¢, ’s are orthogonal. This suggests that if we do not want mixing in L, only
in some average, then we should be able to avoid this wasteful Cauchy-Schwarz. The second source is the
possibility that all the non-unit eigenvalues are close to A\s. To exclude this, one needs to understand the
spectrum very well. The above Exercise (b) gave two examples where both sources of waste can be

eliminated.

Yet another method to bound total variation mixing times from above is by Exercise for any

coupling of two simple random walks @ = X, X1, Xo,... and y = Y, Y7, Ya,... on V(G),

dTV(pn(‘rv ')7pn(y7 )) < P[Xn # Yn] :

Here is an example. For the lazy walk on the hypercube {0,1}*, a simple coupling is that we first choose
a coordinate i € {1,2,...,k} uniformly, then, if X, (i) # Y,,(4), then either X,, or Y;, moves in the ith
coordinate, each with probability half. If X,,(i) = Y,,(¢), then the two walks move or stay put together.
In this coupling, we reach X,, = Y,, when all the h coordinates in which Xy and Y| differed have already
been sampled, which is a classical coupon-collector problem: in expectation, this takes time k/h + k/(h —
1)+ -+ k/1 ~ klnh if both k and h are large. In the worst case h = k, this is kInk, and, because of
the independence of stages in collecting the coupons, one clearly expects sharp concentration around this
expectation (see the next exercise). If we want the distribution of p,(z,-) to get close to 7 (-), then y =Y}
can be chosen uniformly, which makes h concentrated around k/2, but the expected time to couple is still

~ klnk, not better than what we got from the worst case.

> Exercise 7.13. Use the above coupling for the lazy walk on {0,1}* to show the total variation distance
bound d(klnk +tk) < Ce™ " for some 0 < ¢,C < 0o and all t > 0. Note that Ezercise[T13 (b) shows that
this kInk is suboptimal at least by a factor of 2.

Before giving some lower bounds on mixing times, let us quote the following very natural result from

[LevPW09, Section 7.3]:

> Exercise 7.14. Show that if f is a function on the state space such that |E#f — El,f| > ro, where
0? = (Var,f + Var, f)/2 and v > 0, then

{ex.TVfunction

4
44727

> Exercise 7.15 (Lower bounds from eigenfunctions and similar observables).

drv(p,v) > 1

{ex.mixlower}

(a) For the lazy random walk on {0,1}*, consider the total Hamming weight W (z) := Zle x;. Estimate
its Dirichlet energy E(W) and variance Var,[W] = [|[W — E.W|?, and deduce by the variational
formula (77) that the spectral gap of the walk is at most of order 1/k (which we already knew from
the exact computation in Exercise [7.0)), i.e., the relazation time is at least of order k. Then find
the L?-decomposition of W into the eigenfunctions of the Markov operator, and deduce the decay of
Var, [P*W] as a function of t.
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(b) * For the lazy random walk {X;}ien on {0,1}X and W as in part (a), compute

E[W(X,) | Xo=0] = g [1 - (1- %)t}

and

k
Var [W(X;) | Xo = 0] < 1

Using Exercise[T.1]}, deduce that d(1/2kInk —ck) > 1 —8e 2“T'. See [LevPW0J, Proposition 7.13]
for help, if needed. Comparing with Ezercise[7.12 (b), we see a sharp transition in the TV distance
at time 1/2kInk: this is a standard example of the cutoff phenomenon [LevPW09, Chapter 18].

(c) Take SRW on the n-cycle C,,. Find a function that shows by (77]) that the spectral gap of the
chain is a most of order 1/n?. (Again, we already knew this from computing the spectrum ezactly in
Ezercise [T, but we want to point out here that finding one good observable is typically much easier
than determining the entire spectrum.)

(d) For SRW on the n-cycle Cy, consider the function F(i) := 1{n/4 <i < 3n/4} for i € C,. Ob-
serve that although this F gives only an Q(n) lower bound on the relazation time if the variational
formula (77) is used, the variance Var,[P'F]| does not start decaying before t reaches order n?,
hence Ezxercise (b) does imply a quadratic lower bound on the relaxation time. FExplain how
this is possible in terms of the L2-decomposition of F into eigenfunctions of the Markov operator.
Similarly, using the strategy of part (b), show that t1Y (C,) = Q(n?), which is the right order, by
Ezercise[T13 (b). (We already had this lower bound from part (c) and (7.8), but we wanted to point

out that the same observable might fail or succeed, depending on the method.)

In the previous exercise, part (b) showed that the TV mixing time on the hypercube is significantly
larger than the relaxation time, and showed the cutoff phenomenon. In part (d), on the cycle, we did not

draw such conclusions. This was not an accident:

Exercise 7.16. Show that if t1Y (V3,) X trelax(Va) for a sequence of finite reversible Markov chains on n

mix

vertices, then the sequence cannot exhibit cutoff for the total variation mizing time.

There are natural chains where the three mixing times, frjax < tTY < 0 . are in fact of different

mix mix’

orders: e.g., simple random walk on the lamplighter groups Zs ¢ Z¢, with a natural set of generators. For

d=2,
tTV

[e%S)
mix 2

trelax = 12 logn, (€) < n?log®n, > () < nt. (7.9)

The reason is, very briefly, that the relaxation time is given by the maximal hitting time for SRW on the
base graph torus Z2, the TV mixing time is given by the expected cover time of the base graph, while
the uniform mixing time is given by the time when the set S; of unvisited sites on the base graph satisfies
E[2/%] <14 €. See [PerR04). Tt is especially interesting to notice the difference between the separation
and uniform mixing times: by time C'n?log?n with large C, the small pieces left out by the SRW on the
torus are not enough to make the p;(z,-)-measure of any specific state too small, but they still allow for
certain states to carry very high measures.

In this example, ([C3), the relaxation and the mixing times are on the same polynomial order of

magnitude; their ratio is just logn, which is loglog |V;,|. This seems to be a rather general phenomenon;
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e.g., I do not know examples of Markov chains over spin systems where this does not hold. However, I
cannot formulate a general result or even conjecture on this, because of counterexamples like expanders,
or the ones in Exercise [[.IT (b).

Let us now discuss whether a uniformly positive spectral gap is required for fast mixing. This will
depend on the exact definition of “fast mixing”. First of all, Proposition implies that in a sequence
of finite chains, we have convergence to stationarity with a uniformly exponential speed if and only if the
absolute spectral gaps are uniformly positive. On the other hand, if we define “fast mixing” by the mixing
time being small, i.e., t1Y (1/4) = O(log|V|), then (Z8) does not imply a uniformly positive absolute
spectral gap. Indeed, that does not hold in general:

Exercise 7.17. You may accept here that transitive expanders ezist.
(a) Give a sequence of d-regular transitive graphs G, = (V,,E,) with |V,| — oo that mix rapidly,
+TV

mix

(1/4) = O(log |Vi]), but do not form an expander sequence.
(b) In a similar manner, give a sequence Gy, = (Vy,, Ey,) satisfying trelax < tiv. (1/4)® < log® |V,|, with

mix

some 0 < a < 1.

A nice property of simple random walk on an expander is that the consecutive steps behave similarly
in several ways to an i.i.d. sequence, but the walk can be generated using much less randomness. This is
useful in pseudorandom generators, derandomization of algorithms, etc. To conclude this section, here is

an exact statement of this sort:

Proposition 7.10. Let (V, P) be a reversible Markov chain with stationary measure © and spectral gap
1—X2 >0, and let A C V have stationary measure at most B < 1. Let (X;)°, be the trajectory of the

chain in stationarity (i.e., Xo ~ 7). Then
P[Xi e A for alli:O,l,...,t} <O —7)t,

where v = v(Aa, 8) > 0 and C' is an absolute constant.

This was first proved by Ajtai, Komlés and Szemerédi [AjJKSz87]; see [HooLW06], Section 3] for a proof
and applications. I am giving here what I think is the simplest possible proof. Stronger and extended
versions of this argument can be found in [AIoS00, Section 9.2] and [HamMP12]. We will use the following

simple observation:

Exercise 7.18. If (V, P) is a reversible Markov chain with stationary measure w and spectral gap 1—Xg > 0,
and f € L3(V) has the property that w(supp f) < 1 — ¢, then

for some §; = 6;(Aa,€) > 0.

Proof of Proposition[7.10, We want to rewrite the exit probability in question in a functional analytic

language, since we want to use the notion of spectral gap. So, consider the projection @ : f +— f14 for
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f € L%(V), and note that

P[X;,eAfori=0,1,...,2t+1] = (Q(PQ)**'1,1)
= (P(Q 1,(QP)'Q1), by self-adjointness of P and Q
<(1- 61) ( QP)'Q1,(QP)'Q1), by Exercise 1§
<(1-6)(P(QP)"'Q1,P(QP)"'Q1), by Q being a projection
< (1-61) (1 - 62) ((QP)"™' Q1. (QP)'"'Q1) , by Exercise I8
< (1-461)(1-1062)" (Q1,Q1)), by iterating previous step
<(1=6)(1-02)"8,
and we are done, at least for odd times. For even times, we can just use monotonicity in ¢. |

7.4 From infinite to finite: Kazhdan groups and expanders

From the previous section, one might think that transitive expanders are the finite analogues of non-
amenable groups. This is true in some sense, but this does not mean that we can easily produce transitive

expanders from non-amenable groups. A simple but crucial obstacle is the following:

Exercise 7.19.
(a) If @ — G is a covering map of infinite graphs, then the spectral radii satisfy p(G') < p(G),
e., the larger graph is more non-amenable. In particular, if G is an infinite k-regular graph, then
p(G) > p(Ty) = 241,
(b) If G" — G is a covering map of finite graphs, then M\a(G') > \a(G), i.e., the larger graph is a worse

expander.

Let T" be a finitely generated group, with finite generating set S.

Definition 7.11. We say that T' has Kazhdan’s property (T) if there exists a k > 0 such that for any
unitary representation p : I — U(H) on a complex Hilbert space H without fized (non-zero) vectors, and
Vv, there exist a generator s € S with

lo(s)v — vl = #lo]| . (7.10)

The mazimal £ will be denoted by x(T',S) > 0.

Recall that a vector fixed by p would be an element v such that p(g)v = v for all g € T'. So, the definition
says that having no invariant vectors in a representation always means there are no almost invariant vectors
either.

Note that if we have an action of ' on a real Hilbert space by orthogonal transformations, then we can
also consider it as a unitary action on a complex Hilbert space, hence the Kazhdan property will apply to

real actions, too.

Exercise 7.20. A group having property (T) is “well-defined”: if (I, S1) > 0 then x(T',S2) > 0 for any
pair of finite generating set for T', Sy, S5.

7
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Example: If T is finite, then x(I',T") > v/2. Let us assume, on the contrary, that v is a vector in H with
norm 1 with ||p(g)v—v|| < V/2, for all g € T. Then p(g)v is in the open half-space H := {w € H : (v,w) >

0} for all g. If we average over all g,

1
vo == ) p(9),

we will obtain an invariant factor which is in the interior of H;", so it is non-zero.

Exercise 7.21. If a group is Kazhdan (i.e., has Kazhdan’s property (T')) and it is also amenable, then it
is a finite group. (Hint: From Fglner sets (which are almost invariant), we can produce invariant vectors

in L*(T).)

F5, the free group with two generators, is not Kazhdan since there exists a surjection F» — Z (the
obvious projection) to an amenable group, and then Fy acts on L?(Z) just as Z does.

It is not obvious to produce infinite Kazhdan groups. The main example is that SL4(Z), for d > 3, are
Kazhdan. See [BekdHVO0S]. Also, see the discussion preceding Theorem [[4.5] for a tiny bit of intuition why
the d = 2 case is not good for property (T).

The first reason for property (T) entering probability theory was the construction of expanders. On
one hand, we have the following not very difficult theorem, see Proposition 1.2.1] or [HooL.W06,

Lemma 1.9]:
Theorem 7.12 ([Pin73|,[Pip77]). Asymptotically almost every d-reqular graph is an expander.

However, as with some other combinatorial problems, although there are many expanders, it is hard to

find an infinite family explicitly.

Exercise 7.22 (Margulis 1973). If T’ is Kazhdan and infinite, with finite factor groups Ty, let G, =
G(T,,, S) be the Cayley graph of Ty, with a fixed generating set S of G. Then the G,, are expanders.

This was the first explicit construction of an expander family, from an infinite Kazhdan group with
infinitely many different finite factors. Since then, much easier constructions have been found. An early
example that uses only some simple harmonic analysis is [GaGa81]. More recently, a completely elementary

construction was found by Reingold, Vadhan and Wigderson (2002), using the so-called zig-zag product;

see [HooLW(@, Section 9].

Any infinite k-regular transitive graph G has spectral radius p(G) > p(Tx) =
regular graph on n vertices has second largest eigenvalue s (G) > 2E=L — (1) as n — oo, see [HooLW0G),
Section 5.2].

A sequence of k-regular graphs G,, are called Ramanujan graphs if

2—”,:71, and any finite k-

liminf Xy (G,,) = M

n—r00 k

So, the Ramanujan graphs are the ones with largest spectral gap.

Again, for any e > 0, asymptotically almost every k-regular graph has A\ (G) < Q—VF + ¢ — this is
due to Joel Friedman, and is much harder to prove than just being expanders. There are also explicit
constructions, first done by Lubotzky, Philips and Sarnak in 1988. They showed that G(SL3(F,),.S), with
appropriate generating sets S are Ramanujan graphs. See [HooLW06] and [Lub94].
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Conjecture 7.13 (Question on k-regular graphs). What is the asymptotic distribution of Ao if we choose
k-regular graphs uniformly at random? The limiting distribution should be
Ao — %ﬁ + f(n)
g9(n)

—%fTLVbzl,

for some unknown normalizing functions f, g, where TWpg stands for the Tracy- Widom distribution for the
fluctuations of the largest eigenvalue of the B-ensemble of random matrices; in particular, for 8 =1, it is

the GOE ensemble, the real symmetric Gaussian random matrices.

The motivation behind this conjecture is that the adjacency matrix of a random k-regular graph is a
sparse version of a random real symmetric Gaussian matrix. In fact, the typical eigenvalue of large random
k-regular graphs, in the & — oo limit, looks like the typical eigenvalue of large random matrices; more
precisely, the eigenvalue distribution of large random k-regular graphs converges to the spectral measure of
Ty (see Section [[4.2]), and this spectral measure converges to Wigner’s semicircle law as k — oo, which is
the limiting distribution of the eigenvalue distribution of large random matrices. See, for instance, [Dei07]

on the random matrix ensembles and their universal appearance throughout science.

8 Isoperimetric inequalities and return probabilities in general
{s.return}

The main topic of this chapter is a big generalization of the deduction of exponential heat kernel decay from
non-amenability (or fast mixing from positive Cheeger constant): general isoperimetric inequalities also give
sharp upper bounds on the return probabilities. This was first discovered by Varopoulos [Var85a], developed
further with his students [VarSCC92]. This approach is very much functional analytic, a continuation of
the methods encountered in Sections [ZI] and [[.2] proving and using the so-called Nash inequalities. We
will sketch this approach in the first section, then will study in more depth the method of evolving sets, a
beautiful probabilistic approach developed by Ben Morris and Yuval Peres [MorP05].

An important special case can be formulated as follows:
{t.varopoulos}

Theorem 8.1. IP; = p,(z,y) < Cn~%. For transitive graphs, this is an equivalence.

As can be seen from the second statement of the theorem, there are also bounds going in the other di-
rection. For instance, an n~%? heat kernel decay implies a so-called d-dimensional Faber-Krahn inequality,
see [CoulQ)] for a nice overview, and [CouGP0I] for a geometric approach for groups. For general graphs,
this is strong enough to deduce an at least d-dimensional volume growth, but not IP;. Similarly, lower
bounds on the volume growth, without any regularity assumption, do not imply upper bounds on return
probabilities. We will not study these questions, but before diving into Nash inequalities and evolving sets,

let us give two quick exercises:

> Exercise 8.1.
(a) Using the Carne-Varopolous bound, Theorem [22 below, show that a |B,(x)| = o(n*/logn) volume
growth in a bounded degree graph implies recurrence.

(b) Construct a recurrent tree with exponential volume growth.
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8.1 Poincaré and Nash inequalities

Recall the Sobolev inequality from Proposition[T5t for f € £y(V),
V satisfies [Pg(k) = | fllaja—1) < C(&) IV fl1. (8.1)

To compare this inequality for different d values, take f, to be roughly constant with a support of 7-
measure n. Then || fnlla/a—1) < n(@=1/4_So, one way of thinking of this inequality is that the function f
becomes smaller by taking the derivative in any direction, but if the space has better isoperimetry, then
from each point we have more directions, hence the integral ||V f||1 loses less mass compared to || f|l1. In
particular, for the non-amenable case (d = c0), we already have ||f||1 < C(x) ||V f||1.

So, in ([B1]), to make up for the loss caused by taking the derivative, we are taking different norms on
the two sides, depending on the isoperimetry of the space. Another natural way of compensation would
be to multiply the right hand side by a factor depending on the size of the support. This is done in the
Poincaré inequalities, well-known from PDEs [Eva98, Section 5.8]:

If U C R? with Lipschitz boundary, then

Hf(x) - fRUHL?’(RU) < C(U R va||L7’(RU) ) (82)
with
' Fr = Jry f(2) dz
RU = TSol(RU)

Since the quality of the isoperimetry now does not appear in ([82), one might hope that this can be

generalized to almost arbitrary spaces. Indeed, the following holds:

Exercise 8.2 (Saloff-Coste’s Poincaré inequality [KIe10]). Show that if f: T — R on any group T, and
Bg is a ball of radius R in a Cayley graph, then

VOl(BQR)
Hf - fBRHp(BR) > mR”foEQ(B%R)' (8'3)

Hints: we have

Yeenn 1F(2) = FW  Dyenan [FW9) = f(W)]
|f(y) = fBa| < =25 vol(Br) < =o€ ol Br) : (8.4)
and if g = s1...8m with m < 2R and generators s; € S, then
|f(g) = FW)| < f(ys1--sm) = Fysi - sme1)| + -+ |fys1) — f(W)]. (8.5)

Note that for non-amenable groups, we have the Dirichlet inequality ||f|2 < C||Vf]|2, see Theo-
rem[[3] i.e., the factor R on the right hand side of ([82]) can be spared. So, just like in the case of Sobolev
inequalities, no compensation is needed.

The following exercise says that harmonic functions show that the Poincaré inequality ([8.3)) is essentially
sharp. The statement can be regarded as a discrete analogue of the classical theorem that functions
satisfying the Mean Value Property are smooth. (Such a function cannot go up and down too much:
whenever there is an edge contributing something to |V f]|, the harmonicity carries this contribution to a

large distance.)
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{ex.revPoincar

> Exercise 8.3 (Reverse Poincaré inequality). Show that there is a constant ¢ = ¢(T', S) > 0 such that for
any harmonic function f on the Cayley graph G(T,S),

cR ”foEQ(BR) < ||f||£2(B2R) . (8.6) {e.reverse}

There are several ways how Poincaré or similar inequalities can be used for proving heat kernel estimates.
The first work in this direction was by Varopoulos [Var85a]. He proved sharp heat kernel upper bounds by
first proving that an isoperimetric inequality I Pj(x), with f = % increasing, implies the following Nash
inequality:

IF1Z < a(IFIR/1F13) Epa(F), f € Lo(V), (8.7) {e.Nash}

where g = C,.f(4t)?. The proof is quite similar to the proofs of Proposition [7.5 and Theorem [3l To make
the result more readable, consider the case of IPy(k), i.e., §(t) = t(@=1/4 Then we have g(t) = Ct*/?,
and (81 reads as

112 < Co (ILFI3/1£13) 7 19 e

some kind of mixture of the Sobolev and Poincaré inequalities (81]) and ([83]). For instance, when f = 15,
we get the usual || f|l2 < Cx R||V f]|2. But we will apply (87 to some other functions.
The next step is to note that

Epx(f) < 2(1£1I5 = IPSI3),

where P = (I + P)/2 is the Markov operator for the walk made lazy. Therefore, applying the Nash

inequality to f = P"5, for each n, we arrive at a difference inequality on the sequence
— —2 _
u(n) = HPH(SIH% = (P néwvéw) = p2n(.’L‘,.’L')CI )

namely
u(n) < 2g(1/u(n))(u(n) —u(n+1)).

This gives an upper bound on the decay rate of u(n) as a solution of a simple differential equation. Then
we can use that p?*(z,z) < 2p°"(x,z). See [WoeO(, Section 14.A] for more detail.

A different approach, with stronger results, is given in [Del99]. For Markov chains on graphs with nice

regular d-dimensional volume growth conditions and Poincaré inequalities, he proves that
cin” Y exp(=Crd(z,y)*/n) < pu(,y) < con™? exp(—=Cad(w,y)* /n).

Let us note here that a very general Gaussian estimate on the off-diagonal heat kernel decay is given
by the Carne-Varopoulos Theorem [0.2] below.

8.2 Evolving sets: the results
{ss.evolving}

Recall that a Markov chain is reversible if there is a measure m with 7(z)p(x,y) = 7(y)p(y, x); such a 7 is

always stationary. This happens iff the transition probabilities can be given by symmetric conductances:

c(z,y) = c(y, z) with p(z,y) = C(g,—’my), and then 7(z) = Cy is a good choice.
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Even for the non-reversible case, when the stationary measure 7(z) is not C,, we define Q(z,y) :=
m(x)p(z,y), and the isoperimetric profile is
S, S¢
¢(r) := inf {% :w(S) < r} .

For instance, I P;(x) implies ¢(r) > rr— 1/,

On a finite chain, we take m(V) = 1, and let ¢(r) = ¢(1/2) for r > 1/2.

Theorem 8.2 (Morris-Peres [MorP05]). Suppose 0 <~y < 1/2, p(z,z) >~y Vx € V. If

4/ 4du
n21+(1—7)2/72/ :
4min(7(z),7(y)) u¢(u)2

then
palmy)/m(y) <e  or  |pa(z,y)/m(y) — 1| <e,
depending on whether the chain is infinite or finite.

For us, the most important special cases are the following:

1) By the Coulhon-Saloff-Coste isoperimetric inequality, Theorem [5.11] any group of polynomial growth
d satisfies I P;. Then the integral in ([88)) becomes

e Adu
C — = (1/e)¥1.
[ i =0/

—2/d

That is, the return probability will be less than e after n < steps, so p,(z, ) < Cn~—9/2,

2) IP, turns the integral into C, log(1/¢), hence p,(z,z) < exp(—cn), as we know from the Kesten-
Cheeger-Dodziuk-Mohar Theorem

3) For groups of exponential growth, the CSC isoperimetric inequality implies ¢(r) > ¢/logr. Then the

integral becomes

1/61 2
/ %8 Y ju = log3(1/e),
1 u

thus p,(z,y) < exp(—cn'/?). This is again the best possible, by the following exercise.
> Exercise 8.4.* Show that on the lamplighter group 7ol 7. we have py,(x,x) > exp(—cn'/3).

As we discussed in the introduction to this section, these bounds were first proved by Varopoulos, using
Nash inequalities. The beauty of the Morris-Peres approach is that is completely probabilistic, defining
and using the so-called evolving set process. Moreover, it works also for the non-reversible case, unlike the
functional analytic tools.

The integral (88)) using the isoperimetric profile was first found by Lovasz and Kannan [LovKa99], for
finite Markov chains, but they deduced mixing only in total variation distance, not uniformly as Morris and
Peres. To demystify the formula a bit, note that for a finite Markov chain on V' with uniform stationary
distribution, using the bound ¢(r) > ¢(1/2) = h for all r, where h is the Cheeger constant (since r = 1/2
is an infimum over a larger set), the Lovdsz-Kannan integral bound implies the upper bound

1
1 _ log |V,
<[, ="

Vnl
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on the mixing time, as was shown earlier in Theorem [[.7 The idea for the improvement via the integral is
that, especially in geometric or transitive settings, small subsets often have better isoperimetry than the

large ones. (Recall here the end of Section 53] and also see the next exercise.)

Example: Take an n-box in Z%. A sub-box of side-length ¢ has stationary measure r = t¢/n¢ and boundary
= t?1/n? hence the isoperimetric profile is ¢(r) < 1/t = v~/ /n. (Of course, one would need to show
that sub-boxes are at least roughly optimal for the isoperimetric problem. This can be done similarly to
the infinite case Z?, see Section [54] though it is not at all obvious from that.) This is clearly decreasing as
r grows. Therefore, the Cheeger constant is h =< 1/n, achieved at r =< 1. Using Theorem [T.6 we get that
the spectral gap is at least of order 1/n?, which is still sharp, but then Theorem [[.7] gives only a uniform

mixing time < Cygn?logn. However, using the Lovasz-Kannan integral, the mixing time comes to Cyn?.
Another standard example for random walk mixing is the hypercube {0,1}¢ with the usual edges.

Exercise 8.5. For 0 < m < d, show that the minimal edge-boundary for a subset of 2™ wertices in the

hypercube {0,1}% is achieved by the m-dimensional sub-cubes. (Hint: use induction.)

The isoperimetric profile of {0,1}? can also be computed, but it is rather irregular and hard to work
with in the Lovasz-Kannan integral, and it does not yield the optimal bound. But, as we will see, with the

evolving sets approach, one needs the isoperimetry only for sets that do arise in the evolving sets process:

Exercise 8.6. * Prove O(nlogn) mizing time for {0,1}™ using evolving sets and the standard one-

dimensional Central Limit Theorem.

8.3 Evolving sets: the proof

We first need to give the necessary definitions for the evolving sets approach, and state (with or without
formal proofs) a few basic lemmas. Then, before embarking on the proof of the full Theorem B2 we will
show how the method works in the simplest case, by giving a quick proof of Kesten’s Theorem [[.3] the
exponential decay of return probabilities in the non-amenable case, even for non-reversible chains.

Let S C V. Define: S = {y : Q(S,y) > Un(y)}, where U ~ Unif[0,1]. Remember: Q(S,y) =
Y wes T(@)p(z,y) with w(y) P = n(y) (a stationary measure). This is one step of the evolving set process.
Thus

PlyeS|S]=P[Q(S.y) >Ur(y)] = :

which leads to
E[x(S)[S]= #)P[yeS|S] = Q(S,y)=n(S).

Y

Therefore, for the evolving set process Sp41 = Sy, the sequence {7(S,)} is a martingale.
Now take Sy = {z}; then E[7(S,)] = 7(z). Moreover,

Lemma 8.3. Plye€ S, | Sy = I]W(y) = pn(2,y).

w(z)

Proof. We use induction on n:

an,l(x,z)p(y,z) =P[z€S5,-1]| S =]
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Note:
P[Z € Sn—l | SO = LL’]Q(Z,y) = E[X{zesnfl} | SO = (E]Q(Z,y)

But from before,

™ ™ Sn— )
P[y € Sy, | So = x]% = E[X{Zesn—l} | So = x]%%
Thus,
pulzy) = Ply € Su | So =22, O

m(z)

These two properties, that m(S,) is a martingale and P,y [y € Su]7(y) = pn(x,y)7(x), are shared by
Q(Sw)
N m(y)
the size of S will have a conditional variance depending on the size of the boundary of S: the larger the

the Markov chain trajectory {X,}, provided the chain is reversible. However, since P[y € S | S| =

boundary, the larger the conditional variance that the evolving set has. This makes it extremely useful if
we want to study how the isoperimetric profile affects the random walk.
Recall that, if f is a concave function, by Jensen’s inequality E [ f(X)] < f(E[X } ). Moreover, if there

is a variance, then the inequality is strict. For example, if f is v/ :

Exercise 8.7. If Var[X] > ¢(EX)? then E[ VX | < (1 — ¢)VEX, where ¢/ > 0 depends only on ¢ > 0.
Recall that Q(z,y) = n(z) - p(x,y) thus Q(A, B) = >_,c 4 yep m(a)p(a,b).

Proof of Theorem[82. We will focus on the case of an infinite state space. Let us first state a lemma that
formalizes the above observations: large boundary for S means large conditional variance for S , and that
in turn means a definite decrease in Ey/m(S) compared to E\/7(S). We omit the proof, because it is

slightly technical, and we have already explained the main ideas anyway.

Lemma 8.4. Assume 0 < v < 1/2 and p(z,z) <, for allz € V. If ¥(S) =1—Eg { %] then, for

each S C V', we have that
2

i
¥($) > (S,

_ Q5,59

Notice that, if we define ¥(r) = inf {¥(S) : 7(S) < r}, then the lemma gives

where

v 2
1\ >
(’f') = 2(1 _ 7)2 ¢(T) )
and the proof of Theorem B2 reduces to show that p,(z,y)/7(y) < € for any S, if n > [ #(T) dr.

As promised, an example of the usefulness of this method is that we can immediately get exponential
decay for non-amenable chains:
If ¢(r) > h > 0 Vr, then Lemma [R4] implies that ¥(r) > k' > 0, i.e.,

E[/n(8) | 7(5)] < (1 - ¥)/x(S).
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So, by iterating from Sy = {x} to S, we obtain Ef, [ W(Sn):| < exp(—Cn). If we assume 7(z) = 1,
for example in the group case, this implies that p,(z,y) = Py [y € S,] < E{w}\/m < exp(—Cn), as
desired, where the middle inequality comes from the ridiculous bound P,y [y € S,] < Pyyy {\/m > 1}
and Markov’s inequality.

However, for the general case we will have to work harder. The replacement for the last ridiculous
bound will be ([8I2) below. A more serious issue is the non-uniformity of the isoperimerimetric bound.
Recall that usually (e.g., on the lattice Z?) the boundary-to-volume ratio is smaller for larger sets, hence,
if at some point, m(S,,) happens to big (which is not very likely for a martingale at any given time n, since
Ex(S,) = Ex(z), but still may happen at some random times), then our bound from Lemma B4 becomes
weak, and we lose control. It would be much better to have a stronger downward push for larger sets; when
m(Sy) is small, then we are happy anyway.

For this reason, we introduce some kind of dual process. Denote the evolving set transition kernel by
K(S,A) = Pg[S = A], the probability that, being in S, the next step is A. Now, consider a non-negative
function on the state space X = 2V of the evolving set process, which equals 1 on some Q C X and equals
0 for another subset A C X, and harmonic on X \ (2 U A). Then, we can take Doob’s h-transform:

h(A)
h(S)
which is indeed a transition kernel: by the harmonicity of h, for A ¢ QU A,

R _y 4 _ WS _
ZA:K(S,A)_ZA:MS)K(S,A) m(o) 1.

The usual reason for introducing the h-transform is that the process given by the kernel K is exactly

K(S,A) = K(S,A)

the original process conditioned to hit Q before A (in particular, it cannot be started in A, and once it
reaches ) it is killed). See Lemma [6.13] and (6I0) for a simple example.

For the evolving set process, we will apply the Doob transform with A(S) := 7(S). Recall that 7(S,,) is a
martingale on X \ {0} exactly because 7(S) is harmonic for S # (). (We have harmonicity at S = V because
that is an absorbing state of the original evolving sets chain.) So, for the infinite state space evolving set
process, K is the process conditioned on never becoming empty. We do not prove this carefully, since we

will not use this fact.

We now define Z,, := \/ﬁ Then
E oy V/7(5n) = Eay Zo (8.9)
because, as it is easy to check from the definitions, ES f(Sn) = [ ) f (S )] for any function f.

In the hat mean:

E{Zzl | sn] _E <1 U(x(S,)), (8.10)

\/ n+1 ‘ S,

with the last inequality provided by the definition of \I/(r) after Lemma 841
When Z,, is large then S, is small and ¥ is good enough to get from (8I0) a significant decrease for
Z, in the new process. This sounds like black magic, but is nevertheless correct. It is a version of the

technique of taking a “strong stationary dual” in [DiaF90].
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Let us state another technical lemma (without proof) that formalizes how a control like (8I0) that we

have now for Z,, in the K -process actually leads to a fast decay in E.

Lemma 8.5. Assume fo : (0,00) — [0,1] is increasing and Z,, > 0 is a sequence of random variables
with Zy fized. Suppose that B [Z,41]S,] < Zn(1 — fo(Zy)) ¥n, with f(Z) = fo(Z/2)/2. Ifn > f i ZZ
for some §, then EZn <.

We have to find now a good way to deduce the smallness of return probabilities from the smallness of
B3

Definition 8.6 (A non-symmetric comparison of measures). We define x as:

For finite chains, we had the version (7.7]), but we will not discuss finite chains here in the proof.

For p() = pn(z,-) and 7(-) = 1, we have x(pn(z,-),1) = Zypn(x,y)Q. If p,(x,-) is roughly uniform on
a large set, i.e., p,(z,y) < e for y € 4, |A,| = %, then x = €, which is a reasonable measure of smallness.

Moreover, from the smallness of x we can also deduce uniform smallness:

pnﬁ;:(zz()x’Z) — anl x y)pm (yv )

_ Z pnl )2 n2((Z), Y) (8.11)
m(y

< X(pm (‘Ta ')77T) X(pnz (Zv ')77T)

using Cauchy-Schwartz, where p ., (z,y) = :EZ% p(y, z) stands for the stationary reversal.

Also, we can compare p,, with 7 using evolving sets:

2 ) ) = . P{z}[y € Sn]27r(y)2
X" (pn(z, ), )—Z (y) 7(2)27(y)?

y

= 22 P{x}yESn,yeT]

L B[S, NT0)]
= 75 T(On n)
7(x)2 {=}
where {S,,} and {T,,} are two independent evolving set processes. Then, applying Cauchy-Schwartz,
1 1
Thus )
) < .
X(pn(xv )77T) > 7T(.’L') E{z}[ W(Sn”v (8 12)

which is better than what we had before.

Recall )E{x}[ m(Sn) | = E{x} [Z,]. Thus, we will now use Lemma BH with fo(Z,,) = ¥(7(S,)), to
obtain that E{m}[ Z,] is bounded by 6 if n is large enough. By setting 6 = /¢ and using the inequalities
BII) and ®I2), we obtain % < V/ey/e. We can retrieve the number of steps n necessary for this
from Lemma B3 modified by a change of variables that comes from the relation between ¥ and ¢ in
Lemma R4l At the end, we arrive at the statement of Theorem B2 O
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9 Speed, entropy, Liouville property, Poisson boundary

{s.speedetc}

9.1 Speed of random walks
{ss.Speed}

We have seen many results about the return probabilities p, (x, x), i.e., about the on-diagonal heat kernel

decay. We now say a few words about off-diagonal behaviour.
{1.offdiag}

Lemma 9.1. Given a reversible Markov chain with a stationary measure w(x), then:

a)

() .
n(T,Y) S\ ——=p -
pn(T,y) )’
b)
sup pzn(I,y) < sup pgn(x,x) '
vy (Y z  7(x)

Proof. We will start by proving part a).
m()pn (2, y) = (02, P"0y)
< |16z [l1P™ 6yl

= V/A@|P" /()

Dividing by 7 (z),
(y)

pn(@,y) < p" w(z)
For part b), we use the fact that P is self-adjoint:
(6, P*"0,)
= (P"6,, P"6y)
< (P"8,, P"3,) 2 (P65, P"5,) /2
( (62, P*™6,)(6,, P2"5y))
= (m(x

W(x)p%z (1’, y)

1/2

Yp2n (@, 2)7(y)p2n (v, y)

The inequality here, as usually, is from Cauchy-Schwarz. Now divide both sides by 7 (y)m(z) and take the

supremum over all x and y:

1/2 1/2
“up p2n(2,y) < sup P2an (2, )" *pan(y, )
ey T(Y) oy m(x) /27 (y)t/?
= sup L"(%x) .
e m()

{t.carne}

Theorem 9.2 (Carne-Varopoulos [Car85, Var85h]). Given a reversible Markov chain,

o [0 1 (- ),

where the distance is measured in the graph metric given by the graph of the Markov chain, i.e., there is

an edge between x and y if and only if p(x,y) > 0.
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This form is due to Carne, with a miraculous proof using Chebyshev polynomials; the Reader is strongly
encouraged to read it in [LyPer14]. Varopoulos’ result was a bit weaker, with a more complicated proof.
There is now also a probabilistic proof, see [Pey0§].

Proposition 9.3. Consider a graph G with degrees bounded by D, and a reversible Markov chain on its
vertex set, with not necessarily nearest-neighbour transitions. Assume that the reversible measure m(x) is

bounded by B, that w(0) > 0, and that p < 1. Then, in the graph metric,

lim inf >0 a.s.
n— o0

dist(o, X,,)
n

Proof. Choose e > 0 small enough that D* < 1/p. Then,

P,[dist(o, X,,) < an] = Z pn(0,2)
2E€Ban (0)

< [Ban(0)|Cp"
< Domen

< exp(—can).

Such a finite constant C' exists because of part a) of Lemma and the fact that 7(z) is bounded. The
second inequality holds because of the choice of «.

Now we know that
ZPo[dist(o, X,) < an] < .

Thus by Borel-Cantelli, dist(o, X,,) < an only finitely many times. So:

lim inf
n—r00

dist(o, X,,)
—_— >«
n

O

Lemma 9.4. For a random walk on a group (with not necessarily nearest neighbour jumps in the Cayley

graph that gives the metric),
lim E dist(o0, X,,)

n—oo n

exists.

Proof. First we define the sequence (a,)52; by a, = Edist(o, X,,). We can see that this sequence is

subadditive:

Edist(o, Xy 1m) < Edist(o, X,,) + Edist(X, Xpm)
< Edist(o, X,,) + E dist(0, X;,) .
So we may apply Fekete’s lemma, which gives us that lim,, . a,/n exists. |

We have seen that non-amenability implies positive speed. The converse is false, as the d > 3 case of

the following theorem shows. For the definition of the lamplighter groups, see the end of Section [B.11

Theorem 9.5. For the lamplighter groups Zs 1 Z2, the following bounds hold for d,, = dist(o, X,,):
(a) d=1 has E[d,] < v/n
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(b) d=2 has E[d,] < Toam

(c) d >3 has E[d,] < n.

In each case, we will prove here the statement only for some specific generating set.

Question 9.6. Is it true that positive speed never depends on the finite symmetric generating set?

The case for Zo 1 Z¢ is known [Ers0fd].

Proof. In each case, we will consider the walk given by staying put with probability 1/4, switching the
lamp at the present location with probability 1/4, and moving to one of the 2d neighbours with probability
1/(4d) each.

1/4 switeh

=

1/4d move i )
L/

1/4 I;m
Figure 9.1: The generators for the walk on Zy ! Z9.

Then, if X,, = (L, ¢ ), where L, is the position of the lamplighter and ¢,, is the configuration of the
lamps, then it is easy to give some crude bounds on d,: it is at least |supp ¢,|, the number of lamps on,
plus the distance from the origin of the farthest lamp on, and it is at most the number of steps in any
procedure that visits all the lamps that are on, switches them off, then goes back to the origin. Moreover,
the expected size of supp ¢,, can be estimated based on the expected size of the range R,, of the movement

of the lamplighter, using the following exercise:
Exercise 9.1. Show that P[:E € Supp ¢n+1 ’ T € Rn] >1/4.

Therefore, we have

E|R,
# §E|SUPp¢n+1| §E|Rn|7 (9'1)

so estimating E |R,,| will certainly be important.

Now, in the d = 1 case, we have
| minsupp ¢p| V | maxsupp ¢n| < dn < |Ly| + 3| minsupp ¢n | + 3| max supp én |, (9.2)

using that the number of lamps on is at most | min su |+ | max su »|. By the Central Limit Theorem
g p pp pp y )

P[|L,| > ey/n] > € for some absolute constant ¢ > 0. Thus, by Exercise @I we have
P[suppqﬁn 7 [—e n,e\/ﬁ]] > e/d
for n > 2. Now, by the left side of ([@.2]), we have

E[d,] > E{Iminsuppaﬁnl % Imaxsuppaﬁnl}

> P[supp o Z [~evm eVl [evin = v/,
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which is a suitable lower bound.
For an upper bound, let M,, = maxy<y |Lg|. Clearly, | minsupp ¢,| V | maxsupp ¢,,| < M,,. From the
CLT, it looks likely that not only L, but even M,, cannot be much larger than y/n, but if we do not want

to lose log n-like factors, we have to be slightly clever. In fact, we claim that
P[M, >t] <4P[L, >t]. (9.3)

This follows from a version of the reflection principle. If T} is the first time for L,, to hit t € Z,, then, by
the strong Markov property and the symmetry of the walk restarted from ¢,

1
P[T, <n,L, >t] > S P[T, <n];

we don’t have exact equality because of the possibility of L, = t. Since {L, > t} C {T; < n}, this

inequality can be rewritten as
2P[L, >t]>P[T; <n]= P[%lngk >t].

Since P[M,, > t] < 2P[maxy<, Ly > t], we have proved (@3]
Summing up [@3) over ¢, we get E[|M,|] < 2E[|L,|] < C/n for some large C' < oo, from the CLT.
Using ([@.2]), we see that E[d,, | < C’/n, and we are done.

Now consider the case d = 2. For the lamplighter, we have p;(0,0) < 1/k. (This comes from the general
fact that py(0,0) < k=42 on Z). Thus, 3",_, px(0,0) < logn. But >_;_, px(0,0) is exactly the expected
number of visits to 0 by time n. This suggests that once a point is visited, it is typically visited roughly
logn times in expectation, and thus the walk visited roughly n/logn different points. In fact, it is not
hard to prove that

n

E|R,| = (9.4)

logn

Exercise 9.2. Prove the above statement.

The precise asymptotics in the above statement is also known, a classical theorem by Erdés and Dvoret-
zky.

Since, to get from X, to the origin, we have to switch off all the lamps, by (@) we have E |R,,|/4 < Ed,,.
On the other hand, R,, is a connected subset of Z? containing the origin, so we can take a spanning tree
in it, and wherever L, € R, is, can go around the tree to switch off all the lamps and return to the
origin. This can be done in less than 3| R,| steps in Z?, while the switches take at most |R,| steps, hence
d, < 4|R,|. Altogether, Ed, < E |R,|, so the d = 2 case follows from (@.4]).

For the case d > 3, consider the following exercise:

Exercise 9.3. For simple random walk on a transitive graph, we have:

E|R,
lim Bl _

q := Py[never return to o] .
n—00 n

From this exercise and (@), we can deduce that:

E[R,|
4

thus proving the case d > 3. O

n > E[d,] > E|supp ¢,| > >4

90

{e.maxreflecti

{e.2dRn}



The distinction between positive and zero speed will be a central topic of the present chapter. And, of
course, there are also finer questions about the rate of escape than just being linear or sublinear, which

will be addressed in later chapters.

9.2 The Liouville and strong Liouville properties for harmonic functions
{ss.Liouville}

As we saw in Section and in Section B3] harmonic functions with respect to a Markov chain are

intimately related to martingales.
{d.suMG}

Definition 9.7. A submartingale is a sequence (My)22, such that the following two conditions hold:
Vn E|M,| < oo,

Vn B[ My | My, ..., M,] > M,.

A supermartingale is a similar sequence, except that the second condition is replaced by

Vn B[ Mpt1 | My, ..., M, ] < M,.
{t.MGconverge}
Theorem 9.8 (Martingale Convergence Theorem). Let (M,)52, be a submartingale such that sup, E[ Mp1iy, ~0y | <

oo. (For instance, there exists some constant B with M,, < B almost surely.). Then there exists a random
variable My, with
M, — My a.s.

For a proof, see [Durl(, Theorem 5.2.8]. ‘ )
c.nobddharm

Corollary 9.9. A recurrent Markov chain has no nonconstant bounded harmonic functions.

Proof. Tf f is a bounded harmonic function, then M,, = f(X,,) is a bounded martingale. If f, in addition,
is nonconstant, then there are 2 and y states such that f(x) # f(y). The walk is recurrent, so returns
to these states infinitely often. So VN 3Im,n > N such that M, = f(z) and M, = f(y). So M, cannot

converge to any value, which contradicts Theorem So no such f can exist. O
{t.LiouProp}

Theorem 9.10. For any Markov chain, if Va,y € V there is a coupling (X,,Y,) of random walks starting
from (z,y) such that P[ X, #Y,] — 0, then it has the Liouville property, i.e., every bounded harmonic

function is constant.

Proof. Suppose f is a bounded harmonic function, say |f| < B. Then f(X,) and f(Y,) are both martin-
gales, with B[ f(X,)] = £(z) and B[ f(¥,)] = f(y). Thus,

Vn [ f(z) = f(y)| = [Bf (Xn) = Ef(Ya)]
< P[X, #Y,]2B.

Therefore, |f(z) — f(y)| < lim, oo P[ X, # Y, ]2B =0, so f must be constant. O
{t.Blackwell}

Theorem 9.11 (Blackwell 1955). Z¢ has the Liouville property.
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Proof. Clearly, f is harmonic with respect to P if and only if it is harmonic with respect to #, the lazy
version of P. So, consider the lazy random walk in Z? given by flipping a d-sided coin to determine which
coordinate to move in and then using the lazy simple random walk on Z in that coordinate. This is the
product chain of lazy walks coordinatewise. Now consider the following coupling: X,, and Y, always move
in the same coordinate as one another. If their distance in that coordinate is zero, then they move (or
remain still) together in that coordinate. If not, then when X moves, Y stays still and when X stays still,
Y moves. Each of X and Y when considered independently is still using the lazy random walk described.

Now, considering one coordinate at a time, if X,, and Y}, have not yet come together in that coordinate,
then whenever that coordinate is chosen, the distance goes up by one with probability 1/2 and down
by one with probability 1/2. This is equivalent to a simple random walk on Z, which is recurrent, so
with probability 1, X,, and Y,, will eventually have distance zero in that coordinate, and then will remain
together for the rest of the coupling. This happens in each coordinate, so with probability 1, 3N such that

X, =Y, Yn> N. So by Theorem [0.I0] this chain has the Liouville property. O

Exercise 9.4.* By studying how badly the coupling may fail, show that any harmonic function f on Z4

with sublinear growth, i.e., satisfying lim),, o0 f(z)/|z|l2 = 0, must be constant.

Exercise 9.5. Using couplings, show that any random walk on Z% with symmetric bounded jumps has the

Liouwille property.

In fact, the Choquet-Deny theorem [ChoD60] says that any generating measure on any Abelian group
has the Liouville property. See Theorem [0.30 in Section below for a proof that can be generalized for

nilpotent groups. Generalizing in a different direction, the Choquet-Deny proof also implies the following;
see [Saw97]:

Theorem 9.12 (Strong Liouville property for Z%). For the random walk generated by any probability

measure pi on Z whose support generates all of Z¢ and has the properties that

Z w(z)lz] <oo  and Z pwx)r =0ecRY, (9.5)

r€Z3 z€Z4

any nonnegative harmonic function is constant.

Proof. The main tool will be the classical Krein-Milman theorem (1940): any compact convex subset K
of a locally convex Hausdorff topological vector space X is the closed convex hull of its extreme points:
K = conv(ext(K)). Based on our intuition from finite-dimensional vector spaces, this sounds like a
triviality, but we can see its power from the fact how easily it implies this result, stronger than Theorem [@.11]
Let X be the vector space of real y-harmonic functions on Z¢, with the topology of pointwise conver-
gence, and
K:={heX:h>0, and h(0) =1}.

Let h be an extreme point of K; by the Krein-Milman theorem, it is enough to prove that h is constant.
First of all, since the support of y is supposed to generate Z?, the maximum principle implies that h(z) > 0

for all 2 € Z4. Then, the definition of harmonicity can be written as

h(z) = M(S)h(s)w ; (9.6)

{ex.sublin}

{t.ZdMartin}

{e.ChDsymm}

{e.hconvcomb}



for any z € Z9. Since Z? is Abelian, the function x ~ hg(z) := h(z + s)/h(s) is again harmonic, with
hs(0) = 1, and hence the RHS of ([@.6]) is a convex combination of elements of K. (Note here that (@.0])
with « = 0 says that ) p(s)h(s) = 1.) Since h is extremal, we must have hs(z) = h(z) for each s with
u(s) > 0. By u being a generating measure of Z¢, this implies that h(z +y) = h(z)h(y) for any x,y € Z,
and thus h is of the form h(z) = exp(a - x) for some o € Z.

Now, assuming (0.5)), we apply Jensen’s inequality to ([©@.0]):

h(z) =exp(a-x) >exp | a- Z u(s)s | =1.
s€zd

Together with h(0) = 1 and the harmonicity of h, this implies that h(z) = 1 for all z € Z. O

In Theorem and its application Theorem [I.11] we deduced the Liouville property from a coupling
property of the random walk. Can we use something similar instead of the Krein-Milman theorem to
prove Theorem [ILIZ? For smooth positive harmonic functions on R?, the task would be easy: harmonicity
of f implies that f(xz) = E, f(B;) holds for any ¢ > 0, for Brownian motion B; started at By = z; on
the other hand, the densities of B; for By = x and By = y are within a factor of 1 + o(1) from each
other as t — oo (starting from ¢ > ||z — y||3), hence the same holds for the expectations, and we get
f(x) = f(y) in the limit. For Z¢, the discreteness causes some technical difficulties: e.g., it is not true that
sup,cza (pn(2, 2))/pn(y, 2)—1) — 0 as n — oo, since for any n there is a z for which py (2, 2) = 0 < pn(y, 2).
One possibility to resolve this issue is to use the Local Central Limit Theorem for the random walk at
times n and n(1 + €); another one is to use the divisible sandpile model, Theorem 3.3 of [LevP(9).

> Exercise 9.6. Use either of the above suggestions to give a probabilistic proof of Theorem [9.12.
{ex.LiouSLiou}

> Exercise 9.7. Consider an irreducible Markov chain (V, P).
(a) Assume that drv (pn(z,-)),pn(y,)) = 0 as n — oo, for any x,y € V. Show that (V,P) has the
Liouville property.
(b) Show that biased nearest-neighbor random walk on Z has the property of part (a), but nevertheless it

does not have the strong Liouville property: it has non-constant positive harmonic functions.

The asymmetry of the walk in part (b) of the previous exercise made it easy to distinguish between the
Liouville and strong Liouville properties. We will see an example below where even the symmetric simple
random walk on a group has the Liouville but not the strong Liouville property. But, before that, let us
see the first example that does not have the Liouville property: the d-regular tree Ty with d > 3.

Consider Figure [@.2] and let f(y) = Py[{x,} ends up in A]. By transience and by any vertex being a
cutpoint of the tree, lim, o 1,4 exists a.s, so this definition makes sense. It is obviously a bounded
harmonic function. Let p = P,[never hit o] € (0,1), then f(z) = (1 — p)f(o). This shows that f is

nonconstant.
> Exercise 9.8. Show that the lamplighter group Zo ! Z¢ with d < 2 has the Liouwville property.

> Exercise 9.9. Show that the lamplighter group with d > 3 does not have the Liouville property.
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Figure 9.2: Portion of a d-regular tree (d = 3)

A hint for these two exercises is that positive speed and the existence of non-trivial bounded harmonic
functions will turn out to be intimately related issues, so you may look at the proof of Theorem to
get an idea how to construct good couplings in the case d < 2 and how to construct nonconstant bounded

harmonic functions in the case d > 3.

Theorem 9.13 ([BenDCKY]). Consider SRW on the lamplighter group Ze 7 with one of the usual finite
generating sets. Then the strong Liouville property completely fails: there are infinitely many linearly

independent positive Lipschitz harmonic functions.

Idea of proof. Asin Theorem[0.5] the random walk trajectory will be denoted by X,, = (M,,, ¢,,). Consider
a fixed configuration y of lamps on —N with finitely many lamps on; for simplicity, we will take now all

the lamps to be off. Let 7r be the hitting time of —R or R by the lamplighter, and consider

97(@) = P [ra|_y = x].-

It is not hard to see that for R large enough, gj(x) is comparable (up to constant factors depending on
X) to the probability of not visiting before 7 any negative integer that is less than minsuppy. This
probability is on the order of 1/R (with constant factors depending on y and x), and it should not be
surprising that the limit

g¥(r) = Jim R g}(x)
exists, non-constant, and Lipschitz in z. And, of course, it is harmonic. Furthermore, one can show that

for different configurations y, these functions are all linearly independent. O
Exercise 9.10. Fill in some of the gaps in the above proof.

Exercise 9.11. Similarly to Ezercise about Z%, show that the lamplighter group Zo ! 7 has no non-

constant harmonic functions of sublinear growth.

In Exercises and [0.I1] the triviality of sublinear growth harmonic functions followed from good
couplings of the random walk. One may speculate that the existence of such good couplings is intimately
related to the walk not being too much spread out. This motivates the following courageous conjecture,

with both sides being open:

Conjecture 9.14 (Gady Kozma). SRW on a group has no non-constant harmonic functions of sublinear
growth iff the walk is diffusive, i.e., Edist(Xo, X,,) < /n.
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It is important to mention here that the diffusive v/n rate of escape is the slowest possible on transitive
graphs; see Section [[0.2)

9.3 Entropy, and the main equivalence theorem

As we have seen in the previous two sections, on the lamplighter groups Zs!Z? there is a strong relationship
between positive speed and the existence of non-trivial bounded harmonic functions. The main result of
the current section is that this equivalence holds on all groups, see Theorem below. However, a
transparent probabilistic reason currently exists only on the lamplighter groups. For the general case, the
proof goes through more ergodic/information theoretic notions like entropy and tail-o-fields. We start by
discussing entropy.

Let p be a finitely supported probability measure on a group I' such that supp u generates I'. Then we
get a nearest neighbour random walk on the directed right Cayley graph of I' given by the generating set

supp p:

Plzyi1=h|2, =g]= N(gilh)v

where h, g € I'. Then the law of X, is the n-fold convolution ™ = p*", where (uxv)(g) := >, cr u(h)v(h™1yg).

This walk is reversible iff y is symmetric, i.e., u(g~') = u(g) for all g € T'. All our previous random walks
on groups were examples of such walks.
Recall the notion of entropy H(p) from Definition in Section

Definition 9.15. The asymptotic entropy h(u) of the random walk generated by p is defined by:

h(p) :== lim L) = lim H(X")

n—00 n n—00 n

Exercise 9.12. Show that h(u) exists for any p on a group T' that satisfies H () < 00.

As a corollary to the fact H(u) < log|supp pl, if I' has sub-exponential volume growth (in the directed
Cayley graph given by the not necessarily symmetric supp i), then h(p) = 0.

Here is a fundamental theorem that helps comprehend what asymptotic entropy means:

Theorem 9.16 (Shannon-McMillan-Breiman, version by Kaimanovich-Vershik). For almost every random

walk trajectory {X,},
lim —logp"(Xn) = h(u).
n—00 n
To see why this theorem should be expected to hold, note that the expectation of —logu™(X,,) is
exactly H(u™), hence the sequence converges in expectation to h(u) by definition. So, this theorem is an

analogue of the Law of Large Numbers. For a proof, see [KaiV83].

Exercise 9.13. h(p) = 0 iff Ve > 0 there exists a sequence {Ay,} with ™ (A,) > 1—€ andlog|A,| = o(n).

In words, zero entropy means that the random walk is mostly confined to a sub-exponentially growing set.

We now state a central theorem of the theory of random walks on groups. We will define the invariant
o-field (also called the Poisson boundary) only in the next section, so let us give here an intuitive meaning:

it is the set of different places where infinite random walk trajectories can escape (with the natural measure
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induced by the random walk, called the harmonic measure at infinity). A great introduction to the Poisson

boundary is the seminal paper [KaiV83]. ‘ )
t.SEHI

Theorem 9.17. For any symmetric finitely supported random walk on a group, the following are equivalent:
(S) positive speed o(u) > 0,

(E) positive asymptotic entropy h(u) > 0,

(H) existence of non-constant bounded harmonic functions (the non-Liouville property),

(I) non-triviality of the invariant o-field (Poisson boundary).

Here are some two-sentence summaries of the proofs:

The meaning of (S) <= (E) is that positive speed for a reversible walk is equivalent to the walk being
very much spread out. This will be proved in this section. Note that the reversibility of the walk (in other
words, the symmetry of p) is important: consider, e.g., biased random walk on Z, which has positive speed
but zero entropy.

The equivalence (I) <= (H) holds for any Markov chain, and will be proved in Section a bounded
harmonic function evaluated along a random walk trajectory started at some vertex z is a bounded mar-
tingale, which has an almost sure limit whose expectation is the value at x. Therefore, from a bounded
harmonic function we can construct a function “at infinity”, and vice versa.

Finally, (E) <= (I) will be proved in Section [3.0] by expressing the asymptotic entropy as the amount
of information gained about the first step by knowing the limit of the random walk trajectory, see (O.IT]).
Hence positive entropy means that non-trivial information is contained in the boundary. This equivalence
holds also for non-symmetric measures p, but it is important for the walk to be group-invariant, as will be
shown by an example of a non-amenable bounded degree graph that has positive speed and entropy, but
has the Liouville property and trivial Poisson boundary.

Beyond the case of lamplighter groups discussed in the previous sections, the following is open:

> Exercise 9.14.***  Find a direct probabilistic proof of (S) <= (H) for symmetric bounded walks on
any group. Is there a quantitive relationship between the speed and the amount of bounded harmonic
functions, e.g., their von Neumann dimension, defined later? (It is clear from the discussion of the different

equivalences above that both the symmetry and the group invariance of the walk is needed.)

For symmetric finitely supported measures with support generating a non-amenable group, from Propo-
sition[0.3 we know that the walk has positive speed and hence non-trivial Poisson boundary. The importance
of the lamplighter group examples was pointed out first by [KaiV83|: Z91Z? shows that exponential volume
growth is not enough (d < 2) and non-amenability is not needed (d > 3) for positive speed. Nevertheless, it
is worth comparing non-amenability and non-trivial Poisson boundary: the first means that p™(1) decays
exponentially (Theorem [7.3)), while the second means that p™(X,,) decays exponentially (by Theorem [0.10]).
We will see a characterization of amenability using the Poisson boundary in Theorem below.

Now, we prove (S) <= (E) by giving the following quantitative version:
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{t.VVSE}
Theorem 9.18 (Varopoulos [Var85h] and Vershik [Ver0Q]). For any symmetric finitely supported measure

1 on a group,
o(1)?/2 < h(p) < v(p) (),

where o () is the speed of the walk and v(p) := (lim, log |B#|)/n is the exponential rate of volume growth of
the graph, both in the generating set given by supp u. (The latter limit exists because | By ym| < |Bn|-|Bml|.)

Exercise 9.15. Prove the theorem: for the lower bound, use Carne-Varopoulos (Theorem[Z2) and Shannon-
McMillan-Breiman (Theorem [9.10]); for the upper bound, called “the fundamental inequality” by Vershik,

use that entropy on a finite set is mazximized by the uniform measure.
{ex.funda}

Exercise 9.16 (Vershik).*** Does there exist for every finitely generated group a finitely supported p with
h(p) = v(p)o(u)? The trouble with a strict inequality is that then the random walk measure is far from
uniform on the sphere where it is typically located, i.e., sampling from the group using the random walk is

not a good idea.

As we mentioned in Question [0.6] it is not known if the positivity of speed on a group is independent of
the Cayley graph, or more generally, invariant under quasi-isometries. On general graphs, the speed does
not necessarily exist, but the Liouville property can clearly be defined. However, for the class of bounded
degree graphs it is known that the Liouville property is not quasi-isometry invariant [Ben9T]. A
simple example is given in [BenS96a), which we now describe:

The set Y = {0, 1}* of finite 0-1-words can naturally be viewed as an infinite binary tree. Let A be the
subset of words in which the ratio of 1’s among the letters is more than 2/3. Now consider the lattice Z*,
take a bijection between the vertices along the z-axis of Z* and the vertices in A, and put an edge between
each pair of vertices given by this bijection. This graph will be G. It easily follows from the law of large
numbers that SRW on Y spends only finite time in A, and hence SRW on G, started from any y € Y,
will ever visit the Z* part only with a probability bounded away from 1. Whenever the walk visits Z*,
by the transience of the Z3 direction orthogonal to the x-axis, with positive probability it will eventually
stay in Z*. So, the function v — P,[the walk ends up in Z*] for v € G is a non-trivial bounded harmonic
function. Now, let Y’ be the tree where each edge (w,w0) of Y is replaced by a path of length k, for some
large but fixed & € N, and G’ is the same join of Y’ and Z* as before. If k is large enough, then SRW on
Y’ will visit A infinitely often, and hence it will enter Z* infinitely often, and hence will almost surely end
up in Z*. By the coupling results Theorem and Theorem for the triviality of bounded harmonic
functions, this means that G’ has the Liouville property. However, G and G’ are obviously quasi-isometric

to each other.

9.4 Liouville and Poisson o
{ss.LioPoi}

Having proved (S) <= (E), we now turn to harmonic functions, the invariant sigma-field, and the equiva-

lence (I) <= (H). Let us start with a basic result of probability theory:
{t.Levy0O1}

Theorem 9.19 (Lévy’s Zero-One Law). Given a filtration F,, T Feo, and X almost surely bounded, we
have that:
E(X | F.] =2 E[X | Fx] a.s.
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This is called a zero-one law since, for the case X = 14 with A € F,, it says
P[A|F,] — 14 as.,
hence the conditional probabilities P[ A | F,, ] converge to 0 or 1.

Proof. This is simply a special case of the Martingale Convergence Theorem To see this, recall from
Section [6.3] that M, := E[X|F,] is a bounded martingale, and then apply the theorem. O

Although this result might seem obvious, it is quite powerful: for example, it implies the following

fundamental theorem, to be used later in this section and in Section 2.1 : )
t.Kol01

Theorem 9.20 (Kolmogorov’s 0-1 law). Let X1, Xo,... be independent random variables and A a tail
event (i.e., it is contained in the tail-o-field ﬂn21 o{Xn, Xnt1,-..}, or in plain words, its occurrence is
not influenced by any finite subset of the variables). Then P[A] =0 or 1.

Proof. For each n, A is independent of .%,, so E[lA } ﬂn} = P[A]. As n — oo, the left-hand side

converges to 14 almost surely, by Lévy’s theorem. So P[A] = 14 almost surely, and it follows that
P[A] € {0,1}. O

Let P be a transition matrix for a Markov chain on a countable state space S. Let 2 be the measure

space
Q= {{yj};?io : P(yj.yj41) > 0, Vj} :
with the usual Borel o-field (the minimal o-field that contains all the cylinders {{y;}32 : yo = 0, ..., yr =

2k}, for all k and xg, ...,z € S), and the natural measure generated by P. Also, for any x € S, define

the measure space
Qz) = {{yj};?';o 9o =, P(yj,yj41) >0, Vj}7

with the Borel o-field. Now the measure generated by P is a probability measure: the Markov chain
trajectories started from x.

We define two equivalence classes. For y, z € Q let
T
y~z <= dn VYm>n Y, = zZm,

and

yr{z <~ Jk,n Ym>n Ym = Zmik-

We identically define the equivalence for Q(x) for any = € S. Using these equivalence relations, we now
give an alternative definition of the tail o-field 7 and also define the invariant o-field Z on Q (and

identically for Q(x) for any x € S): : )
d.tailinv

Definition 9.21. A € T if and only if
(i) A is Borel-measurable.

(ii) y € A, yzz = z € A, i, Ais aunion of tail equivalence classes.

A €T if and only if
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(i) A is Borel-measurable.
(ii) y € A, yr{z = z € A, i.e., Ais a union of invariant equivalence classes.

Definition 9.22. A function F : Q — R s called a tail function if it is T-measureable (i.e., F is
Borel measureable and yzz implies F(y) = F(z)). Similarly, F is called an invariant function if it is

T-measureable.

Of course, being an invariant function is a stronger condition than being a tail function. A key example
of strict inequality is simple random walk on a bipartite graph G(V, E) with parts V' = V; U V4: the event
A = {ya, € Vi for all n} is in the tail field but is not invariant.

It is also important to notice that although the jumps in the Markov chain are independent, Kol-
mogorov’s 0-1 law does not say that tail or invariant functions are always trivial, since the y,’s themselves
are not independent. For instance, if the chain has three states, {0, 1,2}, where 1 and 2 are absorbing, and
p(0,i) = 1/3 for all 4, then B = {y,, = 1 eventually} is an invariant event, with Po[B] = 1/2.

Call two tail or invariant functions f, g : 2 — R equivalent if P,[f = g] = 1 for any € S. Accordingly,
we say that 7 or Z is trivial if for any € S and any event A in the o-field, P,[A] € {0,1}. Note that if
we consider only the measures P, then the distinction between 7 and Z in the above example of simple
random walk on a bipartite graph disappears: for 2 € Vj, we have P, [ A] = 1, hence a P -measure zero
set can be added to A to put it into Z, while for x € V5, we have P,[ A] = 0, hence a P -measure zero set
can be subtracted from A to put it into Z. The following theorem shows that for SRW on groups, a similar

collapse always happens; on the other hand, the exercise afterwards shows that this is not a triviality.

Theorem 9.23. For simple random walk on a finitely generated group, with starting point x € T', the tail

and invariant o-fields up to T and T coincide up to P,-measure zero sets.

Exercise 9.17. Give an example of a graph G = (V, E) and a vertex x € V such that for simple random

walk started at x, the o-fields T and T are not the same up to Py-measure zero sets.

The proof of Theorem relies on the following result, whose proof we omit, although the Reader is
invited to think about it a little bit:

Theorem 9.24 (Derriennic’s 0-2 law [Der76]). For SRW on a finitely generated group, for any k € N,

2 for alln, or

n n+k)

" = "y = 2dry (u™, 1 =

o(l) asn— 0.

Exercise 9.18. Prove Theorem [9.23 from Theorem[9.27] .

We now have the following connection between the invariant o-field and bounded harmonic functions
for arbitrary Markov chains on a state space S. In some sense, it is a generalization of Theorem .10, which
roughly said that if there is one possible limiting behavior of a Markov chain, then there are only trivial

bounded harmonic functions.

Theorem 9.25. There is an invertible correspondence between bounded harmonic functions on S and

equivalence classes of bounded invariant functions on €2 .
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Proof. Let f:Q — R be an invariant function representing an equivalence class, then the corresponding
harmonic function v : § — R is
’LL((E) = wa(Xf)u X17 .. ) )

where E, is the expectation operator with respect to P,. From the other direction, let v : S — R
be harmonic, then the corresponding equivalence class is the one represented by the invariant function

f:Q — R defined by
f(yo,y1,...) =limsupu(y,) .

n—r00

We now prove this correspondence is invertible. For one direction, let u : S — R; we need to show
u(z) = E;limsup u(X,,).

This follows easily from the fact that u(X,,) is a bounded martingale, and so by the Martingale Convergence
Theorem and the Dominated Convergence Theorem, we have that E, limsup u(X,,) = E,(u(Xo)) =

For the other direction, let f : @ — R be invariant and represent an equivalence class, then we need

to prove that for any x € § the following equality holds P -a.s.:

fyo,y1,...) =limsupE,, f(Xo,X1,...).

n—oo

In words, for almost every random walk trajectory {y,} started from yo = x, the end-result is well-
approximated by the average end-result of a new random walk started at a large y,,. Indeed, for any x € S
we have by Lévy’s 0-1 law Theorem [0.19 that P,-a.s.

f(yanlv'-'):HILH;OEI{f(yO;'"7yn7X’n.+1;"')’XO:yOa"'vX’n.:yn:|a

but since f is an invariant function,

E, [f(yo, s Xty ) ‘XO — s Xy = yn} —E, f(Xo,X1....),
and we are done. O

By looking at indicators of invariant events, we get the following immediate important consequence, a

much more general version of the (I) <= (H) equivalence in Theorem [@.117

Corollary 9.26. The invariant o-field of € is trivial if and only if all bounded harmonic functions on S

are constant.

The invariant o-field of a Markov chain (or equivalently, the space of bounded harmonic functions)
is called the Poisson boundary. We can already see why it is a boundary: it is the space of possible
different behaviours of the Markov chain trajectories at infinity. The name Poisson comes from the following
analogue.

If U C C is the open unit disk, and f : 9U — R is a bounded Lebesgue-measurable function, then we

can define its harmonic extension f : U — R by the Poisson formula
1 2
+ 1— ||
= ————f(0)do
/() /0 6270 — ;]2 f(0)de,
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which is nothing else but integration against the harmonic measure from z, i.e., E, f(7), where 7 is the
first hitting time of OU by Brownian motion in U. That is, OU plays the role of the Poisson boundary for
Brownian motion on U.

This analogy between random walks on groups and complex analysis can be made even closer by equip-
ping U with the hyperbolic metric, then thinking of this hyperbolic plane as SL2(R)/SO(2), via the Mébius
transformations of the upper half plane model, as around (3.3). Now, harmonic measure on OU w.r.t. hy-
perbolic Brownian motion is the same as w.r.t. the Euclidean one, except that the hyperbolic BM never hits
the ideal boundary 0U, only converges to it. It turns out that simple random walk on cocompact discrete
subgroups of PSLy(R) (equivalently, on hyperbolic tilings) approximates well this hyperbolic Brownian
motion w.r.t. harmonic measure, hence the Poisson boundary of these groups can be realized geometrically
as OU. This is true in much greater generality: the Poisson boundary of Gromov-hyperbolic groups can be

naturally identified with their usual topological Gromov-boundary [Kai00).

9.5 The Poisson boundary and entropy. The importance of group-invariance

We now prove the (E) <= (I) part of Theorem [0.I7 in a more general form: for arbitrary finite entropy

measures instead of just symmetric finitely supported ones.

Theorem 9.27 ([KaiV83|). For any countable group I' and a measure p on it with finite entropy H (1) < oo,
the Poisson boundary of u is trivial iff the asymptotic entropy vanishes, h(p) = 0.

Proof. We will need the notion of conditional entropy: if X and Y are two variables on the same
probability space, taking values in some countable sets, then the conditional entropy H (X |Y) is the

expected entropy of the conditioned variable X, given Y:

H(X|Y) =Y P[Y =y]- (—ZP[X—x|Y—y1logP[X—x|Y—y1>

=Y PX=zY-= y](logP[X —2,Y =y] —logP[Y :y])

=H(X,Y)—-H(Y).
In particular,
H(X,Y) < H(X)+ H(Y), (9.7)
with equality if and only if X and Y are independent.
With this definition, using the notation x; = y,_ 11yi for i > 1 on the trajectory space (yo), from

.. n—k(,,—1
P, [ X =y fori=1,... k| Xo=ya] = p(@1) - p(we) " (Y yn) 9.8)
1™ (Yn)
we easily get
H(Xqy,..., X | Xp) =kh1+ hp— — hy, (9.9)

where h; := H(u') = H(X;). Now notice that Markovianity implies that H(Xy,..., X | Xp, Xpi1) =
H(X1,..., Xk | Xn), and (@7 implies that H(X1,..., Xy | Xp, Xni1) < H(X1,..., Xk | Xng1). Com-
bined with the k = 1 case of (@.9), we get that

hn - hn—l > hn+1 - hn .

101

{ss.PoiEnt}

{t.PoiEnt}

{e.Hjoint}

{e.9}

{e.7}



From this and the definition of h(u), we get that h,1 — h,, decreases monotonically to h(u).
Now, take the limit n — oo in (@) to get

s (9.10)
= H(Xla' 7Xk) - kh’(:u)a

where H(Xy,...,X;) = kH(pn) = khy is similar to (@8). Note that, in particular, we get the following

formula for the asymptotic entropy:
h(p) = H(X1) = lim H(Xy | Xp). (9.11)

By (@), we can reinterpret (@.I0) as follows: h(u) = 0 iff (X7, ..., X}) is asymptotically independent
of X,, for all k& > 1, under any P,,. Note that, for any event A € T, we have by Lévy’s 0-1 law
(Theorem [0.19) that lim, oo Py [A| X, ] = Py,[A]. Since, conditioned on X,, the tail event A is
independent of (Xi,...,Xy), the asymptotic independence of (X7,...,Xx) from X,, implies that A is
independent of (X1,...,Xx). So, by Kolmogorov’s 0-1 law (Theorem [020)), the tail o-field T is trivial.
Vice versa, if T is trivial, then (X1,..., X}) must be asymptotically independent of X,,, hence h(u) = 0.
Recall now from Theorem that for SRW on groups, 7 = Z up to P, -measure zero sets, and we are
done. O

In the above proof, and hence in the equivalence between positive speed and the non-Liouville property,
it is important for the walk to be group-invariant, as shown by the following example, a non-amenable
bounded degree graph that has positive speed and entropy, but has the Liouville property and triv-
ial Poisson boundary. The main place where the above proof breaks down is in ([O.8]), where we wrote
P X, =yn | Xk =yk] = 1" *(y; 'yn), and hence got h,_j, instead of H(X,, | X}) in (@3).

Example: a non-amenable Liouville graph [BenK10]. Take an infinite binary tree, and on the vertex
set of each level L, place a 3-regular expander. Clearly, simple random walk on this graph G = (V| E)
has positive speed (namely, 2/6 — 1/6 = 1/6) and positive entropy (after n steps, the walk is close to level
n/6 with huge probability, and given that this level is k, the distribution is uniform on this set of size 2¥).
However, this graph is Liouville. The main idea is that the expanders mix the random walk fast enough
within the levels, so that there can never be a specific direction of escape. Here is the outline of the actual
argument.

Let h : V. — R be a bounded harmonic function. Let u,v € V, and let v} denote the harmonic
measure on level L, of simple random walk (i.e., the distribution of the first vertex hit), for n larger than

the level of u. Then, by the Optional Stopping Theorem (see Section [G.3)), for all large n,

h(u) — h(v) = Z hw) (v (w) — v (w)) < maxh(x)2dry (v, v,).
rcG
weLy,
So, we need to show that the total variation distance between the harmonic measures converges to zero. The
idea for this is that when first getting from L,, to L, 1, the walk with positive probability makes at least
one step inside the expander on L, delivering some strict contractive effect in the L2-norm. (All LP norms

are understood w.r.t. the uniform probability measure on L,,.) It is also not hard to show that moving in
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the other directions are at least non-expanding. Formally, define the operator T}, : L?(L,) — L*(Ly11)
by
Tod(y) =2 Y da)vi i (y),

z€L,

where the factor 2 = |L,41|/|Ly| ensures that T,,1 = 1, and, in fact, one can show that ||T,]1—1 < 1 and
1T | co—s00 < 1, so, by the Riesz-Thorin interpolation theorem, also || T, |22 < 1. Then, by looking at
the possible first steps of the walk before hitting L,, 1, we can write T,, as a weighted sum of composition
of other operators, all with L?-norm at most 1, while the one encoding the step within L,, is a strict
L2-contraction on functions orthogonal to constants. Altogether, we get that for any function ¢ € L?(L,,)
with >0 o7 ¢(x) = 0, we have || T,¢[[2 < (1 —c)| ¢||2 with some ¢ > 0. This implies that f; := 2"y} —1 =
ToTy1 - Tiy1(2%6, — 1), where u € Ly, satisfies || f%||2 — 0 as n — oco. This also easily implies that

2drv (v, vn) < Ifall + I fall =0,
and we are done. O

A key motivation for [BenK10] was the following conjecture:

Exercise 9.19 (Itai Benjamini). *** Show that there erists no infinite expander: this would be a
bounded degree infinite graph such that every ball B, (x) around every vertex x is itself an expander, with
a uniform Cheeger constant ¢ > 0.

Show at least that this property is invariant under quasi-isometries, or at least independent of the choice

of a finite generating set of a group.

Note that the graph in the above example has expander balls around the root of the binary tree. One
may hope that the above proof could be generalized to show that simple random walk on an infinite
expander would always have trivial Poisson boundary, and thus this could not be a Cayley graph, at least.
However, such a generalization seems problematic. It is important in this proof that the harmonic measure
from the root on the levels L, is uniform; in fact, if we start a random walk uniformly at x € L,,, then
the averaged harmonic measure on L, 1 is uniform again. Formally, this is used in proving ||T,|/co—o00 < 1
w.r.t. the uniform measures on the levels. Without this uniformity, say, if we place expanders on the levels
on an irregular infinite tree, one could work with non-uniform measures on the levels in the definition of
the operators T, or in the operator norms, and still could have ||T,,||2 < 1 for all n. However, the expanders
on the levels are expanders w.r.t. uniform measure, and if the harmonic measure on a level is concentrated
on a very small subset, then the walk might not feel the contractive effect in the horizontal direction. See,

e.g., the following exercise.

Exercise 9.20 ([BenK10]).* Consider an imbalanced binary tree: from each vertex, put a double edge to
the right child and a single edge to the left child. Then place a reqular expander on each level in a way that

the resulting graph has a non-trivial Poisson boundary.
This issue calls for the following question:

Exercise 9.21. *** Does every finitely generated group have a generating set in which the harmonic

measures vy on the spheres L, := Bg’Bn(o) are roughly uniform in the sense that there exist 0 < ¢,C < oo
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such that for each n there is U, C Ly, with v3(Uy,) > ¢ and ¢ < v (x)/vo(y) < C for all z,y € U, ? This

is very similar to Vershik’s question, Fxercise [910.

An affirmative answer to this question, together with an affirmative answer to the question of invariance
of the infinite expander property under a change of generators would give a proof of Benjamini’s conjecture,
Exercise[@.19] for Cayley graphs. On the other hand, one could try to find counterexamples to Exercises[@.21]
and among non-amenable torsion groups, say (see Section [[5.2)).

9.6 Unbounded measures

There are a lot of nice results showing that there are good reasons for leaving sometimes our usual world
of finitely supported measures.

The following two theorems from [KaiV83] make a direct connection between non-trivial Poisson bound-
ary and non-amenability. Recall that a measure p on a group I' with unit element e is called aperiodic if

the largest common divisor of the set {n : u"(e) > 0} is 1.

Theorem 9.28. For any aperiodic measure i whose (not necessarily finite) support generates the group
T', the Poisson boundary of w is trivial if and only if the convolutions u™ converge weakly to a left-invariant
mean on L>(T"), see Definition[5.4} i.e., if for any bounded function f : T — R and any g € T, we have

Y wer (W (x) — p"(g7 ) f(z) = 0.

{ss.unbound}

{t.PoissonMean

Proof. Note that weak convergence to a left-invariant mean is a bit weaker than the condition dpv (1™ (-), p™(g~*)) —

0 that we used in the coupling proofs of Section[@.2l Nevertheless, it still implies a trivial Poisson boundary:
if f is any bounded harmonic function, then f(g) = > pn(97 @) f(x) for any n € N, and subtracting
from this the g = e case and letting n — oo, we get that f(g) = f(e), for any g € T.

On the other hand, in the proof of Theorem [0.27] we saw that a trivial Poisson boundary implies that
P.[ X1 =g¢g| X, ] converges to u(g) for almost every trajectory Xo, Xi,.... Thus, for any g € supp u, we

have S

=1 almost surely.
n—o0 ﬂn(Xn)

If p is aperiodic, then by passing to a large enough convolution power we may assume that p(e) > 0.

Taking g = e in the displayed formula, we get that

n—1 X
lim B 2n) (Xn)

=1 almost surely.

Comparing the two displayed formulas, for g € supp p,

n—1¢,—1 n—1/¢,—1 n(,—1
Lo i P X) e X)L i X

almost surely,
n—oe i (Xy) n—oo T H(Xy,) n—oo p™(Xy)

where we got the last equality by changing the index n to n + 1 and conditioning on the last step to be
X, = Xn41, an event of positive probability. This implies that, for any € > 0,

n(,—1
u"{xefz‘l—w‘>e}—>0
()

for any g € supp p. Since supp p generates I', we obtain the desired convergence to an invariant mean. [
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The previous theorem immediately implies that on a non-amenable group any non-degenerate y has non-
trivial Poisson boundary. (For symmetric finitely supported measures we knew this from Proposition [@.3])
Conversely, Theorem [0.28] can also be used to produce a symmetric measure with trivial Poisson boundary
in any amenable group. The idea is to take an average of the uniform measures on larger and larger Fglner

sets. This establishes the following result, conjectured by Furstenberg.

Theorem 9.29. A group I is amenable iff there is a measure u supported on the entire I' whose Poisson

boundary is trivial.

In this theorem, the support of the measure p that shows amenability might indeed need to be large:
it is shown in Theorem 3.1] that, on the lamplighter groups Zs ¢ Z? with d > 3, any measure with
finite entropy has non-trivial Poisson boundary.

For non-amenable groups, the theorem says that positive speed cannot be ruined by strange large
generating sets. Can the spectral radius being less than 1 be ruined? It turns out that there exist
non-amenable groups where the spectral radius of finite symmetric walks can be arbitrary close to 1
[Osi02] [ATBLRSV05], hence T expect that an infinite support can produce a spectral radius 1.

Exercise 9.22.** Can there exist a symmetric measure p whose infinite support generates a finitely

generated non-amenable group T' such that the spectral radius is p(p) = 1¢

We have already mentioned the Choquet-Deny theorem [ChoD6()], saying that any irreducible measure
on any Abelian group has the Liouville property. How small does a group have to be for this to remain

true? Raugi found a very simple proof of the Choquet-Deny theorem, and extended it to nilpotent groups:

Theorem 9.30 ([Rau04]). For any probability measure p on a countable nilpotent group T’ that generates

the entire group, the associated Poisson boundary is trivial.

Proof for the Abelian case. Let h : ' — R be a bounded harmonic function, 77,75, ... independent steps
w.r.t. 4, and X,, = Xg+ 711 + --- + T}, the random walk. For all n > 1, define

U (2) : = B (h(Xn) = h(Xn1))"]

= Z (h(a:+t1+---+tn)—h(x+t1+---+tn,1))2u(t1)---u(tn).
t1,..,tn €l

Now, for n > 2,

n () = E[Ez [(h(X0) = h(Xn 1))* | Tay..., T ] }

> E[ (Ez [ hX,) — h(Xn-1) ‘ To, ... ,TnDQ} by Jensen or Cauchy-Schwarz
= E[ (h(x + T4+ T) —hz+To+ -+ Tn,l))ﬂ by harmonicity and commutativity
= E, [ (W(Xn-1) = h(Xp-2))"] = un_1(2).

On the other hand, un(z) = E;[h(X,)?*] — E;[h(X,-1)?] by the orthogonality of martingale in-
crements (Pythagoras for martingales), hence Y0, u,(z) = E.[h(Xn)?] — h(Xo)® This is a sum of
non-decreasing non-negative terms that remains bounded as N — oo, hence all the terms must be zero,

which means that h is constant along any possible trajectory and hence on the entire group. O
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We know from the entropy criterion for the Poisson boundary that a finitely supported measure on
any group with subexponential growth has trivial boundary. On the other hand, Anna Erschler proved in
[Ers04b] that there exist a group with subexponential growth (an example of Grigorchuk, see Section [[5.]))
and some infinitely supported measure on it with finite entropy that has a non-trivial Poisson boundary.

The following question from [KaiV83] is still open: Is it true that on any group of exponential growth
there is a p with non-trivial Poisson boundary? For solvable groups, this was shown (with symmetric p
with finite entropy) in [ErsO4a, Theorem 4.1]. On the other hand, Bartholdi and Erschler have recently
shown that there exists a group of exponential growth on which any finitely supported u has a trivial

boundary .

10 Growth of groups, of harmonic functions and of random walks

10.1 A proof of Gromov’s theorem

We now switch to the theorem characterizing groups of polynomial growth due to Gromov [Gro81] and give
a brief sketch of the new proof due to Kleiner [KIeI(], also using ingredients and insights from [LeeP(09]
and [TaoI0]. In fact, [Taol0] contains a self-contained and mostly elementary proof of Gromov’s theorem.

We will borrow some parts of the presentation there.

Theorem 10.1 (Gromov’s theorem [Gro81]). A finitely generated group has polynomial growth if and only

if it is virtually nilpotent.

We have already proved the “if” direction, in Theorem [A12l For the harder “only if” direction, we will
need several facts which we provide here without proper proofs but at least with a sketch of their main

ideas. The first ingredient is the following:

Theorem 10.2 ([CoIM97], [KIe10]). For fized positive integers d and € there exists some constant f(d, (),
such that for any Cayley graph G of any finitely generated group T' of polynomial growth with degree < d,
the space of harmonic functions on G with growth degree < ¢ has dimension < f(d,£) (so in particular is

finite-dimensional).

For a tiny bit of intuition to start with, recall Exercise [0.4] saying that sublinear harmonic functions
on Z% are constant. But there, in the coupling proof, we used the product structure of Z¢ heavily, while
here we do not have any algebraic information — this is exactly the point. The Colding-Minicozzi proof

used Gromov’s theorem, so it was not good enough for Kleiner’s purposes, but it did motivate his proof.

Sketch of proof of Theorem[10.2. We give Kleiner’s proof for the case when the Cayley graph satisfies the
so-called doubling condition: there is an absolute constant D < oo such that |[B(2R)| < D|B(R)| for any
radius R. This does not follow easily from being a group of polynomial growth, so this is an annoying but

important technicality all along Kleiner’s proof. Now, the key lemma is the following:

Lemma 10.3. Cover the ball Bg by balls B* of radius eR, and suppose that a harmonic function f : G —
R has mean zero on each B'. Then ||f|le25m) < Cellflle(Ban)-
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Proof. Shrink each B by a factor of two, and take a maximal subset of them in which all of them are
disjoint. Then the corresponding original balls B? still cover Bg. Let the set of these B’s be B. Enlarge
now each B € B by a factor of three. We claim that each point in Bsg is covered by at most some D’
of these 3B%’s. This is because of the doubling property: if there were more than D’ of them covering a
point z, then Bs 5. (x) would contain D’ disjoint balls B*/2, so we would have D'|B.g/s| < |Bs.5cr|, which
cannot be for large enough D’.

Now apply Saloff-Coste’s Poincaré inequality Exercise to each B?, sum over the B%s, use the

existence of D', then apply the reverse Poincaré inequality Exercise to Bap to get

S IF@P <Y Y If@P <o) er* > > |V

rEBR BieBxzeBt BieBxze3B?
<O)ER? Y Vi@ <o) Y If@),
r€B2R zEB4R
which proves the lemma. |

This lemma implies that by imposing relatively few constraints on a harmonic function we can make it
grow quite rapidly. To finish the proof of Theorem [[0.2] the idea is that if we take a vector space spanned
by many independent harmonic functions, then this lemma implies that some of the functions in this space
would grow quickly. So, the space of harmonic functions with moderate growth cannot be large. To realize

this idea, the trick is to consider the Gram determinant

det ((us, uj)fz(BR))z]‘szl ;
where {u; : ¢ = 1,..., N} is a basis for the harmonic function of growth degree < ¢ such that {u; : 1 <
i < M} span the subspace where the mean on each B® € B is zero. This determinant is the squared
volume of the parallelepiped spanned by the u;’s. Now, on one hand, obviously ||uille2(pr) < |[wille2(Bag)
for all 4, while, for 1 < i < M = N — |B|, we also have ||ul|¢2(5,) < C€lluillez(p,,) by Lemma 0.3
By the construction of B and the doubling property, |B| = O(e). Altogether, the squared volume of the
parallelepiped is

N —_O(e N
det ((ul,’u])gz(BR)) < O(e 2)N 09 det ((ui,uj)p(gm)).

7,7=1

< O(EQ)N—O(e) 0o(1) 4942 det ((Ui7uj)f2(B4R))N

i1 by the growth conditions

det ((ui,uj)gz(BR))jvjzl if € is small and N is large .

DN | =

This means that the determinant is zero for all R whenever N is larger than some f(d,¢). This proves
Theorem M0.21 0O

The second ingredient for the proof of Gromov’s theorem is complementary to the previous one: it
will imply that for groups of polynomial growth there do exist non-trivial harmonic functions of moderate
growth. Combining the two ingredients, we will be able to construct a non-trivial representation of our

group over a finite-dimensional vector space, and then use the better understanding of linear groups.

Theorem 10.4 ([Mok95], [KorS97], [Kle10], [LeeP09], [ShaT09]). Let T be a finitely generated group with-

out Kazhdan’s property (T); in particular, anything amenable is fine. Then there exists an isometric (linear)
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action of I' on some real Hilbert space H without fized points and a non-constant I'-equivariant harmonic
function U : T' — H. FEquivariance means that ¥(gh) = g(V(h)) for all g,h € T, and harmonicity is

understood w.r.t. some symmetric finite generating set.

The first three of the five proofs listed above use ultrafilters to obtain a limit of almost harmonic
functions into different Hilbert spaces. The last two proofs are constructive and quite similar to each other
(done independently), inspired by random walks on amenable groups. We will briefly discuss now the proof
of Lee and Peres [LeeP09).

Let us focus on the amenable case. (The trick for the general non-Kazhdan case is to consider the right
Hilbert space action instead of the regular representation on £2(T') that is so closely related to random

walks.) Tt works for all amenable transitive graphs, not only for groups. The key lemma is the following:

Lemma 10.5. For simple random walk on any transitive amenable graph G(V, E), we have

T =Pyl?
pEL2(V) (gp, (I - P)cp)

As we have seen in Theorem [3] and Lemma [Z2] both ||(I — P)g||?/||¢[|* and (¢, (I — P)¢)/|l¢|? are
small if we take ¢ to be the indicator function 14 of a large Fglner set A C V. But the lemma concerns
the ratio of these two quantities, which would be of constant order for typical Fglner indicator functions
14. Instead, the right functions to take will be the smoothened out versions Zf:_ol Pil(x) = Em‘{() <

1<k—-1:X; € A}‘, which are some truncated Green’s functions.

Exercise 10.1.

(a) Show that if (V, P) is transient or null-recurrent, then P'f — 0 pointwise for any f € ¢*(V).
(b) Let pr, = @i(f) == Ef:_ol Pif. Show that ¢ (ek, f) — 0.

(c) Show that |(T — P)gxll? < 4|1 and (91, (I — P)px) = (25 — o, 1)-

Exercise 10.2.* Show that if ||(I — P)f||/|If]l < @ is small (e.g., for the indicator function of a large
Folner set), then there is a k € N such that (2¢i(f) — 2r(f), f) = L(0) is large. (Hint: first show that
there is an € such that (we(f), f) is large, then use part (b) of the previous exercise.)

The combination of Exercise [0 (¢) and Exercise proves Lemma Let us note that the
proof would have looked much simpler if we had worked with ¢ = ¢uo(f) = Yoy Pif, with f = 14
for a large Folner set A. Namely, we would have (I — P)p = 14, hence ||(I — P)p|* = |A|, while
(o, (I = P)p) = > cap(x) = r(|A] — d"|0{? A]) for any given r, where G is d-regular, since we stay in A
for at least r steps of the walk if we start at least distance r away from the boundary. The above identity
and the inequality together give the required small ratio in Lemma However, we would need to
prove here that this ¢ exists (which is just transience) and is in £2(V'), which is in fact true whenever the
volume growth of GG is at least degree 5, but it is not clear how to show that without relying on Gromov’s
polynomial growth theorem, which we obviously want to avoid here.

We now want to prove Theorem [[0.4] for the amenable case. Choose a sequence 9; € ¢2(I') giving the
infimum 0 in Lemma [0 and define ¥, : G — ¢*(T) by

Yi(g~ ') '
V205 (T = Py

Vj(x): g
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These are clearly equivariant functions on I'. It is easy to see that

> ple )| V() = )lIP =1 (10.1)

yel

for every z € I', and

H\Ifj(ac) - Zp(x,y)\lfj(y)HZ) =3 1= Py | -0, (10.2)

yel (1/13" (I - P)d}j)
as j — oo. Using ([0, the ¥,’s are uniformly Lipschitz, and by (I0.2), they are almost harmonic.

Then one can use a compactness argument to extract a limit, a harmonic equivariant function that is

non-constant because of (I0.T]). This finishes the construction.

As the final ingredient for Gromov’s theorem, here is what we mean by linear groups being better

understood:

Theorem 10.6 (Tits’ alternative [Tit72]). Any finitely generated linear group (i.e., a subgroup of some

GL(n,T)) is either almost solvable or contains a subgroup isomorphic to Fs.

Actually, the special case of a finitely generated subgroup of a compact linear Lie group H C GL(n,C)
will suffice for us, which is already a statement that can be proved in a quite elementary way, as I learnt
from [TaolQ]. First of all, H is isomorphic to a subgroup of U(n), since any inner product on C" can
be averaged by the Haar measure of H to get an H-invariant inner product on C”, thereby H becoming
a subgroup of the unitary group associated to this inner product. Then, the key observation is that if

g,h € U(n) are close to the identity (in the operator norm), then their commutator is even closer:

g, h] — 1”0;0 = |lgh — hg”Op
=[(g—1D)(h—1)=(h=1)(g — 1llop (10.3)
<2|g— 1||0p A — 1H0pa

where the first line used that g, h are unitary and the last line is by the triangle inequality. Using this, one
can already easily believe Jordan’s theorem: any finite subgroup I' of U(n) contains an Abelian subgroup
I' of index at most C,,. Why? The elements I'c of I' lying in a small enough e-neighbourhood of the
identity will generate a good candidate for I'*: the finite index comes from the compactness of U(n) and
the positivity of €, while a good amount of commutativity comes from taking the element g of I'. closest to
the identity, and then using (I03]) to show that [g,h] = 1 for any h € T'. Then one can use some sort of
induction. Similarly to this and to the proof of Proposition [£.9] one can prove that any finitely generated

subgroup of U(n) of subexponential growth is almost Abelian.

Proof of Gromouv’s Theorem [I0.1. We now use these facts to give a proof of the “only if” direction, by
induction on the growth degree of I'. The base case is clear: groups of growth degree 0 are precisely the
finite ones, and they are almost nilpotent, since the trivial group is nilpotent. Suppose we already proved
the result for groups of degree < d — 1, and let I be finitely generated of polynomial growth with degree
< d. T is amenable, hence from Theorem [[0.4] we have a non-trivial equivariant harmonic embedding
into a real Hilbert space H. It is Lipschitz, because ¢(gs) — ¥(g) = g(¥(s) — 1(e)). Let V be the vector

space of harmonic real-valued Lipschitz functions on I' — it is finite dimensional by Theorem [[0.2l Since
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1 : G — H is non-constant, there is a bounded linear functional 7 : H — R such that ¢y :=mop € V
is a non-constant harmonic function on I'. This ¢ cannot attain its maximum by the maximum principle,
so it takes infinitely many values.

Now, I acts on V via g : u — u,, where u,(z) = u(g~x). Moreover, it preserves the Lipschitz norm,
and also acts on the vector space W = V/C, where u(z) ~ u(x) + ¢ for any ¢ € C. On W, the Lipschitz
norm is a genuine norm, and on a finite dimensional vector space any two norms are equivalent (up to
constant factor bounds), hence the action of I' preserves a Euclidean structure up to constant factors.
Thus, we get a representation p : I' — GL(W) with a precompact image. This image is infinite, because
by applying elements of I we can get infinitely many different functions from . So, the group B = Imp
is finitely generated, infinite, and of polynomial growth, inside a compact Lie group, so by the compact Lie
case of the Tits alternative Theorem [[0.6] it is almost solvable (and, in fact, almost Abelian, but let us use
only solvability). Let Ay = A be the finite index solvable subgroup of B, and Ay = [Ax_1, Ax—1]. Since
A is infinite and solvable, there is a smallest index ¢ such that A, has infinite index in A;_;. Then Ay_4
has finite index in B, so I'; := p~*(A4y_1) has finite index in T, so is also finitely generated of polynomial
growth with degree < d, by Corollary B8 It is enough to show that I'; is almost nilpotent. The group
Ap_1/Ay is Abelian, infinite and finitely generated, hence it can be projected onto Z. So, we get a projection

¥ : Ay_1 — 7Z, and then an exact sequence
1— N —1I4 M Z — 1.

We now apply the results of Section by Proposition 9, N is finitely generated and of polynomial
growth with degree < d—1, so, it is almost nilpotent by the inductive assumption. Then, by Proposition[4.8]

T'y is almost nilpotent. O

This proof was made as quantitative as possible [ShaT09]; one of the many kinds of things that Terry
Tao likes to do. In particular, they showed that there is some small ¢ > 0 such that a |B(R)| < Re(loglog B)°
volume growth implies almost nilpotency and hence polynomial growth. This is the best result to date

towards verifying the conjectured gap between polynomial and exp(cy/n) volume growth.

We will see in Chapter [16] that there are transitive graphs that are very different from Cayley graphs:
not quasi-isometric to any of them. But this does not happen in the polynomial growth regime: there is
an extension of Gromov’s theorem by [Tro85] and [Los87], see also [WoeO(, Theorem 5.11], that any quasi-
transitive graph of polynomial growth is quasi-isometric to some Cayley graph (of an almost nilpotent

group, of course). In particular, it has a well-defined integer growth degree.

10.2 Random walks on groups are at least diffusive

We have seen that non-amenability implies positive speed of escape. However, we may ask for other rates

of escape.

Exercise 10.3. Using the results seen for return probabilities in Chapter[8, show that:

(a) Any group with polynomial growth satisfies E[d(Xo, Xn)| > c/n. (Notice that this is sharp for Z2,
d > 1, using the Central Limit Theorem.)

(b) If the group has exponential growth, then E[d(Xo, X,)] > ent/3.
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Although it may seem that a random walk on a group with exponential growth should be further away
from the origin than on a group with polynomial growth, the walk with exponential growth also has more
places to go which are not actually further away, or in other words, it is more spread-out than random
walk on a group with polynomial growth. Moreover, there can be many dead ends in the Cayley graph:
vertices from which all steps take us closer to the origin. Therefore, it is not at all obvious that the rate of

escape is at least cy/n on any group, and this was in fact unknown for quite a while.

Exercise 10.4 (Anna Erschler). Using the equivariant harmonic function ¥ into a Hilbert space H claimed
to exist for any amenable group in Theorem [10.7], show that

E[d(Xo, X,)*] > c-n,

which is slightly weaker than the rate c\/n for the expectation in the previous exercise. Hint: If M, is mar-
tingale in H, then E[ || M, — Mo|?] = 320 E[ | Myt1 — My||?], a Pythagorean Theorem for martingales

(the orthogonality of martingale incremements) in Hilbert spaces.

If we want to improve the linear bound on the second moment to a square root bound on the first
moment, we need to show that d(Xy, X,,) is somewhat concentrated. One way to do that is to show that

higher moments do not grow rapidly.

Exercise 10.5.* Show that E[[|V(X,) — ¥(Xo)||*] < Cn?, using the orthogonality of martingale incre-
mements. Then deduce that E[d(Xo, X,)]| > cy/n. (This improvement is due to Bdlint Virdg. Hint: do

not be afraid to consider the time-reversal of the random walk when you need to condition on the future.)
Even stronger concentration is true:

Theorem 10.7 (James Lee and Yuval Peres [LeeP09]). There is an absolute constant C' < oo such that,

for SRW on any amenable transitive d-reqular graph, for any € >0 and all n > 1/€, we have

n

%ZP[d(XO,Xk) < ey/nfd] < Ce.
k=0
Let us point out that one does not really need an actual harmonic Lipschitz embedding of the tran-
sitive amenable graph G into Hilbert space to bound the rate of escape from below, but can use the
approximate harmonic functions ¢oo(14) or ¢i(14) for large Folner sets A directly, and get quantitative
bounds: E[d(Xo, X,,)?] > n/d, where G is d-regular. There is a similar bound for finite transitive graphs:
E[d(Xo,X,)?] > n/(2d) for all n < 1/(1 — A2), where )\ is the second largest eigenvalue of G. See

[LeeP09).

Exercise 10.6.** The tail of the first return time: is it true that P.[r,” > n] > ¢/\/n for all groups?
(This was a question from Alex Bloemendal in class, and I did not know how hard it was. Later this turned

out to be a recent theorem of Ori Gurel-Gurevich and Asaf Nachmias.)
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11 Harmonic Dirichlet functions and Uniform Spanning Forests

11.1 Harmonic Dirichlet functions

Recall that the Dirichlet energy for functions f : V(G) — R is defined as >, _, [f(z) — f(y)]?. We have
seen that the question whether there are non-constant bounded harmonic functions is interesting. It is
equally interesting whether a graph has non-constant harmonic Dirichlet functions (i.e., harmonic functions
with finite Dirichlet energy, denoted by HD(G) from now on). This is not to be confused with our earlier
result that there is a finite energy flow from x to oo iff the network is transient: such a flow gives a harmonic
function only off x. Note, however, that the difference of two different finite energy flows from = with the
same inflow at x is a non-constant harmonic Dirichlet function, hence the non-existence of non-constant
HD functions is equivalent to a certain uniqueness of currents in the graph. We will explain this more in a
later version of these notes, but, very briefly, the non-trivial harmonic Dirichlet functions lie between the
“extremal” currents, the free and wired ones. This connection was first noted by [Doy88]. See [LyPer14l

Chapter 9] for a complete account.

The property of having non-constant HD functions (i.e., HD > R) is a quasi-isometry invariant, which
is due to Soardi (1993), and can be proved somewhat similarly to Kanai’s Theorem [E.11l Thus we can talk
about a group having HD > R or not.

In amenable groups, all harmonic Dirichlet functions are constants, HD = R. One proof is by [BLPS01],

using uniform spanning forests, see the next section.
Exercise 11.1. The free groups Fy, with k > 2 have HD > R.

Exercise 11.2.* Any non-amenable group with at least two ends (and hence with a continuum of ends,

by Stallings’ Theorem[Z3) has HD > R.

Although hyperbolic planar tilings are not quasi-isometric to regular trees, being a non-amenable planar

graph is a good indication for having HD > R:

Theorem 11.1 (He-Schramm [HeS95], Benjamini-Schramm [BenS96al, BenS96b]). For any locally finite

infinite triangulated planar graph, there exists a circle packing representation, i.e., the vertices are repre-
sented by disks, and edges are represented by two disks touching. In such a circle packing representation,
the union of the triangular faces is either the entire plane, in which case the graph is recurrent, or it is
a domain conformally equivalent to a disk, in which case the graph is transient. If the case is the latter

(conformally equivalent to a disk), then HD > R.

For the circle packing representation, see the original paper [HeS95] or [Woe00, Section 6.D]. For the
HD results, see the papers or |[LyPer14 Sections 9.3 and 9.4].

It is worth mentioning another theorem which shows where Kazhdan groups fits.
Theorem 11.2 ([BekV97]). If T is a Kazhdan group, then HD = R for any Cayley graph.

As HD is a vector space, we can try to compute its dimension. Of course, when HD > R, this dimension
is infinite, due to the action of I" on the Cayley graph. But there is a notion, the von Neumann dimension
of Hilbert spaces with group action, denoted by dimr #, which gives dimensions relative to L?(T): that is,

dimp(L?(T")) = 1, and in general the values can be in R>.
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Theorem 11.3 ([BekV97]). We have that dimp HD = ﬁf)(F) for any Cayley graph of T, where ﬁf)(F) is
the first Betti number of the L?-cohomology of the group. In particular, dimpr HD does not depend on the
Cayley graph.

We will see a probabilistic definition of ﬁf)(l") in the next section, giving a way of measuring the

difference between free and wired currents.

11.2 Loop-erased random walk, uniform spanning trees and forests

For this section, Chapters 4 and 10] and the fantastic [BLPS01] are our main references.

On a finite graph we can use the loop-erased random walk to produce, uniformly at random, a
spanning tree with Wilson’s algorithm:

In a connected finite graph G, we choose an order of the vertices xg,z1,...,x,, then produce a path
from x1 to z¢ by starting a random walk at x; and stopping it when we hit z. If the random walk produces
some loops, we erase them in the order of appearance. Then we start a walk from zo till we hit the path

between xy and x1, take the loop-erasure of it, and so on.

Theorem 11.4 (Wilson’s algorithm). If G is a finite graph, then Wilson’s algorithm (defined above)

samples a spanning tree with the uniform distribution (from now on, UST, uniform spanning tree).
P )4 g s s )4 g

One corollary to this beautiful algorithm (but it was proved first by Kirchhoff in 1847) is that edge
marginals in the UST have random walk and electric network interpretations. Moreover, the joint prob-
ability for k edges being in the UST is given by a k x k determinant involving currents. This is the
Transfer-Current Theorem of Burton and Pemantle [BurtP93] that we will include in a later version
of these notes.

In an infinite graph G, we can take an exhaustion G,, of it. In each step of the exhaustion, we obtain
a UST, denoted by UST,,. Using the electric interpretations, it can be shown that if S C E(G,,), then we
have P[S C USTn] > P[S C UST,, 41 }, hence the limit exists for all finite S. These limit probabilities
form a consistent family, since any consistency condition will be satisfied in some large enough G,,, hence,
the Kolmogorov extension theorem gives us a measure, the free uniform spanning forest, denoted by FUSF.
It cannot have cycles, but it is not necessarily connected, since a UST,, restricted to a finite subgraph has

these properties, as well.

/
m?

versa, hence the limit lim,, P[S C USTn} = P[S’ C FUSF] does not depend on the exhaustion. This also
implies that the FUSF of a Cayley graph has a group-invariant law: if we translate a finite edge-set S
by some g € I', and want to show P[S’ C FUSF] = P[g(S’) C FUSF]7 we can just translate the entire

exhaustion we used in the definition.

If we have two exhaustions, G,, and G/, then for any n there is an m such that G,, C G,, and vice

Another possible approach for a limit object could be that, at each step in the exhaustion G,, C G,
we “wire” all the boundary vertices of G,, into a single vertex, obtaining G;,. (We can keep or delete the
resulting loops, this will not matter.) In this wired G,, we pick a UST and call it UST},. It can now be
shown that if S C E(G}), then P[S C UST; | < P[S C UST, |, hence we again have a limit, called
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WUSF: wired uniform spanning forest. This again does not depend on the exhaustion, and on a Cayley
graph has a group-invariant law.

Since G, can be considered as having the same edge set as G, but less vertices, it is intuitively clear that
UST,, stochastically dominates UST},, i.e., they can be coupled so that UST,, D UST},. (This domination
can be proved using electric networks again.) This implies that, in the limit, FUSF stochastically dominates
WUSF. However, there seems to be no unique canonical coupling on the finite level, hence there does not

seem to be a unique coupling in the limit, and the above proof of the group invariance breaks down.
Exercise 11.3.*** Does there exist a group invariant monotone coupling between FUSF and WUSF ¢

A recent result of R. Lyons and A. Thom is that this is the case for sofic groups (see Question [[4.2

below). On the other hand, the following theorem shows that the situation in general is not simple.

Theorem 11.5 ([Mes13]). There are two Aut(G)-invariant processes F,9 C E(G) on G = T3 x Z such
that there exists a monotone coupling F C 94 (i.e., 4 stochastically dominates F ), but there exists no

invariant coupling # C 4.

The group invariance of WUSF also follows from Wilson’s algorithm rooted at infinity, which is also a

reason for considering it to be a very natural object:

Theorem 11.6. On transient graphs, the WUSF can be generated by Wilson’s algorithm rooted at infinity:
Order the vertices of the network as {x1,x2,...}. Start a loop-erased random walk at x1. This walk will
escape to infinity. Now start a loop-erased random walk at xo. FEither this second walk will go to infinity,
or it will intersect the first walk at some point (possibly x2). If it intersects, end the walk there. Repeat ad

infinitum.

No algorithm is known for generating the FUSF in a similar way, but there are special cases where the
WUSF is the same as the FUSF, for example, on all amenable transitive graphs [Hag95], as follows (and
see Theorem [IT.8 below for the exact condition for equality):

Proposition 11.7. On any amenable transitive graph, FUSF = WUSF almost surely.

Proof. Both FUSF and WUSF consists of infinite trees only. For any such forest .%, if F), is a Fglner
sequence, then the average degree along F), is 2. Hence we also have E degyse(z) = E degpyge(x) = 2 for
all . On the other hand, we have the stochastic domination. Hence, by Exercise (b), we must have
equality. O

The edge marginals of WUSF are given by wired currents, while those of the FUSF are given by free
currents. More generally, the Transfer-Current Theorem mentioned above implies that both the FUSF and
the WUSF are determinantal processes. Now, since the difference between free and wired currents are given

by the non-trivial harmonic Dirichlet functions, see Section [[1.1], we get the following result, with credits
going to [Doy88 [BLPSOTL [Lyo09]:
Theorem 11.8. WUSF = FUSF on a Cayley graph if and only if HD = R. More quantitively:

(1) Edegyyse(z) = 2.
(2) Edegeyse(x) = 2+ 287 ().
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Due to Wilson’s algorithm rooted at infinity, WUSF is much better understood than FUSF, as shown
below by a few nice results. On the other hand, the connection of FUSF to ﬁf) (T') makes the free one more

interesting. For instance:

Exercise 11.4 (Gaboriau).*** Let T be a group, and e be given. Does there exist an invariant percolation

P, with edge marginal less than or equal to € such that FUSF U P, is connected?

If the answer is yes, it would imply that cost(I") = 1+ ﬁf) (T'), see Section I3 A below. The corresponding

question for WUSF has the following answer:
Theorem 11.9 ([BLPS01]). WUSF U Pger(¢) is connected for all € if and only if T' is amenable.

Wilson’s algorithm has the following important, but due to the loop erasures, not at all immediate,

corollary:

Theorem 11.10 ([LyPS03]). Let G be any network. The WUSF is a single tree a.s. iff two independent

random walks started at any different states intersect with probability 1.

The following exercise shows that, on a transitive graph, when the WUSF is not a single tree, then it

has infinitely many components. This is not known for the FUSF.

Exercise 11.5.

(a) [She0d] Let G(V, E) be a transitive graph, U C V an invariant random subset, and { X, }52 a simple
random walk started at Xo = x € V.. Prove that {X,,} hits U with probability 1. (Hint: let f(x,U) be
the hitting probability given U, and F(x) be its expectation. What are the harmonicity properties of

these functions?)

(b) Deduce from the previous part that the number of trees in the WUSF is more than one but finite with

probability zero.

On Z%, the following very precise and beautiful result has been proved:

Theorem 11.11 ([BenKPS04]). Consider USF = WUSF = FUSF on Z?. If d < 4, then the USF is a single
tree. If 4 < d < 8 then the USF contains infinitely many spanning trees, but all are neighbours, in the
sense that given any two of these trees, there is a a vertex in the first, and a vertex in the second which are
neighbours. If 8 < d < 12 then the USF contains infinitely many spanning trees. It may be the case that
there exist two such trees which are not neighbours, but they will have a common neighbour. In general,
if 4n < d < 4(n+ 1) then the USF contains infinitely many spanning trees, and given any two such trees,
there is a chain of trees, each the neighbour of the next, connecting the first to the second, with at most

(n —1) trees in the chain, not including the original two trees.

12 Percolation theory

Percolation theory discusses the connected components (clusters) in random subgraphs of a given graph.
The simplest example of this is Bernoulli(p) bond percolation, where each edge of a graph is erased
(gets closed) with probability 1 — p, and kept (remains open) with probability p. Another version is site

percolation, where we keep and delete vertices, and look at the components induced by the kept vertices.
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We will usually consider bond percolation, but the results are always very similar in the two cases. (In
fact, bond percolation is just site percolation on the so called line graph of the original graph, hence site
percolation is more general.) Bernoulli percolation on Z? was introduced by Hammersley [lam57], who gave
the name “percolation” because he thought of this as a model of water percolating through a porous stone.
By now, it has become a classical subject, one of the main examples of statistical mechanics; the standard
textbook is [Gri99]. In particular, percolation in the plane is a key example in contemporary probability, in
the study of critical phenomena, see [Wer(7]. Percolation on groups beyond Z? was initiated by Benjamini
and Schramm in 1996 [BenS96¢], for which the standard reference is [LyPer14]. In a slightly different
direction, Ber(p) bond percolation on the complete graph K,, on n vertices is the classical Erdds-Rényi
(1960) model G(n,p) of probabilistic combinatorics, see [AloS00).

12.1 Basic definitions, examples and tools

The most important feature of Bernoulli percolation on most infinite graphs is a simple phase transition:
the existence of some critical p. € (0, 1), above which there is an infinite connected component, and below

which there is not.

Definition 12.1. For Ber(p) percolation on any infinite connected graph G(V, E), define p. := inf{p :
P,[3 an infinite cluster] > 0}. We will write p.(G, bond) or p.(G, site) if we want to emphasize that we

are talking about bond or site percolation.

As a trivial example, note that p.(Z) = 1, both for bond and site percolation. As a less trivial example,
we will see in a second that
1/3 < p(Z*,bond) < 2/3, (12.1)

so that we do have a non-trivial phase transition here. More generally, we will see that for non-1-dimensional
graphs one expects p. € (0, 1), and will prove, among other things, that p.(Tgt1, bond) = p.(Tg41, site) =
1/d and p.(Z?,bond) = 1/2. However, before proving anything, examine Definition T2 a bit.

First of all, is {3 an infinite cluster} really an event, i.e., a Borel measurable subset of {0,1}#(%) with
the product topology? Yes, since it is equal to |J,cy (),>1{2 +— 0Bn(x)}. Then, is it obvious that
P,[3 an infinite cluster] is monotone in p? Well, a simple p?oof is by the standard coupling of all Ber(p)
percolation measures for p € [0,1]: to each edge e (in the case of bond percolation) assign an independent
U(e) ~ Unif[0, 1] variable, and then w), := {e € E(G) : U(e) < p} is a Ber(p) bond percolation configuration
for each p, while w, C wy for p < p’. In this coupling, {3 co cluster in w,} C {3 oo cluster in w, }, hence
the probability is monotone. Moreover, whether or not an infinite cluster exists does not depend on the
states of any finite set of edges, so this is a tail event. As a result, Kolmogorov’s 0-1 law (see Theorem [0.20])
implies that P,[3 an infinite cluster = 1] for all p > p.. As we will see, whether we have an infinite cluster
exactly at p. is a very interesting question.

Let us now turn to the proof of (IZ]). For the lower bound, note that if €’(0) is infinite, then it contains

arbitrary long self-avoiding paths starting from o (by a compactness argument, even contains an infinite
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one), while the number of such paths of length n in Z? is at most 4 - 3”1, hence

P,[o +— oo] < P,[3 open self-avoiding path of length n from o]
< E,[number of open self-avoiding paths of length n from o]

<4(3p)" < exp(—cn)

for p < 1/3, which tends to zero, hence there is no infinite cluster almost surely.

For the upper bound, we consider the dual percolation configuration on the planar dual of Z2, where
a dual edge is dual-open if the corresponding primal edge is closed. The idea is that €(0) can be finite
only if o is surrounded by a closed (i.e., dual-open) dual circuit, and for p close to 1, long dual circuits are
unlikely. See Figure 2.1l Indeed, for p > 2/3,

P, [3 closed self-avoiding dual circuit of length n surrounding o] < n (3(1 — p))" < exp(—cn)

where the factor n comes from the fact that any such dual circuit must intersect the segment [0,n] on
the real axis of the plane. This is summable in n, hence, for N large enough, with positive probability
there is no closed dual circuit longer than N surrounding the origin. This implies that 9" B ~/g(0) must
be connected to infinity, hence we have an infinite cluster with positive probability. (Proof: If the union
U of the open clusters intersecting By s(0) is finite, then take its exterior edge boundary ('“)EU , i.e., the
boundary edges with an endpoint in the infinite component of Z? \ U. The edges dual to these edges
contain a closed circuit around o, with length larger than N.) Le., there is an infinite cluster with positive
probability, and we are done. (This counting of dual circuits and using the first moment method is called

the Peierls contour argument.)

|
TRk
- £t
Y

Figure 12.1: Counting primal self-avoiding paths and dual circuits.
Lemma 12.2. Let 0,(p) := P,[|€(x)| = 00|, where € (x) is the cluster of the vertex x. Then, the following

definitions for p. are equivalent:

pe :=inf {p : P,[3 an infinite cluster] > 0} = inf {p : P,[3 an infinite cluster] =1}
:=inf {p:3x €V with 0,(p) >0} =inf {p:Vz €V, 0,(p) > 0}.

Proof. We have already discussed that Kolmogorov’s 0-1 law, Theorem [0.20, implies that the first two
definitions are equivalent. Next, if the probability that an infinite cluster exists is 0 for some p, then the

probability that any given z is part of an infinite cluster must also be 0. On the other hand, if 6, (p) = 0
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holds for all z € V, then the union bound gives that P,[3 an infinite cluster] = 0, as well. This gives
the equivalence with the third definition. For the equivalence with the fourth definitions, we need that
0. (p) > 0 happens or fails simultaneously for all x € V' depending only on p, which is not clear in a non-
transitive graph. We are going to show this in three different ways, just to introduce some basic techniques

that will often be useful.

First proof of P,[3 oo cluster] = 1 implying P,[|%,| = co] > 0 for any x € V(G). On any connected
graph, the events F,, := {B,(z) intersects an infinite cluster} increase to {3 oo cluster} as n — oo, hence

P,[3 oo cluster] = 1 implies that there exists some n = n(x) such that
P,[0¥B,(z) +— 0] > 0.
On the other hand, we also have
P,z +— y inside B, (z) for all y € & B, (z)] >0,

since this requires just finitely many bits to be open. These two events of positive probability depend on
different bits, hence are independent of each other, hence their intersection also has positive probability.

Since the intersection implies that {x <— oo}, we are done.

Second proof. Bernoulli percolation has a basic property called finite energy or insertion and deletion

tolerance. For the case of bond percolation, for any event A and e € E(G), let
AU{e} :={wU{e}:we A},

A\{e} :={w\ {e} :w € A}.

Then the property is that P[A] > 0 implies that P[AU {e}]| > 0 and P[A\ {e}] > 0, as well, for any
e € E(G). In fact, for Ber(p) percolation, we have

PplAU{e}] > pPp[A]  and  Pp[A\{e}] > (1 —p)P,[A].

Why? First of all, we can focus only on finite cylinder events A = {w : w(e;) =1, i =1...,k, w(f;) =
0, j =1,...,¢}, since any measurable event can be approximated by a finite union of such events. And then,
P,[AU{e}] = P,[A] if e € {e;}, P,[AU{e}] = p/(1—p) P,[A] if e € {f;}, and P,[ AU {e} ] = pP, [ 4]
if e ¢ {e;} ULf;}. Similarly, P[4\ {e}] = (1 - p)P,[A].

Why is this property called finite energy? One often wants to look at not just Bernoulli percolation,
but more general percolation processes: a random subset of edges or vertices. For instance, the Uniform
Spanning Tree and Forests from Section are bond percolation processes, while the Ising model of
magnetization, where the states of the vertices (spins) have a tendency to agree with their neighbours
(with a stronger tendency if the temperature is lower) is a site percolation process; see Section T3]
Such models are often defined by assigning some energy to each (finite) configuration, then giving larger
probabilities to smaller energy configurations in some way (typically using a negative exponential of the
energy). Then the finite energy property is that any finite modification of a configuration changes the
energy by some finite additive constant, and hence the probability by a positive factor. If changing one

edge or site changes the probability by a uniformly positive factor, independently of A, then the model has
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uniformly finite energy or uniform deletion/insertion tolerance. Bernoulli percolation and the Ising model
are such examples, while the UST is neither deletion nor insertion tolerant.

We can now easily establish that if P,[|%(x)| = oco] > 0 holds at some p for some z € V(G), then the
same holds for any y € V(@) in place of x. Take a finite path v between 2 and y, and then

P,y +— o0o0] > P,[y is open, z +— oo] > pl'I P, [z +— oc],

by repeated applications of the insertion tolerance shown above.

Third proof. Given a partially ordered set 2, we say that an event A is increasing if 14(w1) < 14(w2)
whenever w; < wo, where 14 is the indicator of the event A. For bond percolation on G, the natural
partially ordered set Q is, of course, the set of all subsets of F(G) ordered by inclusion. In other words,

0 =0, 1}E(G) with coordinate-wise ordering, where w(e) = 1 represents the edge e being kept.

Theorem 12.3 (Harris-FKG inequality). Increasing events in the Bernoulli product measure are positively
correlated: PIANB] > P[A|P[B], orE[fg] > E[f]E[g] if [ and g are increasing functions with finite

second moments.

Before proving this, let us go back to the equivalence with the fourth definition in Lemma 2.2 as an
example: for any z,y € V(G), the events {z +— y} and {y +— oo} are both monotone increasing, hence,
by the Harris inequality,

P,y +— 0| > Pylz «— y,  +— ] > Pplz +— y| Pylz +— oo,

finishing our third proof of Lemma O

Theorem [[2.3]is classical for the case when we have only one bit. Even more generally than just Ber(p)
measure on {0,1}, one can consider two increasing functions on R with any probability measure p, and

then the statement is one of Chebyshev’s inequalities:
[ s@a@aua) > [ f@aua) [ staua). (122
The proof of this is very easy:

/R / (@) — F) o) — 9(y)] du() duy) > 0.

since the integrand is always nonnegative, and then rearranging gives (IZ2). The general case, namely a
product probability measure p; x --- x pg on R%, can be proved by induction, coordinate-by-coordinate.
Prove it yourself, or see Section 7.2].

The explanation for the name Harris-FKG is that Harris proved it for product measures (just what we
stated) in [Har60], a fundamental paper for percolation theory. But there is a generalization of Theorem [12.3]
for dependent percolation processes where the energy of a configuration is given by certain nice local
functions favouring agreement: this is the FKG inequality, due to Fortuin, Kasteleyn and Ginibre
(1971). For instance, the Ising model of magnetization does satisfy this inequality. The proof of this must
be very different from what is sketched above, since the measure does not have the product structure

anymore. Indeed, we will do this in Theorem [I3.1] via a beautiful Markov chain coupling argument, due to
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Holley. For now, see for a very short introduction to the general FKG inequality, and [GeHMOT]
for a proper one. At the opposite end from the FKG inequality, in the UST, as usual for determinantal
measures, increasing events supported on disjoint sets are negatively correlated [LyPer14] Section 4.2].

We will often look at random subgraphs that are not given by independent Bernoulli variables. On the
one hand, there are a lot of natural processes of this type; on the other hand, this will turn out to be useful
even in the study of Bernoulli percolation itself.

When looking at general percolation processes on groups and transitive graphs G, one usually wants
that it is an invariant percolation process: a random subset of edges or vertices whose law is invariant
under the automorphism group of G. How does the automorphism group act on configurations and events?
Functions can always be pulled back, even via noninvertbile maps of the underlying spaces: for any v €
Aut(G) and x € V(G), we let wY(z) := w(y(z)). Note that if § is another automorphism, then w®°7(x) =
w((y(2)) = (W) (y(x)) = (w?)7(x), hence if Aut(G) acts from the left on G, then it acts from the right
on configurations. An event A can be considered as a set of configurations, hence A7 = {w7 : w € A} and
Aut acts from the right again. For the event A = {|%| > 100}, we have A7 = {|%,-1(,)| > 100}, which is a
different event, but in an invariant process its probability is the same. For the event B = {Jx : |6,| > 100},
we have BY = B, hence this is an invariant event.

Besides Bernoulli percolation, the Uniform Spanning Forests from Section and the Ising model
from Section [[3.1] are examples of invariant percolations. But studying percolation in this generality also
turns out to be useful for Bernoulli percolation itself, as we will see later on. A possible basic property of

invariant percolation processes is the following:

Lemma 12.4. Ber(p) bond (or site) percolation on any infinite transitive graph G is ergodic: any invari-
ant event has probability 0 or 1. In fact, instead of transitivity, it is enough that there is an edge with an

infinite orbit (and then it is easy to see that every edge has an infinite orbit).

Proof. Any measurable event A can be approximated by a finite union of finite cylinder events, i.e., for
any € > 0 there is an event A. depending only on finitely many coordinates such that P,[ AAA.] < e.
Then, there exists a “large enough” v € Aut(G) such that the supports of A, and v(A.) are disjoint, hence
P,[A.Nv(A)] = P,[A.]°. On the other hand, P,[AN~(A)] = P,[A] by invariance. Altogether, by
choosing e small enough, P,,[ A] can be arbitrarily well approximated by P,[ A]?, hence P,[A] € {0,1}. O

There are natural invariant percolations that are not ergodic: a trivial example is taking the empty or
the full vertex set with probability 1/2 each; a less trivial one is the Ising model on Z? at low (subcritical)
temperature with a free boundary condition, which gives a mixture of the plus and minus phases; see again
Section I3l We will be concerned here mainly with ergodic measures, although in Theorem for
instance, the difference between ergodicity and non-ergodicity will be the main point.

Being “invariant” and “ergodic” are sometimes understood w.r.t. not the entire automorphism group
of the transitive graph, but a subgroup of it; most frequently, if the graph is a Cayley graph, then the
group of translations by group elements. For instance, on Z2, consider the bond percolation that is the
collection of all the vertical lines, or all the horizontal ones, with probability 1/2 each. This is Aut(Z?)-
invariant and Aut(Z?)-ergodic, but not ergodic under the Z? translations. The bond percolation that is

simply the collection of all the vertical lines determinisitically is not Aut(Z?)-invariant, but Z2-invariant
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and ZZ%-ergodic. Another example is the site percolation process on Z? in which, with probability 1/2,
the even vertices (i.e., (z,y) € Z* with z + y being even) are open, the odd vertices are closed, and vice
versa with probability 1/2. Even though this measure looks degenerate the same way as the previous
horizontal /vertical example, it is both Aut(Z?)-invariant and Z2-ergodic. The property it fails to possess
is total ergodicity: there is a finite index subgroup under which it is not ergodic.

Most results and conjectures below will concern percolation on transitive graphs, but let us point out
that there are always natural modifications (with almost identical proofs) for quasi-transitive graphs, i.e.,
when V(G) has finitely many orbits under Aut(G).

Here is a basic application of ergodicity and insertion tolerance:

Lemma 12.5. In any ergodic insertion tolerant invariant percolation process on any infinite transitive

graph, the number of infinite clusters is an almost sure constant, namely 0, 1, or co.

Proof. For any k € {0,1,2,...,00}, the event {the number of infinite clusters is k} is translation invariant,
hence it has probability 0 or 1 by ergodicity. I.e., the number of infinite clusters is an almost sure constant.
Now, assume that this constant is 1 < k < oo. By the measurability of the number of clusters, for
any ¢ < 1 there exists an integer r such that the probability that the ball B,.(0) intersects at least two
infinite clusters is at least ¢. But then, by insertion tolerance, we can change everything in B,.(0) to open,
resulting in an event with positive probability, on which the number of infinite clusters is at most k — 1: a

contradiction. O

The number of infinite clusters in Bernoulli percolation is a basic and interesting topic. We will prove
later in this section that p.(Tj1,site) = p.(Tgi1, bond) = 1/k for the k + 1-regular tree, and it is pretty
obvious that, for all p € (p.(T%), 1), there are a.s. infinitely many infinite clusters: on the other side of each
closed edge or site neighboring an open cluster, there is a new k-ary tree that almost surely has infinite
clusters again. On the other hand, having infinitely many infinite clusters turns out to be impossible
in amenable transitive graphs such as Z? (see Section [5.1] for the definition). In rough terms, there is
not enough space for many infinite clusters to coexist without getting glued together (made possible by
insertion tolerance). This was first proved for Bernoulli percolation on Z¢ in [AIKNS7], but the “right”

proof is the following one:

Theorem 12.6 (Burton-Keane [BurtK89]). For any insertion and deletion tolerant ergodic invariant

percolation on any amenable transitive graph, the number of infinite clusters is almost surely 0 or 1.

Proof. Given a percolation configuration w C E(G), a furcation point is a vertex in an infinite cluster €
whose removal from % would break it into at least three infinite connected components.

Now, if there were infinitely many infinite clusters, then, using insertion and deletion tolerance, they
could be joined, somewhat similarly to the proof of Lemma above, to get that a given vertex is a
furcation point with positive probability. However, we have to do this joining procedure now a bit more
carefully. First of all, we are going to describe a procedure where we insert and delete edges depending on
what the configuration is in a given ball B,.(0). But this is fine, since there are only finitely many possibilities
for the configuration inside B,(0), hence there is one with positive probability, and we can just stick to

inserting and deleting the edges corresponding to this one configuration, regardless of the actual percolation
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Figure 12.2: Furcation points in an infinite cluster. {f.trifur}

configuration, and this will work with positive probability. So, here is one such possible procedure. Take
r so large that the ball B,.(0) contains at least three infinite clusters with positive probability. Pick three
infinite clusters 41, %2, %5 that intersect B,.(0). Delete everything inside B, (o), then one-by-one insert
paths ~; of length r from o to %, for i = 1,2, 3, such that the union of these three paths is a tree. The
branch point of this tree that is the farthest from o is a furcation point. (For bond percolation, this
will actually be a trifurcation point, whose deletion results in exactly three infinite clusters, but for site
percolation processes, we may get more than three.)

Now that we know that furcation points exist, inside a large Fglner set F), the expected number
of furcation points X,, grows linearly with |F,,|. On the other hand, deterministically, the inner vertex
boundary of F,, has to be at least X, +2. (This requires a little thought. See Figure[I2:2land Exercise[IT21])
Combining these two facts, |0F,,| should grow linearly with |F,,|, contradicting the definition of a Fglner
sequence. O

{ex.BKmethod}
> Exercise 12.1. Show carefully the claim we used in the Burton-Keane theorem: if €~ denotes the union

of all the infinite clusters in some percolation on G, and U C V(QG) is finite, then the size of € N OPU

is at least the number of trifurcation points of 6~ in U, plus 2.

Here are some exercises to make sure you understand everything so far. The first one is to clarify what

the measurability of having an infinite cluster means:

> Exercise 12.2. Let G(V, E) be any bounded degree infinite graph, and S, /' V an exhaustion by finite
connected subsets. Is it true that, for p > p.(G), we have

lim P,[largest cluster for percolation inside S, is the subset of an infinite cluster] =17
n—oo

> Exercise 12.3.
(a) Show that for percolation on any infinite graph, the event {there are exactly three infinite clusters} is
Borel measurable.

(b) Give an Aut(Z?)-invariant and Z>-ergodic percolation on Z* with infinitely many oo clusters.

A little more challenging is the following;:
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> Exercise 12.4. Give an Aut(Z?)-invariant and Z*-ergodic percolation on Z* with exactly two oo clusters.

> Exercise 12.5.%**
(a) Is there an ergodic deletion-tolerant Z2-invariant percolation on Z* with exactly two infinite clusters?

(b) And what about infinitely many infinite clusters?

We will now discuss another key example: percolation on a regular tree. This turns out to be a special
case of a classical object: the cluster of a fixed vertex in Ber(p) percolation on a k + l-regular tree Tj4q
is very close to a Galton-Watson process with offspring distribution £ = Binom(k,p). A usual GW
process is a random tree where we start with a root in the zeroth generation, then each individual in
the nth generation gives birth to an independent number of offspring with distribution £, together giving
the (n + 1)th generation. For Ber(p) percolation on Ty, the root has a special offspring distribution
Binom(k + 1,p). However, this difference does not affect questions like the existence of infinite clusters
(which you should be able to verify).

So, to find p.(Tg1), it is enough to understand when a GW process survives with positive probability.
A standard method for this is the following. Consider the probability generating function of the offspring
distribution,

f(s) :=E[s¢] =) P[¢=k]s". (12.3) {e.Gupgf}

k>0
Notice that if Z,, is the size of the nth generation, then E[sZ" ] = f°"(s), therefore we have

q := P[extinction] = lim P[Z, =0] = lim f°"(0). (12.4) {e.GWq}

n—roo n—oo

Assuming that P[£ = 1] # 1, the function f(s) is strictly increasing and strictly convex on [0, 1], so (I2.4)
easily implies that ¢ is the smallest root of s = f(s) in [0,1]. (Just draw a figure of how f(s) may look like
and what the iteration f°"(0) does!)

{ex.GWpgf}
> Exercise 12.6. Using the above considerations, show that if E[£] < 1 but P[{ =1] # 1, then the GW
process almost surely dies out. Deduce that p.(Try1) = 1/k and 0(p.) = 0.
A quite different strategy is the following:
{ex.GWMG}

> Exercise 12.7.*

(a) Consider a GW process with offspring distribution &, EE = u. Let Z, be the size of the nth level,
with Zy = 1, the root. Show that Z,/u™ is a martingale, and using this, assuming P[{=1] # 1,
that pn < 1 implies that the GW process dies out almost surely.

(b) On the other hand, if 1 > 1 and E[£?] < oo, first show that B[ Z2] < C(EZ,)?. (Hint: use the
conditional variance formula D*[Z,) = E[D?(Z,, | Zn1]| + D*[E[Zy | Zn-1]].)

Then, using the Second Moment Method, namely, if X >0 a.s., then P[X > 0] > (EX)?/E[ X?]
(prove this or see (IZI3) in Section[IZ.3), deduce that the GW process survives with positive proba-
bility.

(c) Extend the above to the case E§ = oo or DE = 00 by a truncation {le< i for K large enough.
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Let us describe yet another strategy, which is robust enough to be used in different finite random
graph models (see, e.g., [vdHof13]). Consider the following exploration process of any rooted tree, with
the children of each vertex being ordered. During the process, vertices will be active, inactive, or neutral,
and active vertices will be ordered. In the Oth step, start with the root as the only active vertex; all other
vertices are neutral. In the (7 + 1)th step, examine the children of the first vertex v in the active list after
the ith step, put these children at the beginning of the active list, and turn v inactive. If the tree is finite,
the process will end up with all vertices being inactive; if the tree is infinite, then the process will run

forever, with the vertices of the first infinite ray all being put in the active list. See Figure [2.3]

Figure 12.3: On the left, the shades of vertex colours show the order in which the sets of children are put
into the active list. The labels on the vertices show the order in which they turn inactive. On the right,
the steps of the walk are indexed by the vertices as they turn inactive, while the height shows the current

number of active vertices.

The above exploration process is well-suited to construct a subcritical GW tree fully or a supercritical
GW tree partially. Indeed, let {X; : ¢ > 1} be a sequence of iid variables from the offspring distribution
&, which will be the number of children being put into the active list at each step, let Sy = 1, and then
Sit1 = S; + Xiy1 — 1 is the size of the active list after the (i + 1)“[1 step. This is a random walk with iid
increments distributed as £ — 1. If E€ < 1, then the walk has a negative drift, hence .S,, = 0 will eventually
happen almost surely. If E€ = 1 but P[{ = 1] # 1, then the walk is recurrent (e.g., by the Chung-Fuchs
theorem [Durl(, Section 4.2], which says that satisfying the Weak Law of Large Numbers S, /n 2 0 is
sufficient for recurrence.) If E§ > 1, then the walk has a positive drift, hence with positive probability
will go to infinity without ever reaching zero: there exists K > 0 such that P[minizo S; > —K ] >cp >0,
while we get above K before dying with some probability ¢z > 0, hence we never die with probability at

least c1co > 0. In summary, we have reached the same conclusion as in Exercises 2.6 and [2.7]

Exercise 12.8 (Galton-Watson duality).* Either by computing generating functions directly, or by using
a Doob transform argument (see Lemmal613), show the following duality of super- and sub-critical GW
trees. Consider a supercritical GWe tree, with generating function f(z) = E[2%] and extinction probability
q=f(q).
(a) Condition GW¢ on non-extinction, and take the subtree of those vertices that have an infinite line of
descent. Show that this is a GW tree with offspring distribution £, where

Pl¢" = k] =) (2) (1- " ¢ ""Pl¢ = 5],
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Deduce that the generating function f*(z) = E[2¢ ] is obtained by taking the part of f(z) in the
[q,1]% square and rescaling it to the square [0,1]%. Note that P[¢* = 0] = 0 and E¢* = EE.

(b) Condition GW¢ on extinction. Show that we get a subcritical GW tree, with offspring distribution {N,
whose generating function f(z) is obtained by taking the part of f(z) in the [0, q)? square and rescaling
it to the square [0,1]2. Note that E€ = f'(q) < 1.

For the study of percolation on general locally finite rooted trees T', Russ Lyons defined an “average

branching number” [Lyo90]:
= >1:i el .
br(T') := sup {)\ >1 1rr1[f Z AT > O} , (12.5)

ecll

where the infimum is taken over all cutsets II C E(T') separating the root o € V(T') from infinity, and |e]

denotes the distance of the edge e from o. The following exercises help digest what this notion measures:

> Exercise 12.9. Let T be a locally finite infinite tree with root o.
(a) Show that br(T') does not depend on the choice of the root o.
(b) Show that the d + 1-regular tree has br(Tq11) = d.
(c) Define the lower growth rate of T by gr(T) := liminf, |T,,|*/™, where T,, is the set of vertices at
distance exactly n from o. Show that br(T') < gr(T').

> Exercise 12.10. Find the branching number of the following two trees (see Figure[12.4):
(a) The quasi-transitive tree with degree 3 and degree 2 vertices alternating.
(b) The so-called 3-1-tree, which has 2™ vertices on each level n, with the left 2"~ wertices each having

one child, the right 2"~" vertices each having three children; the root has two children.

VR

Figure 12.4: A quasi-transitive tree and the 3-1 tree.

A clear motivation for definition (I21) is given by the following interpretation. Let us denote the set of
non-backtracking infinite rays starting from o by 97, the boundary of the tree, equipped with the metric
d(€,m) := e~ 11 where € A7 is the last common vertex of the two rays, and |€ A 7| is its distance from o.

Then, basically by definition,
edimu (0T.d) _ br(T) and edimy, (0T.d) gr(T),

where dimg is Hausdorff dimension and dim,, is lower Minkowski dimension. Since Hausdorff dimension
has, over the past hundred years, proved a better notion than Minkowski dimension, the branching number

ought to be a better way of measuring average branching than growth.
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A first sign of the usefulness of branching number is that Lyons proved (via a refinement of the second
moment method that we saw in Exercise[[27) that p.(7') = 1/br(T"). This easily implies that br(GW¢) = E¢
a.s. on nonextinction, which is another “proof” that this is a good definition of average branching. Indeed,
if we perform Ber(p) percolation on GW¢, then the component of the root is simply another GW tree, with
mean offspring pE{. Hence p.(GW¢) = 1/E¢ a.s. on nonextinction, giving the formula br(GW,) = EE.

The branching number turns out to govern the behavior of most stochastic processes on trees. For
instance, if we take A-biased homesick random walk, where the edge going towards the starting point o
has weight A compared to the outgoing edges that have weight 1, the walk is recurrent for A > br(7") and
transient for A\ < br(7T).

Exercise 12.11. Prove the last statement on transience and recurrence using flows and cutsets in electric
networks (see Theorem[6.9 and Proposition [6.10).

Lyons has found even closer connections between percolation and random walks on general trees; see
[Lyo92], and, of course, [LyPerl4]. For some more examples of the branching number playing a role in
processes on trees, see [Vir02] regarding the speed of random walks, [EvKPS00] regarding the Ising model,
and [BalPP06] regarding bootstrap percolation.

12.2 Percolation on infinite groups: p., p,, unimodularity, and general invari-

ant percolations

Now, back to the question of p. € (0,1), the lower bound of (I2I]) generalizes easily: if G has maximal
degree d, then p.(G) > 1/(d — 1). See Exercise [[2.12] for a more general statement. However, the upper
bound relied on planar duality, hence it is certainly less robust. The straightforward generalization that
does hold is Exercise (a).

Exercise 12.12. Assume that 7 : G' — G is a topological covering between infinite graphs, or in other
words, G is a factor graph of G'. Show that p.(G") < p.(G).

Exercise 12.13.
(a) Show that if in a graph G the number of minimal edge-cutsets (a subset of edges whose removal
disconnects a given vertex from infinity, minimal w.r.t. containment) of size n is at most exp(Cn)
for some C < oo, then p.(G) <1 —¢€(C) < 1.
(b) Fiz 0o € V(G) in a graph with maximal degree A. Prove that the number of connected sets o € S C
V(G) of size n is at most A(A —1)>"=3. (Hint: any S has a spanning tree, and one can go around
a tree wvisiting each edge twice.) Conclude that Z¢, d > 2, has an exponential bound on the number of

minimal cutsets. In particular, p.(Z?) < 1, although we already knew that from 72 C 7.4,

Exercise 12.14.** Let \(G) := limsup,, . [{S C V(G) : 0 € S connected, |S| = n}|*/" denote the
exponential growth rate of the number of “lattice animals”. We saw in part (b) of the previous exercise
that \(G) < (A — 1)% for any graph of mazimal degree A. What is the smallest possible upper bound
here? Kesten’s book [Kes82] has a beautiful argument proving N(G) < (A — 1)e: for site percolation at
p = 1/(A — 1), write the probability that the cluster of o is finite using lattice animals and their outer

vertex boundaries.

126

{ss.percinfty}

{ex.pcfactor}

{ex.cutsets}



Now, here is a fundamental and natural conjecture on the non-triviality of p.:

Conjecture 12.7 (Non-triviality of the percolation phase transition [BenS96d]). If G is a non-one-
dimensional graph, i.e., it satisfies an isoperimetric inequality 1Py . for some e > 0 (defined in Section[21),

then p. < 1.

This has been verified in many cases, including all known groups. (As a little philosophical exercise, the
Reader is invited to ponder what “all known groups” may mean.) We start with Cayley graphs of finitely
presented groups.

Let G(V,E) be a bounded degree graph, and let G be the set of its ends, see Section Bl Let
CutCon(G) be the cutset-connectivity of G: the smallest ¢ € Z; such that any minimal edge-cutset II
between any two elements of V(G) U dG is t-connected in the sense that in any non-trivial partition of it
into two subsets, II = II; U Ils, there are e; € II; whose distance in G is at most t. In words, it is the
largest “gap” that a minimal edge-cutset can have between its elements. For instance, CutCon(Z?) = 1,
CutCon(hexagonal lattice) = 2, and CutCon(Ty) = 1 for all d, despite the fact that cutsets separating a
vertex from infinity (i.e., from the set of all ends of T,;) do not have bounded connectivity. We are going
to prove that if T is a finitely presented group, then any finitely generated Cayley graph G(T',S) has
CutCon(G) < oo; the first proof [BabB99] used cohomology groups, but there is a few-line linear algebra
proof by Adém Timér [Tim07], which we now present. As we will see, this is closely related to having an
exponential bound on the number of minimal cutsets. Timdr also proved that CutCon(G) < oo and having

an exponential bound are both quasi-isometry invariants.

Proposition 12.8. Note that each cycle in a graph G can be viewed as a configuration of edges, i.e., an
element of {0, I}E(G), or even as an element of the vector space F;E(G). The cycle space of G over Fq is
then the linear subspace spanned by all the cycles.

Assume that the cycles of length at most t generate the entire cycle space of G. (This is obviously the
case if G is the Cayley graph of a finitely presented group.) Then CutCon(G) < t/2.

Proof. Let x,y € V(G)UJG and 11 = II; U I, a minimal edge cutset separating them, with a nontrivial
partition. The minimality of II implies that each edge e € II has the property that one of the endpoints of
e is connected to x, the other endpoint to y, by paths that are disjoint from II. Therefore, if 2 (or y) is an
end, we can find a vertex «’ (y’) such that there is a path between z and 2’ (y and y’) in G\ II. Otherwise,
=y).

Again by the minimality of II, there is a path P; between 2’ and 3y’ that avoids II3_;, for i = 1,2. Now

simply set 2’ := z (¢’

look at P, + P, € FQE(G). This is clearly in the cycle space, so, we can write P; + P = ZceK ¢ for some
finite set K of cycles of length at most t. Let K1 C K be the subset of cycles that are disjoint from Ily,

0:= P + Zc:Pg—i- Z c.

ceK, ceEK\ K,

and write

We see from the first sum that this § C E(G) is disjoint from IIy. But the only odd degree vertices in it are
2/ and 3/, so it must contain a path from 2’ to y’. That must intersect I, but is disjoint from IIs, hence it
intersects IT;. But in the second sum, P; is disjoint from Iy, so there must be some cycle in K \ K; that

intersects II;. It also intersects Ils, and its length is at most ¢, which proves the claim. O
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We saw in Exercise B4l that an infinite group can have 1, 2, or continuum many ends. Firstly, having
two ends is equivalent to being a finite extension of Z, which implies, of course, being one-dimensional
and having p. = 1. Secondly, if T' is a finitely presented group with one end, then the proposition says
that minimal cutsets between a vertex o and infinity have bounded connectivity. This implies that once
we fix an edge in a minimal cutset of size n, there are only exponentially many possibilities for the cutset,
by Exercise (b). So, if we show that there is a set S,, of edges with size at most exponential in
n such that each such cutset must intersect it, then we get an exponential upper bound on the number
of such cutsets, and Exercise (a) gives p.(G) < 1. We claim that the ball B4, (o) is a suitable
choice for S,, for A > 0 large enough. If we assume that I' has at least quadratic volume growth, then
for any finite set K C V(G) the Coulhon-Saloff-Coste isoperimetric inequality, Theorem BE.TIT] says that
|0p K| > c¢\/|K], since p(|K|) < C+/|K|. Therefore, if the component of o in G \ I contains By, (o), then
|| > c\/m > ¢’ An. So, by choosing A large enough, a cutset of size n around o must intersect
B (0), as desired. And I" must indeed have volume growth at least quadratic: if it has polynomial growth,
then by Gromov’s Theorem [I0.1]it is almost nilpotent, hence it has an integer growth rate that cannot be
1, because then I' would be a finite extension of Z and it would have two ends.

We are left with the case that I" has continuum many ends. But then it is non-amenable by Exercise[[.4l

And, for any nonamenable graph G, we have p.(G) < 1/(h + 1) < 1, even without finitely presentedness
or even transitivity, as proved by [BenS96d| (or see Theorem 6.24)):

Proposition 12.9. For bond percolation on any graph G with edge Cheeger constant h > 0, we have
pe(G) < 1/(h+1) < 1. Moreover, for any p > 1/(h + 1), we have P,[n < |€(0)] < oo] < exp(—cn) for
some ¢ = c(p) > 0.

Proof. Fix an arbitrary ordering of the edges, E(G) = {e1,ea,...}. Explore the cluster of a fixed vertex
o by taking the first e; with an endpoint in o, examining its state, extending the cluster of o by this edge
if its open, then taking the first unexamined e; with one endpoint in the current cluster of o and the
other endpoint outside, and so on. If the full (o) is finite, then this process stops after exploring an open
spanning tree of the cluster plus its closed boundary and possibly other closed edges between vertices in the
spanning tree. If €' (o) = n, then we have found n — 1 open edges and at least |05 (0)| > hn closed edges
in this process of examining i.i.d. Ber(p) variables. But if p > 1/(h+ 1), then this is exponentially unlikely,
by a standard large deviation estimate, say, Proposition [[L] Furthermore, with positive probability there

is no such n, just as a biased random walk on Z might never get back to the origin. O

It is not very hard to show (but needs some “stochastic domination” techniques we have not discussed
yet) that p.(G(T',S)) < 1 is independent of the generating set. Moreover, it is invariant under quasi-
isometries.

It is also known Theorem 7.24] that any group of exponential growth has p. < 1; see
Exercise below for an example. On the other hand, recall that groups of polynomial growth are all
almost nilpotent and hence finitely presented, see Exercise 3] and Section [[0.Jl This means that among
groups, Conjecture[[2.7remains open only for groups of intermediate growth. However, all known examples

of such groups, see Section [5.1] have Cayley graphs containing a copy of Z?2, hence the conjecture holds

also for them [MuP01].
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The general Conjecture [[2.7 is also known to hold for planar graphs of polynomial growth that have
an embedding into the plane without vertex accumulation points [Koz07].

Exercise 12.15. Recall from Ezercise that the lamplighter group I' = Zo ! Z with generating set S =
{R,Rs, L,sL} is the Diestel-Leader graph DL(2,2). Show that CutCon(DL(2,2)) = oc.

Exercise 12.16. Show that the lamplighter group with generating set S = {L,R,s} has p.(G(T,S)) < 1,
by finding a subgraph in it isomorphic to the so-called Fibonacci tree F': a directed universal cover of the
directed graph with vertices {1,2} and edges {(12),(21),(22)}. (There are two directed covers, with root
either 1 or 2.) Find the exponential volume growth lim, (log|By|)/n of F, and just quote the result (due
to Russ Lyons) that for periodic trees like F', this being positive implies p.(F) < 1.

Now, the next natural question is what happens exactly at p.. For the case of regular trees, in Ex-
ercises and [27 and in the random walk exploration approach of Figure [[2.3] we have seen several
different reasons why critical Galton-Watson processes die out. We will see in Section [[Z4] that critical
percolation on nice planar lattices, such as Z?2, also dies out. A main conjecture in percolation theory is

that the critical behaviour 6(p.) = 0 should hold in general:

Conjecture 12.10 (Continuity of the percolation phase transition [BenS96¢c|). On any transitive
graph with p. <1, 8(p.) = 0.
We will show in Corollary [I2.17] that 6(p) is right-continuous with the only possible discontinuity being

at p = p., hence the conjecture is equivalent to 0(p) being continuous everywhere.
That transitivity is needed can be seen from the case of general trees:

Exercise 12.17. Consider a spherically symmetric tree T where each vertex on the n'* level T, has d,, €
{k,k + 1} children, such that lim, e |T,|Y™ = k, but 00 k"/|T,| < oc. Using the second moment
method, show that p. = 1/k and 0(p;) > 0.

There are several reasons to believe Conjecture As we have partly seen and will partly discuss
below, it is known to hold in the extremal cases: Z? and other planar lattices on one hand, and regular
trees and non-amenable Cayley graphs on the other. It is also known on Z% with d > 19. One of the
most famous problems of statistical physics is the case of Z3 — and here one can test the conjecture
by computer simulations. Also, simple models of statistical physics tend to have a continuous phase
transition. (In physics language, the phase transition is of second order, i.e., key observables like 6(p)
are continuous but non-differentiable at p..) However, it should be noted that the FK(p, ¢) random cluster
models (discussed in Section [[3.0]), a dependent bond percolation model whose ¢ = 1 case is just Bernoulli

bond percolation, conjecturally have a first order (i.e., discontinuous) phase transition on the lattice Z?
VI
T+/q°
percolation phase transition must be continuous.

for ¢ > 4, at p.(¢q) = Consequently, there are probably no serious philosophical reasons why the

My main intuition why the conjecture should hold is the following. A general phenomenon, which will
be discussed in more detail in Section [25] is that infinite clusters usually inherit the rough geometric
properties of the underlying transitive graph. Of course, this should be interpreted properly: e.g., infinite
clusters at p < 1 never satisfy any IP,; with limsup,_, . ¥ (z) = oo, since, due to randomness, there will

be arbitrary large bad pieces; nevertheless, some weaker properties, e.g., satisfying a so-called anchored
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isoperimetric inequality /P should already be inherited (proved, for instance, on Z? for all p > p.., and on
any finitely presented Cayley graph for p close enough to 1, in [Pet08]). Now, if a transitive graph G has
an infinite cluster at some p < 1, then it also satisfies I Py, since transitive graphs of polynomial growth
are all quasi-isometric to nilpotent groups and hence have integer volume growth and isoperimetry (see
Section and the end of Section [[0)). Assuming the above idea of inheriting geometric properties, any
infinite cluster ¢ should also have some sort of an at least 2-dimensional structure, which, in line with
Conjecture [[27] should ensure p.(€) < 1. But percolation on a percolation cluster is just percolation at a
smaller value, hence this would mean that the interval of p values with an infinite cluster is open from the
right, and therefore we have 6(p.(G)) = 0.

A small issue with turning this argument into an actual proof is that an anchored isoperimetric inequality
IP; with d > 2, mentioned above, does not actually imply p. < 1, hence the survival of something stronger
would be needed. A much bigger issue is that it is hard to imagine how the survival of these geometric
properties at some p could be proved without such a detailed knowledge of percolation at that value that
would imply the non-existence of infinite clusters anyway. For instance, on Z<, the situation is as follows.
It is known that the half-space Z¢ = Z4~1 x Z satisfies p.(Z%) = p.(Z?) and that 6(p.) = 0 holds there
[BarGN9T]. Therefore, if there is an infinite cluster at p., which must be unique by the Burton-Keane
Theorem [T2.8 then it will look quite strange, something like a giant swirl: any coordinate hyperplane will
cut it into finite pieces. This sounds crazy, but nobody has succeeded in the past decades in ruling out
this scenario.

Y

The attentive reader may ask: how does the above intuitive “inherited geometry” argument break for
those FK(p, q¢) models with a discontinuous phase transition? See the end of Section [[3.1] for an answer
that reveals that the FK(p,q) model should be blamed for this failure: for ¢ > 4, the density of bonds
itself is discontinuous in the parameter p. Hence, even though at p.(¢) one expects to have an infinite
cluster ¢ that resembles Z? well, and thus FK(1 — ¢, q) on % should have an infinite cluster for € > 0 small
enough, there exists no p < p.(g) such that FK(p, q) on Z? would stochastically dominate FK(1 — ¢, ¢) on
%. Consequently, this failure for the FK model does not weaken the credibility of the argument for the
case of Bernoulli percolation.

Let us also mention that for quite a few years it was not known even on Z% whether
pr = sup{p : E;|%,| < oo} = or < pr = pe. =sup{p: 0(p) =0}, (12.6)

where T and H are in the honor of Temperley and Hammersley. First it was proved in Lemma 3.1]
that E,, |%,| = oo, even in the stronger form that lim, »,, E,|%,| = co. Then pr = py was established
independently by Menshikov [Men86] and Aizenman-Barksy [AIB87], and it is since then that simply p..
has been used universally. In fact, they did not only prove finite expectation of the cluster size below p.,

but also the exponential decay
P,[0 +— dB,(0)] < e @) for all p < p... (12.7)

The arguments of [ATB87] work with little modifications for all transitive graphs; see [Koz11l v1 on
arXiv] or [AntV0S]. This approach is based on certain partial differential inequalities; we will give a flavor
of it in the proof of Theorem M[229 in Section 24l For a full treatment of all the above results on Z¢, see

[Gri99, Chapters 5 and 6].
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> Exercise 12.18. Consider the d-ary canopy tree of Figure[I{.1]: infinitely many leaves on level 0, grouped
into d-tuples, each tuple having a parent on level —1, which are grouped again in d-tuples, and so on, along
infinitely many levels. Show that pr = 1/\/3 while p. = 1.

> Exercise 12.19. Prove using subadditivity that o(p) = limp_oc =t log Pplo «— 0By (0)] exists in any

transitive graph.

Let us now see in more detail for what graphs Conjecture has actually been proved. Besides
regular trees, it is quite classical also on nice planar lattices, where even the critical value is known in
some cases, e.g., pe(Z?,bond) = p.(TG,site) = 1/2, where TG is the triangular grid — these are Kesten’s
theorems from 1980. Percolation, and more generally, statistical mechanics at criticality in the plane is
indeed a miraculous world, exhibiting conformal invariance. This field has seen amazing progress in
the past few years, due to the work of Schramm, Smirnov, and others; see Section [2.4] for a bit more
details. As an appetizer: although the value of p. for percolation is a lattice-dependent local quantity
(see Conjecture [4T8), critical percolation itself should be universal: “viewed from far”, it should look
the same and be conformally invariant on any planar lattice, even though criticality happens at different
densities. For instance, critical exponents such as 0(p) = (p — p.)>/6t°() as p \ p. should always hold,
though the existence and values of such exponents are proved only for site percolation on the triangular
lattice.

Conjecture is also known for Z¢ with d > 19, using a perturbative Fourier-type expansion method
called the Hara-Slade lace expansion. Again, this method is good enough to calculate, e.g., 8(p) =
(p— pC)HO(l) as p \( pc. This, together with other critical exponents, are conjecturally shared by many-
many transitive graphs, namely all mean-field graphs; this should include Euclidean lattices for d > 6, all
non-amenable groups, and probably most groups “in between”. This is known only in few cases, like “highly
non-amenable” graphs (including regular trees, of course); again see Section [[2:4] for more information.

The following important general theorem settles Conjecture for all non-amenable groups. On the

other hand, the cases of Z¢, with 3 < d < 18, and of all non-Abelian amenable groups remain wide open. ( )
t.BLPSpc

Theorem 12.11 (Benjamini-Lyons-Peres-Schramm [BLPS99al, [BLPS99b]). For any non-amenable Cayley

(or more generally, unimodular transitive) graph, percolation at p. dies out.

We will give a rough sketch of a proof of this theorem, but first we need to define when a transitive
graph G is called unimodular. Let I' be the automorphism group of GG, and I', be the stabilizer of the
vertex x. Then the condition is that [I'yy| = |T'yz| for all (z,y) € E(G). So, not only the graph looks the
same from all vertices, but it does not have + and — directions in which it looks different on a quantitative
level. (But different directions are still possible in a finer sense: see Exercise [2.20). A simple example of
a non-unimodular transitive graph is the grandparent graph: take a 3-regular tree, pick an end of it, and
add an edge from each vertex to its grandparent towards the fixed end. Another class of examples are the
Diestel-Leader graphs DL(k, ¢) with k # ¢, defined just before Exercise A more complicated example
can be found in [Tim06D].

The importance of unimodularity is the Mass Transport Principle, discovered by Olle Haggstrom: G is

unimodular iff for any random function f(z,y,w), where 2,y € V(G) and w € § is the randomness, that
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is diagonally invariant, i.e., f(*y(a:),*y(y),w”) = f(z,y,w) for any v € Aut(G), with the definition of w?

given before Lemma [12.4] we have

ZEf(:z:,y,w) = ZEf(y,:z:,w). (12.8)
yev yev
We think of f(z,y,w) as the the mass sent from x to y when the situation is given by w, e.g., the percolation
configuration. Then the MTP means the conservation of mass on average.

Given a non-unimodular transitive graph, one can easily construct a deterministic mass transport rule
that does not satisfy (IZ8): for instance, in the grandparent graph, if every vertex sends mass 1 to each
grandchild, then the outgoing mass is 4, but the incoming mass is only 1. In the other direction, given a
unimodular graph, a simple resummation argument gives (I2.8)). As the simplest case, Cayley graphs do
satisfy the Mass Transport Principle (and hence are unimodular): using F'(z,y) := Ef(z,y,w), we have
YweaFlo,x) =3 o Fla™to) = > yec F(y,0), where, in the first equality we used that multiplying
1

from the left by a group element is a graph-automorphism, and in the second equality we used that x — x~
is a self-bijection of I'. See [LyPer14l Sections 8.1, 8.2] for more details on MTP and unimodularity.

Exercise 12.20.
(a) Give an example of a unimodular transitive graph G such that there exist neighbours x,y € V(G)
such that there is no graph-automorphism interchanging them.

(b) * Can you give an example with a Cayley graph?

In some sense, MTP is a weak form of averaging. Exercise[I2.24] below is a good example of this. And

it is indeed weaker than usual averaging:
Exercise 12.21 (Soardi-Woess 1990). Show that amenable transitive graphs are unimodular.

A typical way of using the MTP is to show that whenever there exist some invariantly defined special
points of infinite clusters in an invariant percolation process, then there must be infinitely many in any

infinite cluster. For instance:

Exercise 12.22. Recall the notion of a trifurcation point from the proof of the Burton-Keane Theo-
rem [12.0.
(a) In any invariant percolation process on any transitive graph G, show that the number of trifurcation
points is either almost surely 0 or oo. (If the process is also ergodic, then either a.s. 0, or a.s. o0.)
(b) In an invariant percolation process on a unimodular transitive graph G, show that almost surely the
number of trifurcation points in each infinite cluster is 0 or co.
(¢) Give an invariant percolation on a non-unimodular transitive graph with infinitely many trifurcation

points a.s., but only finitely many in each infinite cluster.

The previous exercise about trifurcation points and Exercise[3.4] about ends of groups have the following

joint generalization:

> Exercise 12.23.

(a) In an invariant percolation process on a unimodular transitive graph G, show that almost surely the

number of ends of each infinite cluster is 1 or 2 or continuum.
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(b) Give an invariant percolation on a non-unimodular transitive graph that has infinite clusters with
more than two but finitely many ends.

A more quantitative use of the MTP is the following: ( )
ex.marginonam

> Exercise 12.24. Let w be any invariant bond percolation on a transitive unimodular graph G. Let a be
the average degree inside a finite subgraph K C G, and let a(G) be the supremum of oy over all finite
K. Then clearly o(G) + hp(G) = dega(0), where hg is the Cheeger constant infg |0gS|/|S|. Show that if
E[deg,(0)] > a(G), then w has an infinite cluster with positive probability.

In words, since «(@G) is the supremum of the average degrees in finite subgraphs, it is not surprising
that a mean degree larger than a(G) implies the existence of an infinite cluster. The MTP is needed to

pass from spatial averages to means w.r.t. invariant measures.
{ex.tree2/3mar

> Exercise 12.25. The bound of Exercise[12.24) is tight: show that for the set of invariant bond percolations
on the 3-reqular tree Ty without an infinite cluster, the supremum of edge-marginals is 2/3. (Hint: the

complement of the unique invariant perfect matching has density 2/3 and consists of Z components.)

Exercise [[2.24] is, of course, vacuous if G is amenable. And non-amenability is in fact essential for the
conclusion that a large edge-marginal implies the existence of an infinite cluster, as can be seen from the

following two exercises:

> Exercise 12.26. For any ¢ > 0, give an example of an invariant bond percolation process w on Z% with

only finite clusters a.s., but E[deg,(0)] > 2d — e.

{ex.marginamen

> Exercise 12.27. Generalize the previous exercise to all amenable Cayley graphs. (Hint: close the bound-
aries of a set of randomly translated Folner sets, with a “density” high enough to ensure having only finite
clusters, but low enough to ensure high edge marginals. The statement holds not only for Cayley graphs,
but also for all amenable transitive graphs, but, for any two vertices in a Cayley graph, there is a unique

natural automorphism moving one to the other, which makes the proof a bit easier.)

Note that Exercises [2.24] and [[2.27] together give a percolation characterization of amenability, similar

to Kesten’s random walk characterization, Theorem [7.3]
{t.marginal}

Theorem 12.12 (Percolation characterization of amenability [BLPS99al). A unimodular transitive graph
is amenable iff for any € > 0 there is an invariant bond percolation w with finite clusters only and edge-

marginal Ple € w] > 1 —e.

A related characterization can be found in Exercise [3.19 On the other hand, maybe surprisingly,
a very similar condition characterizes not non-amenability but a stronger property, Kazhdan’s (T): see
Theorem [I2.19 below.

Sketch of proof of Theorem [IZ11. We will base our sketch on [BLPS99b]. First of all, by the ergodicity of
Bernoulli percolation (Lemma [[2.4) and by Lemma [[2.5] we need to rule out the case of a unique and the
case of infinitely many infinite clusters.

Let w C E(G) be the percolation configuration at p., and assume it has a unique infinite cluster éx.

For any € > 0, we define a new invariant percolation & on E(G), thicker than w in some sense and sparser
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in another. For each x € V(G), there is a random finite set {z}} of vertices that are the closest points of
%o to x. Choose one of them uniformly at random, denoted by 2*. Let . be an independent Ber(e) bond
percolation. Then let the edge (z,y) € E(G) be open in &, if dist(z, ) < 1/¢, dist(y, €x) < 1/, and z*
and y* are connected in w \ .. It is easy to see that lim._,o P[(x,y) € & | = 1. Hence, by Exercise [2.24]
for some small enough € > 0, there is an infinite cluster in & with positive probability. However, it is also
easy to check that such an infinite cluster implies the existence of an infinite cluster in w \ v.. But this is
just Ber(p. — €) percolation, so it has no infinite clusters a.s. — a contradiction.

Assume now that there are infinitely many infinite clusters in w. Using insertion tolerance, they can
be glued to get infinitely many trifurcation points as in Exercise Moreover, the same application
of MTP shows that, almost surely, if a trifurcation point is removed, then each of the resulting infinite
clusters still has infinitely many trifurcation points. Let V C V(G) denote the set of trifurcation points;
see Figure (a). There is an obvious graph structure G on V as vertices, with an edge between two
trifurcation points if there is a path connecting them in w that does not go through any other trifurcation
point; see Figure (b). This graph, although not at all a subgraph of G, represents the structure of the
infinite clusters of w well, which is a critical percolation structure; on the other hand, each component of
G is kind of tree-like, with a lot of branching. These two properties appear to point in different directions,
so we can hope to derive a contradiction. For the actual proof, we will exhibit a nonamenable spanning
forest .# inside each component of G in an invariant way.

For each v € V, let {%;(v) : i =1,...,j,} be the set of infinite clusters of G\ {v} neighbouring v, where
jo > 3. For each 1 < i < j,, let {w! : 1 < ¢ < k;} be the set of G-neighbours of v in %;(v). We now use
some extra randomness: assign an i.i.d. Unif[0, 1] label to each v € V, and for each v and 1 < i < j,, draw
an edge from v to that element of {wf : 1 < ¢ < k;} that has the smallest label. See Figure (c). We
then forget the orientations of the edges to get .%. It is not very hard to show that .# has no cycles; the
Reader is invited to write a proof or look it up in [BLPS99b].

Figure 12.5: Constructing the graph G and forest .# of trifurcation points in an infinite cluster.

Now again let 7. be an independent Ber(e) bond percolation. Then w \ 7. has only finite clusters. Let
F. be the following subgraph of .Z: if (x,y) € E(%), then (x,y) € %, if v and y are in the same cluster
of w\ 7.. Clearly, .%. is an invariant bond percolation process on V(G), with edges usually not in E(G). Tt
has only finite clusters, while lim. .o, P[(z,y) € # \ .%.] = 0. But each tree of .% is a non-amenable tree

with minimum degree at least 3, suggesting that this cannot happen. We cannot just use Exercise [2.24]
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since .# itself is not a transitive unimodular graph, but a similar MTP argument on the entire V(G) can
be set up to find the contradiction. We omit the details. O

The above proof breaks down for non-unimodular transitive graphs. Nevertheless, Conjecture [ [2.10 has
been established for most such graphs in the union of and [PerPS06].

We have seen around the Burton-Keane Theorem [[2.6] that the number of infinite clusters in Bernoulli
percolation is a relevant question. For the non-amenable transitive case, where having infinitely many
infinite clusters is a possibility, one can define a second critical point, p,(G) := inf{p : P,[3! co cluster] >
0}. The following theorem implies that for all p € (p,, 1] there is uniqueness a.s., and for all p € (pe, p.,)
there is non-uniqueness. Note that there is no monotonicity that would make this obvious: as we raise p,
on the one hand, infinite clusters can merge, reducing their number, but on the other hand, new infinite
clusters could also appear by finite clusters merging. The following result says that the second case does

not occur:

Theorem 12.13 (Above p., new infinite clusters do not appear [HaPS99]). Consider the standard mono-
tone coupling of Ber(p) percolations {w, : p € [0,1]} using Unif[0, 1] labels, on any infinite transitive graph.
Then, a.s. in this standard coupling, if p is such that w, has an infinite cluster a.s., and p < p', then each

infinite cluster of wy contains an infinite cluster of wy.

The original proof, which we do not discuss here, uses Invasion Percolation; see Section 3.3 There is
also a proof using the indistinguishability of infinite clusters; see Theorem [2.18 below and the paragraphs
afterwards.

Before turning to the study of p,, we give a nice application of the theorem in a different direction.
This proof was shown to me by Gady Kozma, but it is also very similar to Exercise 7.33].

Corollary 12.14. On any transitive graph, 0(p) is right-continuous at every p € [0,1] and continuous at

every point except possibly at p..

Proof. Right-continuity follows immediately from 6(p) being a decreasing limit (as n — 00) of the mono-
tone increasing continuous functions p — Pplo +— 0B, (0)]. Alternatively, here is a more probabilistic
argument. In the standard coupling, let C}, be the event that %, is infinite in wy; it is enough to show that
Cp = (Nyp<q Cq- The direction C is obvious, while 2 follows from noticing that if |€,| < co in wy, then %,
has a finite boundary, hence we can raise p a bit without changing %, at all.

To prove left-continuity at every p > p., take ¢ € (p¢,p), and let R, be the distance of o from the
closest infinite cluster of w,, with distance measured within w,. Theorem ensures that R, is finite if

and only if o is in an infinite cluster of w,. In other words,
O(p) —0(q) =P[0 < Ry < x0]. (12.9)

Furthermore, R, is clearly a decreasing function of g.
Now, given any € > 0, if 7 = (g, €) is large enough, then P[r < R, < o] < e. Given this r, if §, > 0
is small enough, then P[ B,(0) Nw, \ wp—s, = 0] > 1 —e. For § := min{d,,p — ¢}, using the monotonicity
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of Ry, we have

P[0<R, 5<o00|=P[0<R, s<r]+P[r<R,_s<oo]
< Plwp \wp—s N Br(0) #0] + P[r < Ry < 0]
<e+e.

By ([2.9), this shows left-continuity.
Let us note that we did not use the full power of Theorem M2.13] in this proof: instead of having it
almost surely simultaneously for all pairs p < p’, it is enough if for any pair p < p’ we have it almost surely,

since we used it only for ¢, p — d, and p. O

The immediate questions regarding p, are whether the intervals (p.,p,) and (p,,1) are always non-
empty when there are no simple obstacles forbidding it, and whether there are infinitely many or only one

infinite cluster at p,, itself.

Conjecture 12.15 (The non-uniqueness phase [BenS96c|). For transitive graphs, p. < py iff G is

non-amenable.

Conjecture 12.16 (The uniqueness phase [BenS96d|). For transitive non-amenable graphs with one
end, p, < 1.

Exercise 12.28. Show that in a transitive graph with infinitely many ends, p, = 1.

Before discussing what is known about the non-triviality of these intervals, here is an important char-

acterization of uniqueness:

Theorem 12.17 ([LySch99]). If w is an ergodic insertion-tolerant invariant percolation on a unimodular
transitive graph G satisfying inf, ,cv(q) P [;v VRN y] > 0, then w has a unique infinite cluster.
Conversely, if an ergodic invariant w satisfying the FKG inequality has a unique infinite cluster, then

inf, yev(a) P [:v VRN y] > 0.

The second part is obvious: if € is the unique infinite cluster of w, then {x € €} is an increasing

event with a positive probability p > 0 that is independent of z, hence Pz 2+ y] > Plx,y € €o | > p°.

Exercise 12.29. Give an exzample of a Ber(p) percolation on a Cayley graph G that has non-uniqueness,

but there is a sequence x,, € V(G) with dist(zo, x,) — 00 and inf, Py[zg ¢— z,] > 0.

Exercise 12.30.* Give an example of an ergodic uniformly insertion tolerant invariant percolation on

Z? with a unique infinite cluster but inf, ,cz2 P2+ y] = 0. (Hint: you can use the ideas of [HiM0J].)
Exercise 12.31. Using Theorem [I2.17, prove that p,(Tq x Z) < 1/2 for any d > 2.

The proof of the first part of Theorem [2.17 in [LySch99] uses a fundamental result from the same
paper:

Theorem 12.18 (Cluster indistinguishability [LySch99]). If w is an ergodic insertion-tolerant invariant
percolation on a unimodular transitive graph G, and A is a Borel-measurable translation-invariant set of

subgraphs of G, then either all infinite clusters of w are in A a.s., or none.
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A rough intuitive explanation of how Theorem [[2.18 implies Theorem [I2.17is the following. First of all,
we want to define a “cluster density” for each infinite cluster %. In an amenable transitive graph, averaging
along Fglner sets would be fine, but we cannot do that in general; instead, let us run a simple random walk
from an arbitrary fixed starting point o, and look at the relative frequency of visits to ¢ (as a limit over
the first n steps). Using a subadditive limit argument, one can show that this limit exists for each ¢ and is
an almost sure constant, denoted by a,(%). Now, if we start the walk from a different vertex o, then with
positive probability we get to o in a finite number of steps, and then the limit frequency will forget this
starting segment, hence o (4) = (%) with positive probability. Since these are almost sure constants, we
get that «, (%) does not depend on o. Thus, it is an invariant quantity, and by cluster indistinguishability,
it must be the same « € [0, 1] for each cluster. However, if inf, , P[x(ixg] = p > 0, then the random
walk frequency « is clearly at least p (obvious in expectation, and frequency is an a.s. constant). Since the
sum of these frequencies is at most 1, there must be only finitely many infinite clusters. Then, by insertion
tolerance and ergodicity, there must be a unique one.

As promised earlier, Theorem also easily implies Theorem [[2.13] (above p., new infinite clusters
do not appear), at least in its weak form that for any pair p < p’ it holds almost surely, as pointed out in
[LySch99]. Indeed, note that, for p < p’ and conditioned on w,, the configuration w, is just percolation on
wy with density p/p’. Assuming 6(p) > 0, there must be an infinite cluster of w, with 6(p/p’) > 0. But
then, by indistinguishability, every infinite wy/-cluster must have (p/p’) > 0, and hence, by Kolmogorov’s

0-1 law, every w,/-cluster much have an infinite wy-cluster almost surely.

Regarding p. < py, it was shown by Pak and Smirnova-Nagniebeda [PaSNO0|] that every non-amenable
group has a generating set satisfying this. Of course, this property should be independent of the generating
set taken (probably also a quasi-isometry invariant). Here is a brief explanation of what kind of Cayley
graphs make p. < p,, easier. As usually, we will consider bond percolation.

In a transitive graph G, let a,, be the number of simple loops of length n starting (and ending) at a
given vertex o, and let y(G) := limsup,, a}/ ™. The smaller this is, the more treelike the graph is, hence
there is hope that p, will be larger. Indeed, as proved by Schramm, see Theorem 7.30],

m < pu(G), (12.10)
for any transitive graph G. The proof is a nice counting argument, which we outline briefly. Taking
p < py < 1/7, it is enough to prove by the easy direction of Theorem [[ZT7 that, for o and « far away from
each other, P,[o +— ] must be small. If o +— = at level p (in the standard coupling), then either there
are many cut-edges between them already at level p,, or there are many p,-open simple loops. In the first
scenario, keeping many (say, k) cut-edges open even at level p is exponentially costly: the probability is
(p/p+)¥, conditionally on the connection at p.. But the second scenario is unlikely because there are not
enough simple loops in G: if ux(r) denotes the probability that there is some = ¢ B, (0) such that o and x
are p4-connected with at most k cut-edges, then uo(r) — 0 as r — oo because of p; < 1/, and the same
can be shown for each wuy(r) by induction on k, by noticing that uy11(r) < ug(s)+ |Bs(0)] ur(r —s). Then,
by choosing k then r large enough, both contributions to P[0 +— 2] will be small, proving (IZ10).

Now, if G is d-regular, then a,,/d" < p,(0,0) for SRW on G, hence

1 1

a6 (@) = 3G’ R

~
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where p is the spectral radius of the SRW. On the other hand, by Proposition [2.9]

1 1 1
< < = )
- hE(G)—I—l hE(G) dgLE(G)

pe(G) (12.12)

where hp is the edge Cheeger constant defined using the ratios |0gS|/|S|, while tg is the edge Cheeger
constant of the Markov chain (the SRW), i.e., it uses the ratios C(9gS)/7(S), as in Section After
comparing the three displayed inequalities (I210L MZTT] M2T12), the aim becomes to find a Cayley graph
G for which vg is close to 1 and p is close to 0. Fortunately, these two aims are really the same, by the
quantitive bound ¢%/2 < 1 — p < g from Kesten’s Theorem And making p — 0 is easy: take any
finite generating set S, for which we have some p(G(T, S)) = po < 1, then take G(T, S*) for some large k,
where S¥ = S --- S is the multiset of all possible k-wise products (i.e., we keep the multiplicities with which
group elements occur as k-wise products). The transition matrix for SRW on the resulting multigraph is
just the k'™ power of the original transition matrix, hence p(G(T, S*)) = pk — 0 as k — oo, and we are
done.

It is not known if this p — 0 can be achieved with generating sets without multiplicities. For instance,
would the ball Bf (1) work, given by any finite generating set S? The answer is “yes” for groups having a
free subgroup Fb, or having the so-called Rapid Decay property, which includes all Gromov-hyperbolic
groups. See [PaSNQ(] for the (easy) proofs of these statements.

The following exercise shows that if we do not insist on adding edges in a group-invariant way (i.e., by
increasing the generating set), but still want to add them only “locally”, then we indeed can push hg close
to the degree (or in other words, can push tg close to 1) without using multiple edges. Even the outer
vertex Cheeger constant hy := inf |95"*S|/|S| can be close to the degree, which is of course stronger, since
|0gtS| < |0pS| < (d —1)|S] in a d-regular graph.

Exercise 12.32. Show that for any d-reqular non-amenable graph G and any € > 0, there exists K < oo
such that we can add edges connecting vertices at distance at most K, such that the new graph G* will be d*-
regular, no multiple edges, and vy (G*) := hy (G*)/d* will be larger than 1 — € for the outer vertex Cheeger
constant. (Hint: use the wobbling paradoxical decomposition from Exercise [B8. The Mass Transport

Principle shows that this proof cannot work in a group-invariant way.)

Exercise 12.33.***
(a) Is it true that 1p(G(T, BY))/|Bi| — 1 as k — oo for any nonamenable group T' and the ball of radius
k in any finite generating set S?
(b) Is it true that 1y (G(T, BY))/|B| # 1 for any group T' and any finite generating set S?

Possibly the best attempt so far at proving p. < p, in general is an unpublished argument of Oded
Schramm, which we discuss in Section [[2.5] below, see Theorem [12.36]

There is an interpretation of p. < p, in terms of the Free and Wired Minimal Spanning Forests, see
Theorem below.

Conjecture [ZT6 on p, < 1 is known under some additional assumptions (besides being nonamenable

and having one end): CutCon(G) < oo (for instance, being a finitely presented Cayley graph) or being a
Kazhdan group are sufficient, see [BabB99, [Tim(7] or Section 7.6], and [LySch99], respectively.

Here is how being Kazhdan plays a role:
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{t.Kazhdanclos
Theorem 12.19 ([GIW9T7]). A f.g. infinite group T is Kazhdan iff the measure pnar on 2 that gives

probability half to the emptyset and probability half to all of T is not in the weak™® closure of the I'-invariant
ergodic probability measures on 2'.

In other words, for a transitive d-reqular graph G(V, E) and any o € V, let

d'¢(G) := sup {

E.[{(0,z) € E:0(x) =0(0)}| _ergodic invariant measures i on o € {£1}V
da  with E, o(0) =0 .

Then, a f.g. group T' is Kazhdan iff any (or one) of its Cayley graphs G has 6°"8(G) < 1.

There are some natural variants of 6°'¢(G): instead of all ergodic measures, we can take only the tail-
trivial ones (i.e., all tail events have probability 0 or 1), or only those that are factors of an i.i.d. Unif[0, 1]
process on V or E (i.e., we get o as a measurable function f of the i.i.d. process w, where f commutes
with the action of I on the configurations ¢ and w). The corresponding suprema are denoted by ¢ and
§fid . Clearly, §°2(G) > 6%(G) > 614(G) (wait, not that clearly...), but are they really different? An
unpublished result of Benjy Weiss and Russ Lyons is that, for Cayley graphs, §%4(G) < 1 is equivalent
to nonamenability. (One direction is easy: see Exercise [[2Z34] (a) below.) On the other hand, it is only
conjectured that §*"(G) < 1 is again equivalent to nonamenability. In general, it is a hard task to find out
what tail trivial processes are factors of some i.i.d. process. See and Section for a bit more

on these issues.
{ex.agree}

Exercise 12.34.
(a) Show that §MY(G) = 1 for any amenable transitive graph G. (Hint: have i.i.d. coin flips in large
Folner neighbourhoods vote on the o-value of each vertex.)

(b) Show that 6°'¢(T3) = 1. (Hint: free groups are not Kazhdan e.g. because they surject onto 7Z.)

Exercise 12.35.***
(a) Find the value of 679 (T3).
(b) Show that 6*(T5) < 1.

We come back now to the question of p, < 1:
{c.Kazhdanpu}

Corollary 12.20 ([LySch99]). If G is a Cayley graph of an infinite Kazhdan group T, then p,(G) < 1.

Moreover, at p,, there is non-uniqueness.

Sketch of proof of p, < 1. Assume p,(G) = 1, and let w, be Ber(p) percolation at some p < 1. Let n,
be the invariant site percolation where the vertex set of each cluster of w, is completely deleted with
probability 1/2, independently of other clusters. By Theorem [[2.17] we have inf, , P,[z +— y] = 0. It
is not surprising that this implies that 7, is ergodic. On the other hand, as p — 1, it is clear that 7,
converges to fipar in the weak™ topology, so Theorem [[2.19 says that I could not be Kazhdan. O

Let us also sketch a non-probabilistic proof that uses directly Definition [Z.11] of being Kazhdan, instead
of the characterization Theorem[I2.19l Tt is due to [[IKT09], partly following a suggestion made in [LySch99).
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Sketch of another proof of p, < 1. Let © = {0,1}F, with the product Bernoulli measure p, with density
p. Given the right Cayley graph G(T',S) for a finite generating set .S, and a site percolation configuration
w € Q, let 4, be the set of its clusters, €,,(g) be the cluster of g, and £(4,) be the Hilbert space of square
summable real-valued sequences defined on %,,. Consider now the direct integral of these Hilbert spaces

over all w,

ni= [ 2w, @), ;:/ S (w0, O)h(w, C) dpy , for 9,16 € H.
Q Q dez,
I" has a natural unitary (in fact, orthogonal) representation p on H, translating vectors by py(¢)(w, C) :=
o(w9,g7t0) for C € €, where w9(h) := w(gh); note here that ¢g=1C € %4, since g’1x<i>g*1y iff
r+2sy. Now, if ¢+ € H is the vector that is 1 at %,,(1) and 0 at the other clusters of w, for each w, then

lell, = 1, and

Pplg = h] =Pp[E(g) = C(h)] = (pg(1); (1)), = (s Pgn—1 (1)), -

This implies, by the way, that P,[g <— h] is a positive definite function.

Take an € > 0 smaller than the Kazhdan constant x(I',S) > 0. If p is close enough to 1, then
le = ps()]lp, =2 —2(¢,ps(t)) = 2P,[1 </+ s] < e for all s € S. Hence, by the Kazhdan property, there is
an invariant vector & € H.

It is easy to see that a vector ¢ is invariant under the representation p iff £(w, C) = &(w9, g~ 1C) for all
g € T'. On the other hand, for each w, we have &(w,-) € £2(%,), hence its maximum is attained at finitely
many clusters. Taking these clusters, we get an invariant choice of finitely many clusters. By a simple
application of the Mass Transport Principle, all of these clusters must be infinite. If there are infinitely
many infinite clusters in p,, then, by the cluster indistinguishability Theorem [[2.I8 there is no invariant

way to choose finitely many of them, hence we must have a unique infinite cluster instead. |

Exercise 12.36. Fill in the missing details in either of the above proof sketches for p, < 1 for Kazhdan

groups.

Exercise 12.37 (Todor Tsankov).*** Prove p. < p, for Kazhdan groups by finding an appropriate

representation.

12.3 Percolation on finite graphs. Threshold phenomema

The best-known example is the Erdés-Rényi random graph model G(n, p), which is just Ber(p) percolation
on the complete graph K,. We will give a very brief introduction; see [JaLR00] for more on random
graphs, [AloS00] for probabilistic combinatorics in general, and [KalIS06| for a nice survey of influences and
threshold phenomena that we will define in a second. [Gril(] contains a bit of everything, similarly to the
present notes.

A graph property A over some vertex set V is a subset of {0,1}V*V that is invariant under the
diagonal action of the permutation group Sym(V'), or in other words, that does not care about the labelling
of the vertices. Examples are “containing a triangle”, “being connected”, “being 3-colourable”; and so on.

Such properties are most often monotone increasing or decreasing. It was noticed by Erdés and Rényi
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[ErdR6Q] that, in the G(n,p) model, monotone graph properties have a relatively sharp threshold: there
is a short interval of p values in which they become extremely likely or unlikely. Here is a simple example:

Let X be the number of triangles contained in G(n,p) as a subgraph. Clearly, E, X = (g) p3, hence, if
p=p(n)=o(1/n), then P,[X > 1] < E,X — 0. What can we say if p(n)n — c0? We have E, X — oo,
but, in order to conclude that P,[X > 1] — 1, we also need that X is somewhat concentrated. This is
the easiest to do via the Second Moment Method: for any random variable X > 0, applying Cauchy-
Schwarz to E[ X | = E[1xs0 X | gives

(EX)?
> . .
P(X>0)2 g (12.13)
More generally, for ¢ € (0,1), we have E[ X (1 — ¢) < E[1xskx X ], and Cauchy-Schwarz gives
EX)?
> - B .
PX > 1BX] 2 (1 -0 g (12.14)

This is called sometimes the Paley-Zygmund inequality.
Now, back to the number of triangles, if I is the indicator variable for the event that the triangle

A C E(K,) is open, then Ta and Ia: are independent if A and A’ do not share an edge, and

Vary[X]= Y Covplla,In]=» Var[la]+ > Covylla,la]
AN CE(K,) A |ANAY|=1
triangles
n\ s 3 n\ /n—2 5 6
= 1— 2 -
<3>p( p°) + (2>( ) )(p 28|
3 4
s, " o5
¢V TP

Thus, for p ~ A/n with A € (0,00), we have E,[X?] < C(A)(E,X)?. Moreover, lim)_,o, C(\) = 1.
Therefore, the first moment estimate and (I213) yield that
0<a(A) <P,[X >1]<b(N), with lim b(A) =0 and lim a(\) =1. (12.15)
A—0 A—00

Here are now the exact general definitions for threshold functions:

Definition 12.21. Consider the Ber(p) product measure on the base sets [n] = {1,...,n}, and let A, C
{0, 1} be a sequence of increasing events (not the empty and not the full). For t € [0,1], let pf*(n) be
the p for which P,[ A, ] = t, and call p*(n) := pf‘/Q(n) the critical probability for A. (These exist since
p — Pyl A, ] is strictly increasing and continuous, equalling 0 and 1 at p =0 and p = 1, respectively.) The
sequence A = A, is said to have a threshold if

1o Byl o

P, A, ] — pA(n) 1—p(n)
pA(n) 1—p(n) ’

Furthermore, the threshold is sharp if for any ¢ > 0, we have

pitc(n) —pd(n)]
pA(n) A(1=pA(n))

and it is coarse if there are €,¢ > 0 such that the above ratio is larger than ¢ for all n.

— 0 asn— o0,

Similar definitions can be made for decreasing events.

141

{e.2MM}

{e.2MM2}

e.triangles
g

{d.threshold}



A sequence A,, of events will often be defined only for some subsequence njy — oo: for instance, the
base set [nj] may stand for the vertex or the edge set of some graph Gy (V, Ex).
The following basic result is due to Bollob4s and Thomason [BolT87] (with a different proof, using

isoperimetric considerations — we will see soon what thresholds have to do with isoperimetry):

Exercise 12.38. Prove that for any sequence monotone events A = A, and any € there is Ce < 00 such
that |pf_(n) — p2(n)| < Cep(n) A (1 = pft(n)). Conclude that every sequence of monotone events has
a threshold. (Hint: take many independent copies of a low density percolation to get success with good

probability at a larger density.)

An example that has a threshold but a very coarse one is dictatorship by the ith variable: D; := {w :
i € w}, for some fixed i € [n]. For this event, P,[D;] = p. A less trivial example of a coarse threshold
is the event of containing a triangle, by (IZI5H)). We will describe an example of a sharp threshold in
Theorem [12:23

Can we tell without exact calculations how sharp the threshold of a given sequence of events is? A
short threshold interval means that P,[.A] changes rapidly with p, hence the following result, called the

Margulis-Russo formula, is fundamental in the study of threshold phenomena: for any event A,

= Z I;f‘(i) , which is

(12.16)
= Z P,[i is pivotal for A] for A increasing,
i€[n]
where I(i) := P,[W;A] — P,[¥_;A] is the signed influence of the variable i on A, with ¥; A := {w :

wU{i} € A} and ¥ ;A := {w: w\ {i} € A}, while pivotal means that changing the variable in a given
configuration w changes the outcome of the event, i.e., that w € ¥, 4 A U_; A. The ordinary (unsigned)
influence is just I;‘(i) := P, [i is pivotal for A], equalling IA( ) for A increasing.

The proof of (I210)) is simple: write P,[A] =" 14(w)P,[w], compute the derivative for each term,

=Y 14) gl [l = 0 - o . (12.17)

p

then, by monitoring that a given configuration w € A appears for what 7 configurations as n U {i} = w
(hence n € ¥;A), notice that

IMILRIEDRNE ol [l + Wl
i=1
and similarly,

S Bpl0sd] = T LaByle] (0 )+ (0~ 25 ]

p
and the difference of the last two equations is indeed equal to (TZI1).

Here is a more intuitive proof that we explain, for simplicity, for increasing A. In the standard coupling

of the Ber(p) measures for p € [0, 1], when we gradually raise the density from p to p+ ¢, then the increase
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in the probability of the event is exactly the probability that there is a newly opened variable that is pivotal

at that moment. The expected number of these pivotal openings is
pte
/ E,[number of pivotals for A]dg.
p

For very small e (depending even on n, the number of bits), the probability that there is more than one bit
that has opened is very small. This implies that (1) the expectation in the integral is basically constant on
[p,p + €], hence the integral is close to € E,[number of pivotals for A], and (2) the probability of having
any pivotal opening is close to their expected number. Thus, dividing by € and taking lim._, gives (I2.16)).

So, one could prove a sharp (or coarse) threshold for some increasing A = A, by showing that the
total influence I;,“ = I;f‘(i) = E,[number of pivotals for A] is large (or small) for all p around the
critical density p(n).

> Exercise 12.39. In the random graph G(n,p) with p = \/n, for A, = {containing a triangle}, show
directly that the expected number of pivotal edges is < n (with factors depending on \), and hence, by Russo’s
formula (IZ18), the threshold window is of size pf* . (n) — p2(n) < 1/n, as we also saw from [IZ13).

Note that 154 is the size of the edge boundary of A in {0,1}[ measured using P,:

(1,1,1)

12;4 = Z(z,y)GBEA (Pp[x] + Pp[y]) .

(0,0,0)

Figure 12.6: For majority on 3 variables, A = Maj; := {z € {0,1}?: Zle z; > 2}, each variable is pivotal

in four configurations (at the endpoints of two edges). {f.InfIsop}

Therefore, bounding the total influence from below is the same as proving isoperimetric inequalities in
the hypercube. For instance, for the uniform measure p = 1/2, the relationship between total influence
and edge boundary is I {4}2 = |0pA|/2" 1, and the classical edge-isoperimetric inequality for the hypercube,
Exercise 5.1 becomes

1
I, > 2Py 5[ A] log, B oA (12.18) {e.InfIsop}

An easier inequality is the following Poincaré inequality (connecting isoperimetry and variance, just as in
Section BT)):
If}g > 4Py [ Al (1 =Pyp[A]). (12.19) {e.InfPoin}

Also, compare these inequalities with Exercise [6.13] that uses a slightly larger “boundary”.
{ex.InfIsop}

> Exercise 12.40.
(a) Prove the identity 1{4}2 = |OpAl/2"~ L.
(b) Show that, among all monotone events A on [n], the total influence 1{4}2 is maximized by the majority
Maj,,, and find the value. (Therefore, Maj,, has the sharpest possible threshold at p = 1/2. For general
p, but still bounded away from 0 and 1, the optimum remains similar: see (I2.24).)
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{ex.InfPoin}
> Exercise 12.41. Prove the Poincaré inequality (IZ19).

Hint: Define a map from the set of pairs (w,w’) € Ax A® into O A. Alternatively, use discrete Fourier
analysis, defined very briefly as follows:

For any function f : {—=1,1}" — R of n bits, define the Fourier-Walsh coefficients f(S’) =
Eio[ f(w)xs(w)], where {xs(w) = [Legw(i) : S C [n]} is an orthonormal basis w.r.t. (f,g) =
Ei/[fgl. (In a slightly different language, these are the characters of the group Zy.) Determine the
variance Varf, and, for Boolean functions f = 14, the total influence If}Q in terms of the squared coeffi-

cients (S)2.

For balanced events, i.e., when Py /5[ A] = 1/2, the stronger (I2Z.I8) gives I;,5(A) > 1, which is sharp,
as shown by the dictator, D; := {w : i € w} as an event, or D;(w) := w(i) as a Boolean function, mentioned
above as an example of a very coarse threshold.

More generally, we have seen in Exercise B.11]that the sets with small edge boundary depend on as few
coordinates as possible. What can be said for p # 1/27 What properties have sharp thresholds? There is
an ultimate answer by Friedgut and Bourgain [FriB99]: an increasing property A has a coarse threshold
at p? iff it is local, i.e., it can be e-approximated at p# by an increasing event B whose minimal elements
have size bounded by some B(e). Typical examples are the events of containing a triangle or some other
fixed subgraph, either anywhere in the graph, or on a fixed subset of the bits as in a dictator event. Sharp
thresholds correspond to global properties, such as connectivity, and k-colorability for k¥ > 3. (Although
Ay, := {non-k-colorable} can be enforced by having a (k + 1)-clique, the critical probability for the latter
event is much higher, hence this does not mean locality. Could there exist any local event that has a smaller
critical probability, but still has a noticeable effect on A7 It turns out that even conditioning on a specific
k-clique to be present at the critical probability of A does not significantly increase the probability of
Ay, which implies that Ay cannot be approximated by bounded events.) The exact results are slightly
different in the case of graph and hypergraph properties (Friedgut) and general events (Bourgain), and we
omit them. Note that although it is easy to show locality of events that are “obviously” local, it might
be much harder to prove that something is global and hence has a sharp threshold. Therefore, it is still
useful to have more robust conditions for the quantification of how sharp a threshold is. The following is
a key theorem, which is a generalization of the p = 1/2 case proved in [KahKLS88], strengthening (T2.19);

see also [Tal94]:

{t.BKKKL}

Theorem 12.22 ([Bou 92]). For Ber(p) product measure on [n], and any nontrivial event A C

{0, 1} we have

1
I > cP,[A](1-Py[A]) log T (12.20) {e.totalInf}
A A
where my' = max; [;(i). Furthermore,
1
mA > cP,[A](1 - P,[A]) —2. (12.21) {e.maxInf}

n

In both inequalities, ¢ > 0 is an absolute constant.

For instance, if we can prove for some sequence of monotone events A = A,, that m;‘ —0asn — oo,

uniformly in a large enough interval of p values around p*(n), then (IZ20) and the Margulis-Russo formula
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([210) show that the threshold interval is small: |pf* (n) — p2(n)| — 0 for any e > 0. Note that this
condition is going in the direction of excluding locality: a bounded set of small-influence bits usually do not

have a noticeable influence even together. Furthermore, if there is a transitive group on [n] under which A,

A
D>

(I220) implies that the threshold interval is at most C./logn. We will see some applications of these ideas

is invariant (such as a graph property), then all the individual influences are the same, so 11;4 =nm;, and
in Sections [2.4] and The proofs of these influence results, including the Friedgut-Bourgain theorem,
use Fourier analysis on the hypercube Z%, as defined briefly in Exercise I2.41]

Note that we have already encountered the idea that small individual influences imply a sharp threshold:
the Azuma-Hoeffding large deviation inequality for martingales of bounded increments (Proposition [[L8]),
used in the concentration results of (6.8]) and Exercises[6.121and [6.13] The connections between influences,
the concentration of measure phenomenon and isoperimetric inequalities are explored in depth in [Tal94]
ITal96, [Led01].

We will now discuss a sharp threshold, concerning the property most relevant from the viewpoint
of percolation. On a finite graph, instead of infinite clusters (that contain a given vertex with positive
probability), we talk about giant clusters, i.e., clusters that occupy a positive fraction of the vertices of
G, = (V, Ey). For the Erdds-Rényi model G(n,p), the threshold for the appearance of a giant cluster is

around 1/n:

Theorem 12.23 ([ErdR60, Lucz90, [AId97]). Let €; be the it" largest cluster in the random graph G(n,p)
with p ~ (1 +€)/n, possibly € = e,.
(i) Forn= Y3 <« —e, < 1, for any j > 1 fized,

€51 P
ﬁ _) 1 .
2¢, “ log(e3n)

In particular, if €, < € for some fized € < 0, then the size of the largest cluster is O(logn).

(ii) For e, = An~'/3, where X € R is fized, the random vector (|61|, |z, ...)/n*? has a non-degenerate
limiting distribution: the lengths of excursions of Brownian motion with drift \—t at time t (in other

words, excursions of By + A\t — t2/2), in decreasing order.

(iii) For n~ Y3 < e, < 1, the largest cluster is

¢
4l e,

2e,n ’

while, for all j > 2,
&

el ey

2e,, “ log(e3n)

In particular, for €, > ¢ > 0, there is a giant cluster, with all other components having size O(logn).

Sketch of proof for fixed e. We sketch a simple proof that uses breadth-first-search exploration, random
walks, and martingales. A similar approach, with explicit bounds and also handling € = ¢,, varying in the
critical window, can be found in [NaP10].

Recall the breadth-first-search exploration process of Figure [2.3] for Galton-Watson trees, with its list
of active vertices Sop = 1 and S;11 = S;+ X; 11— 1. For the same process in G(n, p), the difference is that the
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sequence {X; : 7 > 1}, the number of vertices put in the active list in each step, is not an iid sequence, but
Xit1 ~ Binom(n—.S; —i,p). So, conditionally on S;, the increment X, is still independent of X3, ..., X;,
and as long as ¢ = o(n) (which implies S; = o(n) as well, with high probability), the distribution of X; is
still close to Poisson(1 + ¢). More precisely, note that the number U; of unexamined vertices after the it

step is U; ~ Binom(n — 1, (1 — p)*), hence
Xi11 ~ Binom(n —1,(1 —p)'p), (12.22)

which of course is stochastically dominated by Binom(n — 1,p). Similarly, since S; + U; + i = n,

S; ~ Binom(n —1,1— (1 —p)") —i+1. (12.23)
For € < 0, we get an upper bound on the size of the cluster of a given vertex from being stochastically
dominated by a GW tree with offspring distribution Binom(n — 1,p), which has a mean strictly less than
1. The probability of having total volume larger than n is exponentially small, hence the largest cluster in
G(n,p) will have a volume O(logn) (and it is easy to see that we indeed get a lot of clusters of this size).
For € = 0, the GW exploration walk has increments of mean zero and finite variance, hence is recurrent.
The probability that it stays positive for time at least k£ is comparable to the probability that it gets
to height vk, which is =< 1 / Vk; see Exercise Therefore, by stochastic domination, letting Ny :=
[{v : the cluster of v has size > k}|, we have Eg(,,1/n)[Nk] < O(n/Vk). In particular, for any sequence
k =k, > n?/3, we get that

n*PPgamNe 2 1] < Egim [ Ne] < n?/?,

which implies that |€1| = O(n?/3) with probability tending to 1. On the other hand, we can easily get
a matching lower bound: if the exploration walk of a given vertex in G(n,1/n) stays positive for time
0(n2/ 3) only, then we can start an exploration walk in the unexplored part of the graph, with increments
still close to Poisson(1), and so on; we have > n'/3 tries before we have explored so many vertices that the
increments X; start becoming visibly smaller, hence it is very likely that an excursion of duration at least
en?/3, which happens with probability around n~'/3, will sooner or later appear among our tries.

For e > 0, the probability of survival of a Poisson(1 + €) GW tree is (2 + o(1))e (see Exercise
in Section [[24). By stochastic domination and GW duality (Exercise [2.8), with probability at least
1—(2+0(1))e, the cluster of a fixed vertex has a size that is bounded from above by a random variable that is
independent of n. On the other hand, look at (I2Z23): for 1 < i < aen, where a < 2, we have 1—(1—p)* > «e
for all € > 0 small enough, hence P[S; > 0] > 1 — exp(—cq,en), and P[S; > 0 for all i = ky,, ..., qen] =
1 —o(1) for any k, — oo. Since we get to some step k, — oo with probability (2 — o(1))e, the process
survives for at least (2 — o(1))en steps with almost this probability. On the other hand, for i > Sen with
B > 2, we have 1 — (1 — p)® < Be for all € > 0 small enough, hence P[S; > 0 for all i = 1,...,Ben] is
exponentially small. That is, with probability (24 o(1))e, the exploration process in G(n, p) for the cluster
of a fixed vertex does not stop until (2 + o(1))en vertices are accumulated in the cluster, but then will die
soon. Summarizing, the cluster is small (independently of n) with probability at least 1 —(2+o0(1))e, of size
(2+ o(1))en with probability (2+ o(1))en, and something else with at most the remaining probability o(e).

Therefore, when we explore the clusters one-by-one, the first few clusters will be small (for an approximately
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Geom(2¢) random number of times), and then we get a cluster of size ~ (2 4 o(1))en. At this point, we
are left with n’ ~ (1 — 2¢)n vertices, while p = % ~ W, which is strictly subcritical, hence the

largest cluster in the rest of the graph will be of size O(logn). O
For the critical window being e =< n~'/3, see Exercise [Z54] in Section [Z4 below.

Exercise 12.42. To make sure you understand the proof above for the case € > 0, explain how it is possible

that the exploration process runs for ~ 2en steps despite the fact that already after cutting off ven vertices,
1+4+€

’on

for any v > 1, the remaining graph is G((1 — ve)n ), which is subcritical.

There is much beyond percolation on the complete graph K,. The first question is the analogue of

pe < 1 for non-1-dimensional graphs:
{c.finitepc}

Conjecture 12.24 (Benjamini). Let G, = (V,,, E,) be a sequence of connected finite transitive graphs
with |V,| = oo and diameter diam(Gy,) = o(|Vy|/ log|Vy|). Then there is a,e > 0 such that

Pi_c[there is a connected component of size at least a|V,|] > €

for all large enough n.
Exercise 12.43. Show by exzample that the o(|V,|/log|V,|) assumption is sharp.

The next question is the uniqueness of giant clusters.
{c.finiteuniqu

Conjecture 12.25 ([AIoBS04]). If G, is a sequence of connected finite transitive graphs with |Vy,| — oo,
then for any a > 0 and € > 0,

sup P, [there is more than one connected component of size at least a|V,,|] — 0
p<l—e

as n — oo, where P, denotes the probability with respect to Ber(p) percolation.
Exercise 12.44. Show by example that the 1 — e cutoff is needed.

Besides the Erdés-Rényi G(n,p), another classical example where these conjectures are known to hold
is the hypercube {0,1}", again with critical value (1 + o(1))/n [AjKSz82]. Furthermore, they are known
for expanders, even without transitivity [AloBS04]. The proof of Conjecture for this case proceeds
by first showing a simple general upper bound on the average influence, somewhat complementing (T22T]):
for any increasing event A C {0,1}[") if p € (¢,1 — ¢), then Ja = a(e) such that, for a uniformly chosen
random i € [n],

P,[i is pivotal for A] < (12.24) {e.pmaxInf}

)

=k

in other words, the total influence is always I;‘ = O(y/n). (This generalizes Exercise (b) from the
case p = 1/2.) This bound is applied to proving that there cannot be many edges whose insertion would
connect two large clusters. On the other hand, two macroscopic clusters in an expander would necessarily
produce such pivotal edges, hence there is uniqueness.

Despite the conjectured uniqueness of the giant cluster, there is a possible analogue of the non-

uniqueness phase of the non-amenable case: in the intermediate regime, the identity embedding of the
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giant cluster into the original graph should have large metric distortion. (Locally we see many large clus-

ters, only later they hook up, due to the finiteness of the graph itself.) For the hypercube, the conjectured
second critical value is around 1/y/n [AngB07].

12.4 Critical percolation: the plane, trees, scaling limits, critical exponents,

mean field theory

Statistical mechanics systems with phase transitions are typically the most interesting at criticality, and
Bernoulli percolation is a key example for the study of critical phenomena. Critical percolation is best
understood in the plane and on tree-like (so-called mean field) graphs, where the latter is understood
broadly and vaguely: e.g., Z% for high d is locally tree-like enough and the global structure is simple
enough so that critical percolation can be understood quite well, while Gromov-hyperbolic groups are
very much tree-like globally, but presently this is not enough for a good understanding. This section will
concentrate on critical planar percolation and the case of regular trees, with a brief discussion on more

general ideas and the mean field theory.

The planar self-duality of the lattice Z? was apparent in our proof of the upper bound in 1/3 < p.(Z?) <
2/3. A more striking (but still very simple) consequence of this self-duality is the following:

Lemma 12.26. The events of having an open left-right crossing in an n x (n + 1) rectangle in Ber(1/2)
bond percolation Z*, and also in an n x n rhombus in Ber(1/2) site percolation TG both have a probability

exactly 1/2, regardless of n.

SIS sl

Figure 12.7: The self-duality of percolation on TG and Z2.

For the proof, we will need some basic deterministic planar topological results. First of all, open-
ing/closing the sites of TG is the same as colouring the faces of the hexagonal lattice white/black, so, for
better visualization, we will use the latter, as in the left hand picture of Figure [2.7 Now, it is intuitively
quite clear that, in any two-colouring, either there is a left-right white crossing, or a top-bottom black
crossing in the rhombus, exactly one of the two possibilities. (In other words, a hex game will always end
with a winner.) The fact that there cannot be both types of crossings is a discrete version of Jordan’s
curve theorem, and the fact that at least one of the crossings must occur is a discrete version of Brouwer’s
fixed point theorem in two dimensions: any continuous map from the closed disk to itself must have a
fixed point. However, to actually prove the discrete versions (even assuming the topology theorems), some

combinatorial hacking is inevitable, as shown, e.g., by colouring the faces of Z?: if being neighbours requires
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a common edge, then it can happen that neither crossing is present, while if it requires only a common
corner, then both crossings might be present at the same time.

I am not going to do the discrete hacking in full detail, but let me mention two approaches. The most
elegant one I have seen is an inductive proof via Shannon’s and Schensted’s game of Y, see [PerW10), Section
1.2.3]. A more natural approach is to use the exploration interface. Add an extra row of hexagons (an
outer boundary) to each of the four sides, the left and right rows coloured white, the top and bottom rows
coloured black; the colours of the four corner hexagons will not matter. Now start a path on the edges of
the hexagonal lattice in the lower right corner, with black hexagons on the right, white ones on the left.
One can show that this path exploring the percolation configuration cannot get stuck, and will end either
at the upper left or the lower right corner. Again, one can show that in the first case the right boundary
of the set of explored hexagons will form a black path from the top to the bottom side of the rhombus,
while, in the second case, the left boundary will form a white path from left to right, and we are done.

For bond percolation on Z2, a similar statement holds. Given a percolation configuration in the nx (n+1)
rectangle (the red bonds on the right hand picture of Figure I2.7), consider the dual (n + 1) x n rectangle
on the dual lattice, with the dual configuration (the blue bonds): a dual edge is open iff the corresponding
primal edge was closed. Again, either there is a left-right crossing on the primal graph, or a top-bottom
crossing on the dual graph, exactly one of the two possibilities. The exploration interface now goes with
primal bonds on its left and dual bonds on its right, with the left and right sides of the rectangle fixed to

be present in the primal configuration, and the top and bottom sides fixed to be in the dual configuration.

Exercise 12.45. Assuming the fact that at least one type of crossing is present in any two-colouring of

the n x n rhombus, prove Brouwer’s fixed point theorem in two dimensions.

Proof of Lemma[IZ20. By the above discussion, if A is the event of a left-right primal crossing in Ber(p)
percolation, then the complement A€ is the event of a top-bottom dual crossing (on TG, primal/dual simply
mean open/closed). But, by colour-flipping and planar symmetry, we have P,[ A°] = P1_,[ A]. This says
that P,[A] + Py _p[A] =1, hence, for p = 1 — p = 1/2, we have Py 5[ A] = 1/2, as desired. O

For a physicist, the fact that at p = 1/2 there is a non-trivial event with a non-trivial probability that
is independent of the size of the system suggests that this should be the critical density p.. This intuition
becomes slightly more grounded once we know that the special domains considered in Lemma [12.26] where

percolation took place, are actually not that special:

Proposition 12.27 (Russo-Seymour-Welsh estimates). Consider Ber(1/2) site percolation on TG, the
triangular grid with mesh size ), represented as a black-and-white colouring of the hexagonal lattice, so that
connections are understood as white paths. We will use the notation P = P;’/2.
(i) Let D C C be homeomorphic to [0,1])%, with piecewise smooth boundary, and let a,b,c,d € D be

the images of the corners of [0,1]%. Then
0 < ¢g < P[ab <+ cd in percolation on TG, inside D] < ¢; <1 (12.25)

for some ¢;(D,a,b,c,d) and all 0 < n < ny(D,a,b,c,d) small enough.
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(ii) Let A C C be homeomorphic to an annulus, with piecewise smooth inner and outer boundary pieces

OhA and 09 A. Then
0<cy < P[@lA +— 02 A in percolation on TG,, inside A} <c <1 (12.26)

for some ¢;(D,a,b,c,d) and all 0 < n < no(A) small enough.
Similar statements hold for Ber(1/2) bond percolation on Z?, with any reasonable definition of “open

crossing of a domain”.

Proof. The key special case is the existence of some s > 7 such that crossing an r x s rectangle in the
harder (length s) direction has a uniformly positive probability, depending only on r/s. In fact, we are

going to show the recursive inequality
P[LR(r,25)] > P[LR(r,5)]"/4, (12.27)

where LR(r, s) is the left-to-right crossing event in the rectangle r x s in the horizontal (length s) direction,
and r, s are arbitrary, except that are chosen relative to the mesh 7 in a way that the vertical midline of
the r x 2s rectangle is an axis of symmetry of the “lattice rectangle” (i.e., the union of lattice hexagons
intersecting the rectangle), and both halves “basically” agree with the r x s lattice rectangle (the hexagons
cut into two by the midline are considered to be part of both halves). See Figure I[Z8la.

Then, since we see from Lemma 228 that LR(|v/3n |5, nn) > 1/2 for any n € Z, , repeated applications
of (IZZ1) yield the positivity claim for all r,s. After this, one can easily convince themselves that gluing
open connections in overlapping rectangles via the Harris-FKG inequality implies all the claims of the
proposition. We leave the details to Exercise [12.46

The following very simple proof of (I227) is due to Stas Smirnov. (Anecdote: when Oded Schramm
received the proof from Smirnov, in the form of a one-page fax containing basically just (IZ27) and
Figure[I2Z.8 he almost posted the fax to the arXiv under Smirnov’s name, to make sure that everyone gets

to know this beautiful proof.)

Figure 12.8: Smirnov’s proof of RSW. Open/white denoted by yellow, closed/black denoted by blue.

Let D be the r x 2s lattice rectangle, with left and right halves A and B. Fixing the outer boundary

black along the top side of A and white along its left side, start an exploration interface in the upper left
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corner until it hits one of the two other sides of A. The event of hitting the midline between A and B is
equivalent to LR(A): the right (white) boundary of the stopped interface will be the uppermost left-right
crossing of A (provided that a crossing exists). Condition now on this event and also on the right (white)
boundary v of the interface. See again Figure [2.8la. Note that the configuration in the part of A below
~ and in the entire B is independent of ~.

Now let the reflection of v across the midline between A and B be #; if 7 ended at a hexagon cut into
two by the midline, then this hexagon will be in 7 and not in 4. See Figure 2.8 b. In the subdomain of
D below vU#, we can repeat the argument of Lemma [[2.268] with boundary arcs v, ¥4, S8, « in a clockwise
order, where « is the bottom side of A together with the part of the left side below 7, and similarly for
in B. (The possible middle hexagon on the bottom side, just below the midline, will be in 8 and not in «.)
Namely, there is either a white crossing between v and 3 or a black crossing between 4 and «, exactly one of
the two possibilities. By (almost-)symmetry, we have P[y +— ] > 1/2. If the white crossing between ~y
and /3 occurs, then, together with the white -y, we get a white crossing from the left side of A to the bottom
or right side of B. So, denoting this event by LR(| A, B.), we get, after averaging the conditional probability
lower bound 1/2 over all possible choices of v, that P[LR(|A, Bs)| > P[LR(A) | - 1/2. Similarly, we have
P[LR(.A,B|)| > P[LR(B)] - 1/2. Since 8 and its reflection intersect only in at most one hexagon,
the intersection of the events LR(]A, Bu) and LR(LA, B|) implies LR(D), see Figure IZ8c. So, by the
FKG-Harris inequality,

P[LR(D)] > P[LR(|4, B2) NLR(LA, B)]| > P[LR(A)|P[LR(B)]/4,
which is just (IZZ21). The next exercise finishes the proof. O

Exercise 12.46. Using [I2-27)), complete the proofs of (i) and (i) of the proposition, and explain what to

change so that the proof works for bond percolation on Z2, too.

There are several other proofs of Proposition[I2.27] which is important, since they generalize in different
ways. The above proof used the symmetry between primal and dual percolation, and hence p. = 1 — p,, in
a crucial way. Nevertheless, the result is also known, e.g., for critical site percolation on Z?; in particular,
O(p.) = 0 is known there. One symmetry is still needed there: there is no difference between horizontal
and vertical primal crossings, since the lattice has that non-trivial symmetry. One of the most general such
results is [GriMand]. It is also important that on such nice lattices, a bound of the type (I2:27) holds for
all p, even in a stronger form; see [Gri99, Lemma 11.73]:

P,[LR(r, 0r)] > fe(Pp[LR(r)]), with fe(z) > c(f)z and ilﬁml fo(x) =1. (12.28)

Some people (including Grimmett) call Proposition TZ27 the “box-crossing lemma”, and (I227) or (IZ28)
the “RSW-inequality”.
As we mentioned above, these RSW estimates are the sign of criticality. For instance, they imply the

following polynomial decay, which means that p = 1/2 is neither very subcritical nor supercritical:

Exercise 12.47. Show that for p = 1/2 site percolation on TG or bond percolation on Z?, for the one-arm
probability a;(r, R) := P[0B,(0) «— 90BRr(0)] and ai(n) := P[0 «+— 0B, (0)], we have the following
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quasi-multiplicativity and polynomial decay:

(a) there exists ¢ > 0 such that, for any radii p <r/2 < 2r <R,

cai(p,r)ai(r,R) < ai(p,R) < a1(p,r) ar(r, R); (12.29)

(b) there exist constants ¢;, «; such that
caan~* <aj(n) <con 2. (12.30)

However, more work was needed to fully establish the natural conjecture:

Theorem 12.28 (Harris-Kesten theorem [Har60],[Kes80]). p.(Z?, bond) = p.(TG,site) = 1/2. Moreover,
0(pc) = 0.

Sketch of proof. The simpler direction is p. > 1/2: the RSW estimates in annuli, part (ii) of Proposi-
tion 227 imply that the probability of connected to a large distance goes to zero (I2Z30)), hence 0(1/2) = 0.
However, Harris did not have the RSW estimates available, hence followed a different route. If there is
an infinite white cluster on TG at p = 1/2 a.s., then, by symmetry, there is also an infinite black cluster.
We know from Theorem that there is a unique white and a unique black infinite cluster. Given the
insertion and deletion tolerance and the FKG property, it is pretty hard to imagine that a unique infinite
white cluster can exist and still leave space for the infinite black cluster, so this really should not happen.

The simplest realization of this idea is due to Yu Zhang (1988, unpublished), as follows.

Figure 12.9: Zhang’s argument for the impossibility of 6(1/2) > 0.

Let C;i(n) for ¢ € {N,E,S,W} be the event that the North, East, South, West side of the n x n box
B(n) is connected to infinity within R? \ B(n), respectively. Also, let D;(n) be the same events in the
dual percolation. Assuming 6(1/2) > 0, the box B(n) will intersect the infinite cluster for n large enough,
hence, using the FKG-inequality, we have

P[Ci(n)c]4 <P ﬂ Ci(n)c} =0 as n — 0o,
i€{N,E,S,W}
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and the same for D;(n). Therefore,

P[ﬂ

i€{N,E,S,W}

Ci(n) N Di(n)} >0

for n large enough. However, this event, together with the uniqueness of both the primal and the dual
infinite cluster, is impossible due to planar topology. See Figure 2.9

For the direction p. < 1/2, the idea is that at p = 1/2 we already have that large boxes are crossed
with positive probability (the RSW lemma), hence, with a bit of experience with the sharp threshold
phenomena in critical systems, discussed in Section [[2.3] it seems plausible that by raising the density to
any 1/2 + e, the probability of crossings in very large boxes will be very close to 1. Indeed, this can be
proved in several ways. Kesten, in order to use the Margulis-Russo formula (TZTI6]), first of all proved that
E; /5[ |Piv(n)|] > clogn, where Piv(n) is the set of pivotal bits for the left-right crossing of the n x n square.
This is not surprising: it is easy to prove using two exploration paths that there is a pivotal point with
positive probability, at distance at least n/4, say, from the boundary of the square, and then one can use
RSW in dyadic annuli around that first pivotal point to produce logarithmically many pivotals with high
conditional probability. See Figure and Exercise

LTS
v,
»,
g2
o

H

B

* :‘

ALTTTILAMEA
()

Figure 12.10: Producing clogn pivotals in an n-box with positive probability.

> Exercise 12.48.

(a) Show that there is at least one pivotal for LR(n) with a uniformly positive probability. (Hint: using

an ezxploration path, find the topmost crossing if it exists, then make sure that there are no further

disjoint crossings by using another exploration.)

(b) Modify the previous part to show that there are pivotals and all of them are at least distance n/4 from
the boundary with positive probability. (Hint: guide the exploration paths using crossings of the right

colors.)
(c) Produce logarithmically many pivotals with positive probability. (Hint: look at Figure [I210.)

In fact, the same proof shows that assuming that p satisfies 1 — e > P,[LR(n)] > ¢, together with the
RSW-inequality (I2.28) for general p, we still have E,[|Piv(n)|] > c¢(€)logn. Therefore, by the Margulis-
4P [LR(n)] > c(e) logn for all p with 1 —e > P,[LR(n)] > ¢, which means that the size of

Russo formula, i
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this e-threshold interval for LR(n) must be at most C(¢)/logn. Therefore, for all €, > 0, if n > n. s, then
P, /5. 5[LR(n)] > 1 — . Moreover, either from (I228), or from doing the above Kesten & Margulis-Russo

argument in the n x 2n rectangle, for large enough n we have
P51 5[LR(n,2n)] > 1 —¢. (12.31)

A slightly different route to arrive at the same conclusion, with less percolation-specific arguments but
with more sharp threshold technology, noticed by [BoIR06], is to use the BKKKL Theorem [2.22 instead
of the Margulis-Russo formula. Then we need to bound only the maximal influence mlgR(n) that any bit
might have on the event LR(n). Well, if a bit is pivotal, then it has the alternating 4-arm event to the sides
of the n x n square. Wherever the bit is located, at least one of these primal and one of these dual arms

is of length n/2, hence
m'Z;R(") < P,[0+— 0B(n/2)| AP1_,[04— 0B(n/2)] < can™* for all p,

by Exercise [247 Then part (I2:20) of Theorem (222 shows that the e-threshold interval for LR(n) is at
most C(€)/logn, and then we get (IZ31) again.

Now, the highly probable large crossings given by (I2Z31]) can be combined using the FKG property and
a simple renormalization idea to produce long connections. Namely, take a tiling of the infinite lattice
by n x n boxes, giving a grid G, isomorphic to Z? (with the n-boxes as vertices and with the obvious
neighbouring relation), and define the following dependent bond percolation process on G,,: declare the
edge between two boxes open if the n X 2n or 2n x n rectangle given by the union of these two boxes is

crossed in the long direction and each box is crossed in the orthogonal direction. See Figure [2.111

([T T

zvfix )
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e

Figure 12.11: Supercritical renormalization: bond percolation on the grid G,, of n-boxes.

The probability of each edge of G,, to be open is larger than 1 — ¢ if n is large enough, and if two edges
do not share an endpoint, then their states are independent of each other. Therefore, a small variation on
the Peierls contour argument used in the proof of (IZ]) applies: by taking every other edge along a dual
circuit of length n, the probability that this contour is completely closed (i.e., dual-open) is at most 62,
If 6 < 1/9, then this exponentially small probability beats the exponential number n3™ of dual circuits,
and we get the existence of an infinite cluster in the renormalized percolation process. This implies the

existence of an infinite cluster also in the original percolation, and finishes the proof of (1/2+¢) > 0. O
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At criticality, there are large finite clusters (for instance, by Exercise[[2.47]), but there is no infinite one.
It is tempting to try to define a “just-infinite cluster” at p.. A natural idea is to hope that the conditional
measures P,[- | 0+— 9B, (0)] have a weak limit as n — oo. This limit indeed exists [Kes86], and is
called Kesten’s Incipient Infinite Cluster or the IIC. It was later shown by Kesten’s PhD student
Antal Jdrai that many other natural definitions yield the same measure [Jar03]. Also, see
for a way to produce the IIC from dynamical percolation (where bits are switching between open and
closed independently, using Poisson clocks): it is the law of the configuration at a “typical time” when

the cluster of the origin is infinite. Such exceptional times exist at p. on Z? and the triangular lattice

[SchrSt10, [GarPS10a], but not in high dimensions and regular trees [HaPSt97].

Exercise 12.49.
(a) Show that the “conditional FKG-inequality” does not hold: find three increasing events A, B,C' in
some Ber(p) product measure space such that P,[AB | C| <P,[A|C|P,[B|C].
(b) Show that the conditional FKG-inequality would imply that Pp[- | 0 <— 0Bp41(0)] stochastically
dominates Pp[- | 0 <— 0By, (0)] restricted to any box By, (0) with m < n. (However, this monotonic-
ity is not known and might be false, and hence it was proved without relying on it that, for p = p.(Z?),

these measures have a weak limit as n — oo, the IIC.)

Here will come a very short intro to the miraculous world of statistical mechanics in the plane at critical-
ity, see [Wer(7, [Schr(7]. Very briefly, the main point is that many such models have conformally
invariant scaling limits: the classical example is that simple random walk on any planar lattice converges
after suitable rescaling to the conformally invariant planar Brownian motion (Paul Lévy, 1948). Similar
results hold or should hold for the uniform spanning tree, the loop-erased random walk, critical percolation,
critical Ising model, the self-avoding walk (the n — oo limit of the uniform measures on self-avoiding walks
of length n), domino tilings (the uniform measure on perfect matchings), the Gaussian Free Field (the
“canonical” random height function), and the FK random-cluster models. For instance, for percolation,
although the value of p. is a lattice-dependent local quantity (see Conjecture [418), critical percolation
itself should be universal: “viewed from far”, it should look the same and be conformally invariant on any
planar lattice, even though criticality happens at different densities. However, the existence and conformal
invariance of a critical percolation scaling limit has been proved so far only for site percolation on the
triangular lattice, by Stas Smirnov (2001); there is some small combinatorial miracle there that makes
the proof work. On the other hand, Oded Schramm noticed in 1999 that using the conformal invariance
and the Markov property inherent in such random models, many questions can be translated (via the
Stochastic Lowner Evolution) to It6 calculus questions driven by a one-dimensional Brownian motion.
The methods developed in the last decade are good enough to attack the popular percolation questions
regarding critical exponents (presently proved for site percolation on the triangular lattice): the one-arm
exponent is

a1(n) :== P[0 +— 0B, (0)] = n~ "W with p, = 5/48,
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the alternating four-arm (or pivotality) exponent is

ag(n) =P =nP1oW) with py = 5/4,

and the near-critical percolation probability satisfies

0(p) = (p — pe)? W, as p N\, p, with 8 =5/36.

There is a striking relation between these three exponents:

1 P1
=5/36=5/48 = . 12.32
8= 5/36 = 5/45 x 5= = 7P (12.32)
This is Kesten’s near-critical scaling relation [Kes87], which he proved long before the existence and
the values of these exponents were verified. Let us explain very briefly the reasons for this relation.
The first step is that
E,. |Piv(n)| < n®ay(n) = n3/4+e® (12.33)

holds, whose proof uses two facts: 1) For most vertices in the n X n square, being pivotal, i.e., having the
four alternating arms to the correct boundary pieces, is basically equivalent, up to constant probability
factors, to having four alternating arms to a distance comparable to n, whose probability is comparable to
ay(n). This is a generalization of the quasi-multiplicativity relation (I2.29]), and is proved using RSW and
FKG technology, but is far from being trivial, since the alternating 4-arm event is not a monotone event.
2) Close to the boundary, the probability of being pivotal starts being different, but it is not actually larger
than in the bulk, and there are much fewer such vertices, hence their contribution to the expectation is
negligible.

The second step is that (I2Z33]) suggests, via the Margulis-Russo formula (I2.I6), that the critical

window for the left-right crossing event should be around n=3/4.

This assumes that E,|Piv(n)| remains
close to E,_ |Piv(n)| in the entire critical window, i.e., that of/(n) satisfies near-critical stability. This
stability result relies on the observation that the pivotality of a vertex y for the alternating 4-arm event
around z is equivalent up to constant probability factors to having the alternating 4-arm event not only
around z but also around y, and hence E,|Piv(n)| governs not only the change in P,[LR(n)], but also the
change in of/(n). Indeed, taking absolute values in the Margulis-Russo formula (I2.16)) for non-monotone
events, and using that quasi-multiplicativity holds in the entire near-critical window (pER(n), pig(en)), with

quasi-multiplicativity factors depending on €, we obtain

< C.n?af(n)?.

d
—al(n
i)
Dividing by of/(n) and integrating from p® to any p € (pe, pl’e), we arrive at

| log off (n) — log o (n)| < Ce(Pp[LR(n)] — Pye[LR(n)]) < C¢,
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or e~ < af(n)/ak (n) < €Cc, which is the desired stability result. Moreover, since the change in any
k-arm probability of (n) is also governed by E,|Piv(n)|, we obtain near-critical stability for them, as well
(in particular, for k = 1).

This near-critical window of size n=3/4t°(1) means that, at p. + €, squares of size larger than ¢~ *4/3+o(1)
are already very well connected, while in squares of size n < e~ 4/3+°() gince e < n=3/4t°() crossing
probabilities are still very close to their critical values, hence the configuration looks critical (including the
stability of arm-exponents). This characteristic scale L(e) = ¢~4/3t°(1) is usually called the correlation

length. Now the point is that
P, [0 00] <Py [0 OB, a/srom (0)] = ay (e /30y = H/36+0(1) (12.34)

giving Kesten’s scaling relation (I2.32).

Obviously, there were a few leaps of faith in this sketch, but we wanted to draw attention to the
fact that near-critical exponents can sometimes be derived from critical ones. A more robust version of
this argument, which does not use the Margulis-Russo formula, and can thus be generalized to Poissonian
dynamics other than just monotonically changing p, and even to non-product measures such as the FK(p, ¢)
random cluster measures of Section [[3.]], is given in [GarPSI3D]. Despite this robustness, Kesten’s scaling
relation turns out to be false for the FK random cluster measures [DuCGP13]. The reason is that changing
p around p. in those models turns out to be not at all a Poissonian dynamics; instead, in any monotone
coupling (analogous to the standard coupling of percolation, which was Poissonian in that case), new
edges appear in a fascinating self-organized way that reduces the near-critical window compared to what
we would guess from the number of pivotals at criticality. See the end of Section [[31] around (I312), for

a brief description of how such monotone couplings can be constructed and what they look like.
It is much easier to understand critical and near-critical behaviour of percolation on regular trees.

Exercise 12.50. Using any of the three methods introduced in Section to show the critical mean
offspring for Galton-Watson trees, show that on a regular tree Ty, d > 3, we have 0(p) < p—p. as p \y Pe-
In more detail:
(a) Bound the location of the smaller solution of f(s) = s, where f(s) is the generating function of the
offspring distribution Binom(d,1/d + €). See Exercise [I2.0
(b) Refine the first and second moment methods of Exercise [I2.7 (Hint for the upper bound: since
Ep e[ Z1/c] < 1, a bound 0(pe+¢€) > € would imply that E, [ Z1/c | Z1/e > 0] < 1/e. On the other
hand, the recursive nature of the tree and 0(p. + €) > € would imply By, [ Z1)c | Z1je > 0] > 1/e.)
(c) Use the exploration random walk of Figure and martingale considerations as in Lemma [G 13

The structure of critical GW trees is the easiest to understand in the following special case:

Exercise 12.51. Let T be the GW tree with offspring distribution & ~ Geom(1/2). Draw the tree into the
plane with root p, add an extra vertex p' and an edge (p,p’), and walk around the tree, starting from p’,
going through each “corner” of the tree once, through each edge twice (once on each side). At each corner
visited, consider the graph distance from p': let this be process be {X;}3",, which is positive everywhere

except at t = 0,2n, where n is the number of vertices of the original tree T .
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Figure 12.12: The contour walk around a tree.

(a) Using the memoryless property of Geom(1/2), show that {X;} is SRW on Z.
(b) Show that P[T has height > n] (i.e., the one-arm probability ay(n)) is 1/n.
(¢) Show that, conditioning T to have height at least n, with high probability the height will be around n

and the total volume will be around n?, where “around” means “up to constant factors”.
For general offspring distribution, the task is a bit harder, but far from impossible:

Exercise 12.52.* Prove that, for any critical GW tree with offspring distribution having a variance
02 € (0,00), the one-arm probability is ay(n) := P[T has height > n] < 1/n, with factors depending on o.
Choose one of the following strategies:
(a) Estimate the probability P[ Z, > 0] = f°"(0) using the generating function f(s) of (IZ3).
(b) Compare the height of the tree with the mazimum of the exploration random walk defined around
Figure[12.3, and use Exercise 6106l

For a general critical GW tree with offspring variance o2 € (0,00), the contour walk of Figure
does not have independent increments. Nevertheless, generalizing Exercise [2.51] it was proved by David
Aldous that, conditioning the tree to have volume n, the contour walk with the usual space-time scaling
converges to a Brownian excursion. In other words, the conditioned GW tree, as a metric space, converges
in law in the Gromov-Hausdorff topology of metric spaces to the tree defined by a Brownian excursion,
called Aldous’ Continuum Random Tree [AId91].

Exercise 12.53.*% Consider critical percolation on Ty. In Ezercise 250, we found the off-critical expo-
nent B =1, while in Exercise[IZ.52, we found the one-arm exponent to be p1 = 1. Can you relate these two
exponents to each other, similarly to Kesten’s scaling relation (I2.32[12.3]) for critical planar percolation?

Exercise 12.54.*% A task similar to the previous exercise is to prove for the Erddés-Rényi random graph
G(n,p) that the critical window where the volumes of the largest clusters are all comparable to n*/? is
p=(1+I"3)/n, X\ € (—o00,00). See Theorem [[Z23.

Conjecture is open for Z® with 3 < d < 18, and all non-Abelian amenable groups. For Z% with
d > 19, a perturbative Fourier-type expansion method called the Hara-Slade lace expansion works, see
[SIa06]. Again, this method is good enough to calculate critical exponents, e.g., 8(p) < p — p. as p \| P,
which are conjecturally shared by many-many transitive graphs, namely all mean-field graphs; this should

include Euclidean lattices for d > 6, all non-amenable groups, and probably most groups “in between”.
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This is very much open, partly due to the problem that lace expansion works best with Fourier analysis,
which does not really exist outside Z?. The method relates Fourier expansions of percolation (or self-
avoiding walk, etc.) quantities to those of simple random walk quantities, and if we know everything about
Green’s function, we can understand how percolation, etc., behaves. (One paper when it is done entirely
in ”z-space”, without Fourier, is [HarvdHS03].) The method also identifies that the scaling limit should
be the Integrated Super-Brownian Excursion on R?, but does not actually prove the existence of any
scaling limit. A readable simple introduction to this scaling limit object is [Sla02].

We have seen that the tree Ty plays the role of the extremal example among d-regular transitive graphs
in several different settings: it minimizes the spectral radius, maximizes the speed of SRW, minimizes
the value of p.. This is also the case with critical exponents: the mean field exponents are typically the

extremal ones. For instance, we have the following result:

Theorem 12.29. For percolation on any infinite transitive graph G, assuming that p. < 1 — ¢ for some

0 >0, one has
0(p) — 0(pe) > c(6)(p — pe), for all p > p..

In particular, the near-critical exponent 3, whenever exists, is at most 1.

For the case 6(p.) = 0, this is a byproduct of the Aizenman-Barsky method of partial differential
inequalities [ATB87] that was developed to prove pr = py, defined in (IZ.6)); see [Gri99, Theorem 5.48]. Tt
was also proved earlier, but with a small gap, in [ChCh86|, using a simpler differential inequality. These
references consider percolation on Z? only, but the arguments work for any transitive graph with small
modifications. Furthermore, Menshikov’s proof of pr = ppy also implies this result, even without the
assumption 6(p.) = 0, but only for transitive graphs of subexponential volume growth; see [Men86] or
[Gri99, Theorem 5.8]. The proof we give here is basically due to Gady Kozma (personal communication);
it is a simpler, more general, but weaker version of the Aizenman-Barsky approach. Finally, let us mention
that the condition p. < 1—4 should in fact be vacuous: as we will explain after Schramm’s Conjecture 418
on the locality of p., the value 1 seems to be an isolated point in the set of values for p. for all transitive

infinite graphs.
Proof. We first of all claim that
P,[n <|6,] <oo] = 0 as n — oo, uniformly in any compact subinterval of (p., 1]. (12.35)

Indeed, pointwise converging continuous functions on a compact interval converge uniformly, and both
assumptions are satisfied here: convergence holds for any given p, because {n < |€,|} /' {|C=| = x};
on the other hand, P,[n < |%,| < o] is continuous in (p, 1] for any given n, because we know from
Corollary 214 that 6(p) is continuous in this interval, and P,[n < |%,|] is clearly continuous, being a
polynomial in p.

Now we introduce a new variable beside p, analogous to an external magnetic field in the Ising model.

Color each vertex of G green with probability v € [0,1), let G be the set of green vertices, and let

P, [6.NG#0] ify>0,
0(p) ify=0.

0(p,v) =
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It is easy to see that lim~ o 6(p,y) = 6(p), hence this is a reasonable definition, and one should think of
green vertices as being connected directly to infinity.

To be absolutely precise in what follows, we should work with finite approximations 6y (p,~y) that look
only at €, N Bx(0). These are polynomials hence smooth, and thus can be manipulated without worries;
on the other hand, they are so close to 6(p,~) that the differentiability of that follows in both variables,
with the derivatives of 6 converging to those of . These technicalities are detailed in [Gri99l Appendix
I], and we will ignore them here.

Now, for 6 = 0(p,~y), we have the differential inequality

0
O<P,,[|€, NG| =1]+6"+ 9pg—p. (12.36)

The first term is self-explanatory. The second term is an upper bound by the BK-inequality on the
probability that there exist two open paths from o to G that are disjoint except for o; in other words,
that the event {4, NG # (0} holds but there is no pivotal edge for it. Finally, the third term is an upper
bound on the probability there is a pivotal edge. Here is a vague intuitive explanation for this bound. By
Russo’s formula (TZTG), the expected number of pivotals is g_ff This is of course an upper bound on the
probability that there exists any, but we want to improve on this by putting in the factor 6 (the factor of p
will be irrelevant to us). If there exist pivotal edges, then there is a linear ordering of them, {(x;,v;)}_;,
such that each z; lies on all the open paths from y; to o, and each (z;,y;), for i < j, lies on all the open
paths from z; to o. Thus (z,y;) may be called the “last pivotal edge”, and v, has two disjoint open paths
to G. But now it is quite natural that we need to collect at least about 1/6 pivotals before one of them
succeeds in sending a second open path to G — boosting the expected number of pivotals, as desired. An
actual proof can be found in [AiB87] or [Gri99] Section 5.3|, using a decomposition along the possibilities
for the last pivotal edge (x¢,y:).
A much simpler inequality is that, for p < 1 —§/2,
00

0005 (12.37)

As before, 90/0p is the expected number of pivotal edges. But if we have a configuration where %, contains
a green site (which happens with probability #), then we can make a local modification around o — closing
all edges but one — and get a configuration with at least one pivotal edge.

Now take any € € (0,6/2). If ~ is sufficiently close to 0, we easily get from ([I2Z35) that the first term
on the right side of (IZ30]) is smaller than 6/2 for all p € [p. + €/2,p. + €]. Rearranging, dividing by 0,

then using (IZ37), we get
00

a_p .
This implies that 0(p. + €,7) > 0(pc,7) + ce, with ¢ independent of «. Taking v to zero proves the

1/2 < (C(0) +p)

theorem. O

Mean-field criticality has been proved without lace expansion in some non-amenable cases other than
regular trees: for “highly non-amenable graphs” [PaSNQQ), [Scho(1], for groups with infinitely many ends
and for planar transitive non-amenable graphs with one end [Scho02], and for a direct product of two trees

. For tree-like graphs even p. can be computed in many cases, using multi-type branching processes
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[Spa09]. However, for these non-amenable cases it is not clear what the scaling limit should be: it still
probably should be Integrated Super-Brownian Excursion, but on what object? Some sort of scaling limit
of Cayley graphs, a bit similarly to how R? arises from Z<, is the construction of asymptotic cones; in
particular, Mark Sapir conjectures that if two groups have isometric asymptotic cones, then they
have the same critical exponents. An issue regarding the use of asymptotic cones in probability theory was
pointed out by Ttai Benjamini [Ben0§]: the asymptotic cone of Z% is R? with the ¢!-metric, while the scaling
limits of interesting stochastic processes are usually rotationally invariant, hence the ¢2-distance should be
more relevant. A possible solution Benjamini suggested was to consider somehow random geodesics in the
definition of the asymptotic cone; for instance, a uniform random ¢!-geodesic in Z? between (0,0) and
(n,n) is very likely to be O(y/n)-close to the £2 geodesic, the straight diagonal line. However, it is far from

clear that this idea would work in other groups.

12.5 Geometry and random walks on percolation clusters

When we take an infinite cluster €, at p > p.(G) on a transitive graph, are the large-scale geometric and
random walks properties of G inherited? Of course, no percolation cluster (at p < 1) can be non-amenable,
or could satisfy any I Py, since arbitrarily bad pieces occur because of the randomness. There are relaxed
versions of isoperimetric inequalities that are conjectured to survive (known in some cases) but I don’t
want to discuss them right now. Instead, let me just give some of my favourite conjectures, and see [Pet08]
for more details. As we will see in a minute, these questions and ideas are related also to such fundamental

questions as Conjecture [2.I5 on p. < p,, above, and Conjecture [4.I§ on the locality of p. below.

Conjecture 12.30 ([Benl.S99]). (i) If G is a transient transitive graph, then all infinite percolation clusters

are also transient. (ii) Similarly, positive speed and zero speed also survive.

Part (i) is known for graphs with only exponentially many minimal cutsets (such as Cayley graphs
of finitely presented groups) for p close enough to 1 [Pef08]. Part (ii) and hence also (i) are known for
non-amenable Cayley graphs for all p > p. [BenL.S99]. Part (ii) is known also for p close enough to 1 on
the lamplighter groups Zs ! Z%, d > 3, and for all p > p, for d < 2 [ChPP04].

Exercise 12.55.* Without consulting [LyPer14]], show that any supercritical GW tree (you may assume

E[£2] < oo for the offspring distribution, if needed), conditioned on survival, is a.s. transient.

Conjecture 12.31 (folklore). The giant cluster at p = (1 + €)/n on the hypercube {0,1}" has poly(n)

mixing time, possibly Cenlogn.

By the result of mentioned in the last paragraph of Section [IZ3] the conjecture is proved for
p > n~Y2%¢ for any € > 0.

A simple discovery I made (in 2003, literally on the margin of a paper by my advisor) was that good
isoperimetry inside %, would follow from certain large deviation results saying that it is unlikely for the
cluster €, of the origin to be large but finite. My favourite formulation is the following, called exponential

cluster repulsion.
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Conjecture 12.32 ([Pet08]). If G is a transitive (unimodular?) graph, then for all p > p.(G),
P, [|6,| < oo but 3 an infinite €s with e(6,, ) > n| < Cpexp(—cyn),

where e(61,€>) is the number of edges with one endpoint in €1 another in 6.

In [Pet08], I proved this result for Z<, all p > p.(Z?), and for any infinite graph with only exponentially
many minimal cutsets for p close enough to 1. The result implies that a weaker (the so-called anchored)
version of any isoperimetric inequality satisfied by the original graph is still satisfied by any infinite cluster.
These anchored isoperimetric inequalities are enough to prove, e.g., transience (using Thomassen’s crite-
rion (52)), therefore, Conjecture would imply part (i) of Conjecture However, they are only
conjecturally strong enough for return probabilities. But, on Z?, not only the survival of the anchored d-
dimensional isoperimetric inequality follows, but also the survival of almost the entire isoperimetric profile
(as defined in Section [B2)), hence, using the evolving sets theorem, the return probabilities inside €., are
pu(x, ) < Cqgn~%2. This was known before [Pet08], but this is the simplest proof by far, or at least the
most conceptual.

A nice result related to Conjecture (but very far from the exponential decay) is a theorem by
Timar: in a non-amenable unimodular transitive graph, any two infinite clusters touch each other only
finitely many times, a.s. [Tim0Gal

The reason that Conjecture is known on Z? for p arbitrarily close to p. is due to a fundamental
method of statistical physics (in particular, percolation theory), presently available only on Z4, called
renormalization. See [Pet08] for a short description and [Gri99] for a thorough one. This technique uses
that Z¢ has a tiling with large boxes such that the tiling graph again looks like Z? itself. One algebraic
reason for this tiling is the subgroup sequence (2’“Zd)z°:0, given by the expanding endomorphism 7 +— 27,

already mentioned in Section .4l Tt is unclear on what groups such tilings are possible:

Question 12.33 ([NekP09]). A scale-invariant tiling of a transitive graph G is a decomposition of its
vertex set into finite sets {T; : i € I} such that (1) the subgraphs induced by these tiles T; are connected
and all isomorphic to each other; (2) the following tiling graph G is isomorphic to G: the vertex set is I,
and (i,7) is an edge of G iff there is an edge of G connecting T; with T;; (3) for each n > 1, there is such
a tiling graph G™+! on G™ in such a way that the resulting nested sequence of tiles T™(x) € Gr containing
any fized vertex x of G exhausts G.

Furthermore, G has a strongly scale-invariant tiling if each T™ is isomorphic to T"1.

If G has a scale-invariant tiling, is it necessarily of polynomial growth?

From the expanding endomorphism of Z? it is trivial to construct a strongly scale-invariant tiling,
but this uses the commutativity of the group very much. A harder result proved in [NekP09| is that the
Heisenberg group also has Cayley graphs with strongly scale-ivariant tilings.

Although this geometric property of the existence of scale-invariant tilings looks like a main motivation
and ingredient for percolation renormalization, it is actually not that important for the presently existing
forms of the method. See [NekP(09] for more on this. On the other hand, there is a key probabilistic

ingredient missing, whose proof appears to be a huge challenge:
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Question 12.34 ([NekP09]). Let G be an amenable transitive graph, and let € be its unique infinite
percolation cluster at some p > p.(G), with density 6(p). For a finite vertex set W C G, let ¢;(W) denote
the number of vertices in the i'" largest connected component of W. Does there exist a connected Folner

sequence F,, /G such that for almost all percolation configurations,

. C2(}7‘71 mcgoo)
lim ——————< =0
ni)H;O CI(F’IL ﬂ%oo) ’
mMoTeover,
. Cl(FnﬂCgoo)i . |an%oo|7 2
TR AR TR @)

Why would this be true? The main idea is that the intersection of the unique percolation cluster
with a large Fglner set should not fall apart into small pieces, because if two points are connected to
each other in the percolation configuration, then the shortest connection should not be very long. This is
also the underlying idea why random walk on the infinite cluster should behave similarly to the original
graph. Furthermore, it is closely related to Conjecture I2.25 on the uniqueness of the giant cluster in finite
transitive graphs, and to Oded Schramm’s conjecture on the locality of p., at least in the amenable setting;
see Conjecture below.

An affirmative answer would follow from an affirmative answer to the following question, which can be
asked for any transitive graph, not only amenable ones.

Let w denote the percolation configuration, and dist,,(x,y) the chemical distance, i.e., the distance

measured inside the percolation clusters (infinite if 2 and y are not connected).

Question 12.35. Is it true that for any transitive (unimodular?) graph, for any p > p.(G) there is a
K (p) < oo such that for any z,y € V(G),

disty, (z,y

K, u(p) = E[ dist(:v,y)) ‘ disty, (z,y) < oo | < K(p) < o0, (12.38)

moreover, there is a k < 1 with K(p) < O(1) (p — pu) "M as p \ p,? The finiteness K (p) < oo might
hold for almost all values p > p., and the exponent k < 1 might hold with p, replaced by p.; however, there

could exist special values (such as p = p, on certain graphs) with K(p) = co.

The existence of K (p) < oo is known on Z? [AntP96], but the p \, p. behaviour is not known.

I do not presently see a conceptual reason for £ < 1 to hold — this condition is there only because we
will need it below. On the other hand, I do not know any example where some x > 0 is actually needed.
A non-trivial example where one might hope for explicit calculations is site percolation on the hexagonal
lattice [WerQ7]. If z and y are neighbours in G, then the event that they are connected in w and the
shortest path between them leaves the r-ball but does not leave the 2r-ball around them is comparable
to the largest radius of an alternating 4-arm event around them being between r and 2r. (This rough
equivalence uses the so-called separation of arms phenomenon.) On the other hand, the outer boundary of
a closed cluster of radius roughly 7 is an open path having length 7*/3+°(1) with large probability. (This
follows from the dimension being 4/3 and from [GarPS13al.) These, together with the 4-arm exponent 5/4
and the obvious observation that P[dist, (z,y) < co] > ¢ > 0, imply that

n= /Ao = ¢y ay(n) < P[distu(x,y) > n | disty(2,y) < 00 ] < e ag(n®*) =n= 191600,
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which does not decide the finiteness of the mean at p., but, using the theory of near-critical percolation
and the Antal-Pisztora chemical distance results (which are easy in 2 dimensions), it implies that £ < 1/9

in (I2Z38). This value comes from the following facts: on the level of exponents, ignoring smaller order

effects, (1) at p = p. + €, percolation looks critical up to scales e 4/3

the probability that the radius of the 4-arm event is about e ~*/3 is ¢*/%5/%; and (3) at this scale, the length

of the path is at most e ~%/34/3; 5o, altogether, we get an expectation at most €>/3716/9 = ¢=1/9,

and supercritical at larger scales; (2)

Further examples to try are the groups where critical percolation has the mean-field behaviour: here,
whenever the mean-field behaviour is actually proved (such as Z?, d > 19, or planar non-amenable unimod-
ular transitive graphs), the expected chemical distance between neighbours is known to be finite [KoN09a].
However, this is not known to imply that limp ,, K (p) < oo, because continuity here is far from clear.

As Gady Kozma pointed out to me, a natural candidate to kill Question for all p > p. could
be percolation near p, on graphs where there is already a unique infinite cluster at p,. The canonical
example of such a graph is a non-amenable planar graph G with one end — here p,(G) is equal to
1 — p.(G*), where G* is the planar dual to G. Here, at p,(G), many things can be understood using the
mean-field theory at p.(G*), and, our back-of-the-envelope arguments, based on [KoNO9D|, suggest that
P, [co > disty(z,y) > r | =< 1/r for neighbours x,y. Hence K (p,) = oo, though barely. So, probably any
K > 0 would do for p \ py; but, again, proving this seems hard.

Exercise 12.56.*** [s it true that the chemical distance in percolation at p, between neighbours in a

planar unimodular transitive non-amenable graph with one end satisfies Ky (py) = 00?

An affirmative answer to Question [[2Z.35 would also prove that p. < p, on non-amenable transitive

graphs, via the following unpublished gem of Oded Schramm (which can now be watched in [PerQ9] or read
in [KozI1]):

Theorem 12.36 (O. Schramm). Let G be a transitive unimodular non-amenable graph, with spectral radius
p < 1. Consider percolation at p., where we know from Theorem [IZ11] that there are only finite clusters.
Take a SRW (X,)5% on G, independent from the percolation. Then, in the joint probability space of the
percolation and the SRW,

P[XO and X, are in the same percolation cluster at pc] <2p".

Proof. Consider the following branching random walk on GG. Start m+1 particles from o, doing independent
simple random walks for n steps. Then each particle of this first generation branches into m particles, and
all the (m 4 1)m particles (the second generation) continue with independent SRWs for n more steps, then
each particle branches into m particles again, and so on. The expected number of particles at o at the
end of the ' generation, i.e., after tn SRW steps, is p(0,0) (m + 1)m!~1 = p™m!, where “~” means
equal exponential growth rates. If m < p™", then this expectation decays exponentially fast in ¢. Since
pan(0,2) < pan(0,0) for any x € V(G) by Lemma [0l we get that for any fixed radius r > 0, the expected
number of total visits to B,.(0) by all the particles is finite, i.e., the branching random walk is transient.
Now, using this branching walk and Ber(p.) percolation on G, we define a bond percolation process &
on the rooted (m + 1)-regular tree T,, 1 that indexes the branching random walk: if v is a child of u in

T,n41, then the edge (u, v) will be open in £ if the branching random walk particles corresponding to u and
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v are at two vertices of G that are connected in the Ber(p.) percolation. So, the probability for any given
edge of T,,41 to be open in ¢ is P[X PLLEN X ], but this is, of course, not a Bernoulli percolation. At first
sight, it does not even look invariant, since the tree is rooted and the flow of time for the random walk has
a direction. However, using that GG is unimodular and SRW is reversible, it can be shown that £ is in fact

Aut(T,,41)-invariant:
Exercise 12.57. Show that the above percolation process € on Ty,11 is automorphism-invariant.

We have now all ingredients ready for the proof. We know from Theorem [TZ.11] that we have only
finite clusters in Ber(p.). Together with the transience of the branching random walk for m < p=", we
get that & has only finite clusters. So, by Exercise [2.24] the average degree in £ is at most 2. That is,
(m + 1) P[X, &5 X,,] < 2. So, taking m = [p~"] — 1, we get that P[Xo <5 X,,] < 2/[p™"] < 2p", as

desired. O

The way this theorem is related to p. < p,, is the following. (1) The theorem implies that we have a
definite exponential decay of connectivity at p. in certain directions; (2) it seems reasonable that we still
should have a decay at p. + € for some small enough € > 0 (we will explain this in a second); (3) but then
De + € < py, since from the FKG-inequality it is clear that at p > p, any two points are connected with a
uniformly positive probability: at least with 6(p)?.

The chemical distance result would be used in making the second step rigorous. Assuming p. = p,
and taking p = p, + € with small € > 0, we would have X, and X,, in the same cluster with probability
0(p)? > 0. On the other hand, their distance in G is at most n, hence, by (I238) and Markov’s inequality,
P, [dist,(Xo, X,) > 2K (p)n | disty,(Xo, X,) < o0] < 1/2. So, when lowering the level of percolation
from p to p,, the probability that we have a connection between Xy and X,, at p, = p. is at least
0(p)?/2 - (1 — €)?KP" < exp(—e'~#+t°Mp), which contradicts Theorem it K < 1 and € is chosen

sufficiently small.

Finally, as pointed out in [Tim06a], good bounds on the chemical distance (see Question [2:37) can
imply good cluster repulsion (see Conjecture [2.32) not only through the renormalization method (see
Question I2.34), but also directly. The idea is that for neighbours z,y € V(G), if 6, # %,, then a
large touching set e(%,,%,) = {e; : i € I} would mean that after inserting the edge {z,y} into the
bond percolation configuration, the endpoints of the edges e; would be connected but with large chemical

distances:

Exercise 12.58 (Adzim Timér). Let G be a unimodular transitive graph. Assume that, for some Ber(p)
bond percolation, there are infinitely many infinite clusters and for any neighbours x,y € V(G) we have
E,[dist,(z,y) | € =€, ] < 0o. Show that E,[e(%,,6,) | € # €, ] < co. (Hint: use the idea described

above, implemented using a suitable Mass Transport.)
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13 Further spatial models

13.1 Ising, Potts, and the FK random cluster models

The Ising and the more general Potts models have a huge literature, partly because they are more important
for physics than Bernoulli percolation is. The FK random cluster models, in some sense, form a joint
generalization of Potts, percolation, and the Uniform Spanning Trees and Forests, and hence are truly
fundamental. Since percolation and the USF already exhibit many of their main features, we will discuss
them rather briefly. See [GeHMOT] for a great introduction and survey of these models (and further ones,
e.g., the hard core model), specifically for their phase transitions on non-amenable graphs, and
[BerKMPO5, for relationships between phase transitions in spatial, dynamical, and computational
complexity behaviour. A future version of our notes will hopefully expand on these phase transitions a bit
more.

The Ising model is the most natural site percolation model with correlations between the sites. The
Potts(q) model is the obvious generalization with ¢ states for each vertex instead of the Ising case ¢ = 2.
For the definition of these models, we first need to focus on finite graphs G(V, E), with a possibly empty
subset QV C V of so-called boundary vertices. For spin configurations o : V.— {0,1,...,¢ — 1}, consider

the Hamiltonian (or energy function)

H(o):= Y liowrow): (13.1)
(2.9)EE(G)

then fix 8 > 0 and define the following probability measure (called Gibbs measure) on configurations
that agree with some given boundary configuration n on 9V:

exp(—24H (0))

Pllo] :=
B Zg

, where Zj:= Z exp(—28H (o)) . (13.2)

o:0lov ="
(The reason for the factor 2 in the exponent will become clear in the next paragraph.) This Z3 is called
the partition function. The more disagreements between spins there are, the larger the Hamiltonian
and the smaller the probability of the configuration is. The interpretation of 8 is the inverse temperature
1/T: at large 3, disagreements are punished more, the system prefers order, while at small 3 the system
does not care that much: thermal noise takes over. In particular, 8 = 0 gives the uniform measure on all
configurations.

A natural extension is to add an external field with which spins like to agree. From now on, we will
focus on the Ising case, ¢ = 2, and therefore switch to the usual Ising setup o : V(G) — {—=1,+1}, to
be interpreted as + and — magnetic spins, instead of o(x) € {0,1,...,¢ — 1}. So, we will consider the
Hamiltonian

H(o,h):=~h > o(x)— > o@)oly), (13.3)
zeV(G) (z,y)EE(G)
where h > 0 means spins like to be 1, while 2 < 0 means they like to be —1. Note that H(c,0) =
2H(o) — |E(G)| with the definition of (I3]), hence, if we now define the corresponding measure and
partition function without the factor 2, as
exp(—fBH (o, h))

P}, [o] ==
. Z5.h

and ZJ,:= Y exp(—BH(o,h)), (13.4)

diolov=n
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then exp(—BH(0,0)) = Kpexp(—28H (o)) with a constant K, and hence P} [o] = Pj[o].

A further generalization is where edges (x,y) and vertices « have their own “coupling strengths” J, ,,
and J,, instead of constant 1 and h, respectively. If J,, > 0 for all (z,y) € E(G), i.e., neighbouring
spins like to agree, the model is called ferromagnetic, while if J, , < 0 for all (z,y), then it is called
antiferromagnetic. But we will stick to (I33).

If this is the first time the Reader sees a model like this, they might think that the way of defining the
measure Pg_’ ,, from the Hamiltonian was a bit arbitrary, and Zs, is just a boring normalization factor.
However, these are not at all true. First of all, since we defined the measure ngh using a product over
edges of G, it clearly satisfies the spatial Markov property, or in other words, it is a Markov random
field: if U C V(G) and we set 9V =V \ U and 9U = 9P"*U C 9V, then for any boundary condition 1 on
0V, the measure Pg_’ , is already determined by n]sr. (The Reader should check this property right now, if
it is not clear at first sight!) In fact, the Hammersley-Clifford theorem says that for any graph G(V, E), the
Markov random fields satisfying the finite energy condition (as defined in the second proof of Lemma [[2.2])
are exactly the Gibbs random fields: measures that are given by an exponential of a Hamiltonian that
is a sum over cliques (complete subgraphs) of G. See [Gril0, Section 7.2]. The role of the fintie energy
condition will be clear from the following example. A colouring of the vertices of a graph with ¢ colours
is called proper if no neighbours share their colours. The uniform distribution on proper g-colourings of
a graph can be considered as the zero temperature antiferromagnetic Potts(q) model, and it is certainly
a Markov field. But it does not have the finite energy property, and it is not a Gibbs measure, only in a
certain 8 — oo limit.

Another good reason for defining the measure from the Hamiltonian via exp(—gH ) is that, for any given
energy level E € R, among all probability measures p on {#1}V(%) that satisfy the boundary condition
n and have E,[H(c)] = E, our Gibbs measures P}, maximize the entropy. This is probably due to
Boltzmann, proved using Lagrange multipliers. See, e.g., [CovT06, Section 12.1]. So, if we accept the
Second Law of Thermodynamics, then we are “forced” to consider these Gibbs measures.

Similarly to generating functions in combinatorics, the partition function contains a lot of information

about the model. The first signs of this are the following:

Exercise 13.1.

(a) Show that the expected total energy is

Egn[H| = ~95 InZg},, with variance Varg p[H| = —%Eﬁyh[H] .
(b) The average free energy is defined by f(3,h) := —(B|V|)"'InZs . Show that for the total
average magnetization M (o) := [V|7' Y _, o(x), we have Eg [ M| = —%f(ﬂ, h).

So far, we have been talking about the Ising (and Potts) model on finite graphs, only. As opposed to
Bernoulli percolation, it is not obvious what the measure on an infinite graph should be. We certainly
want any infinite volume measure to satisfy the spatial Markov property, and, for any finite U C V(G) and
boundary condition 1 on 9" U, the distribution should follow (I3). Note that this requirement already
suggests how to construct such measures: if P3), is such a Markov field on the infinite graph G(V,E),

and V,, /' V is an exhaustion by finite connected subsets, with induced subgraphs G, (V,, E,), and n,
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are random boundary conditions on 99"V, sampled according to PZ%,, then the laws E[Pg"h} (with the
expectation taken over 7,,) will converge weakly to PZ,. Vice versa, any weak limit point of a sequence
of measures ngh will be a suitable Markov field. That limit points exist is clear from the Banach-Alaoglu
theorem, since {—1,1}" or {0, 1,...,¢—1}" with the product topology is compact. Therefore, the question
is: what is the set of (the convex combinations of) the limit points given by finite exhaustions?
Is there only one limit point, or several? In particular, do different boundary conditions have an effect
even in the limit? Intuitively, a larger § increases correlations and hence helps the effect travel farther,
while 8 = 0 is just the product measure, hence there are no correlations and there is a single limit measure.
Is there a phase transition in §, i.e., a non-trivial critical 8. € (0,00)? This certainly seems easier when
h = 0, since setting h > 0 affects every single spin directly, which probably overrides the effect of even a
completely negative boundary condition, at least for amenable graphs. In the case h = 0, do we expect
a phase transition for all larger-than-one-dimensional graphs, as in percolation? Actually, is this question
of a phase transition in the correlation decay related in any way to the connectivity phase transition in
percolation?

Before starting to answer these questions, let us prove the FKG inequality for the Ising model, as

promised in Section 2.2l This beautiful dynamical proof, applicable to a wide range of models, is due to
Holley [Hol74].

Theorem 13.1. Take the Ising model on any finite graph G(V, E), with any boundary condition n on
OV C V, and consider the natural partial order on the configuration space {—1,+1}V. Then, any two

increasing events A and B are positively correlated: P}, [A | B] > P}, [A].

Proof. Recall that a probability measure 1 on a poset (P, >) is said to stochastically dominate another
probability measure v if pu(A) > v(A) for any increasing measurable set A C P. Strassen’s theorem says
that this domination pu > v is equivalent to the existence of a monotone coupling ¢ of the measures u
and v on P x P; i.e., a coupling such that > y for ¢-almost every pair (x,y) € P x P. The simplest
possible example, which we will actually need in a minute, is the following: for P = {—1,+1}, we have
> v iff p(4+1) > v(+1), and in this case,

A(+1,+1) :== v(+1), d(+1,—1) := p(+1) — v(+1), d(—1,-1) := pu(-1) (13.5)

is the unique monotone coupling ¢. (In general, Strassen’s coupling need not be unique. This is one reason
for the issues around Exercise [T.3])

Now, the FKG inequality says that P|[- | B] stochastically dominates P[-]. We will prove this using the
heat-bath dynamics or Gibbs sampler, which is the most natural Markov chain with the Ising model
at a given temperature as stationary measure: each vertex has an independent exponential clock of rate 1,
and when a clock rings, the spin at that vertex is updated according to the Ising measure conditioned on
the current spins of the neighbours. One can easily check that for 8 < co the chain is reversible. This is an
example of Glauber dynamics, which is the class of Markov chains that use independent local updates
and keep Ising stationary; another example is the Metropolis algorithm, which we do not define here.

We will run two Markov chains, {X;"}i>o and {X; };>0, started from the all-plus and all-minus config-
urations on V' \ 9V, respectively, and fixed to equal  on OV forever. {X, };>¢ is just standard heat-bath

dynamics, with stationary measure PZ h, While {Xl+ }i>o is a modified heat-bath dynamics, where steps
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in which a +1 would change into a —1 such that the resulting configuration would cease to satisfy B are
simply suppressed (or in other words, replaced by a +1 update). A simple general claim about reversible
Markov chains (immediate from the electric network representation) is that the stationary measure of the
latter chain is simply the stationary measure of the original chain conditioned on the event that we are
keeping;: PZ) nl- | B]. Now, we are not running these two Markov chains independently, but coupled in
the following way: the clocks on the vertices ring at the same time in the two chains, and we couple the
updates such that X;” > X is maintained for all i > 0. Why is this possible? If X;* > X, and the clock
of a vertex v rings, then v has at least as many +1 neighbours in X;' as in X, , hence the probability of
the outcome +1 in a standard heat-bath dynamics update would be at least as big for X;" as for X, and
it is even more so if we take into account that some of the —1 moves in {X;r}l-zo are suppressed. Hence,
by example ([[31]), we can still have X;EH > X, after the update.

The Markov chains {X;" };>0 and {X; };>0 are clearly ergodic, converging to their stationary distribu-
tions. Since X Z+ > X, holds in the coupling for 7, this stochastic domination also holds for the stationary

measures, and we are done. O

An immediate corollary is that if 7 > n’ on 9V, then P}, > Pgih. In particular, if U C U’ C V(G)
and 7 and 1’ are the all-plus configurations on 9°**U and 9°“tU’, respectively, then n > Pg/ L on 9°MU,
and hence P}, > PZ:h on U. Consider now an exhaustion V,,  V(G) with n}t = +1goury, , giving rise
to the monotone decreasing (w.r.t. stochastic domination) sequence of measures PZ’?,I. Any weak limit
point of this sequence dominates all other possible limits, given by any sequence V,) ~* V(G) and any 7,
on 9°"V!  since for any V,, there exists an mgo(n) such that V,, C V;, for all m > mg(n). Therefore (see
Exercise [[3.2)), this limit point for (V,,, ;") must be unique, and cannot depend even on the exhaustion. It
will be denoted by P;_’ n- Similarly, there is a unique minimal measure, denoted by PE, - 1t is also natural
to consider limit points of the measures P‘B/:lh, which are the Ising measures on the subgraphs spanned by
V,, without any boundary condition. It is not clear at this point that there is a unique limit measure, but

free

we will see in Exercise [[3.6] that this is in fact the case; this limit measure will be denoted by P Bh

Exercise 13.2.

(a) Show that if n and v are probability measures on a finite poset (P, >), and both u > v and p < v, then
w = v. Conclude that if two infinite volume limits of Ising measures on an infinite graph dominate
each other, then they are equal.

(b) Let P = {—1,+1}V with coordinatewise ordering. Show that if p < v on P, and p|, = v|, for all
x €V (i.e., all the marginals coincide), then p = v. (Hint: use Strassen’s coupling.)

(¢) On any transitive infinite graph, the limit measures Pgh and Py, are translation invariant. They

are equal iff Ez;ho(x) =E; ,0(x) for one or any x € V(G).
Exercise 13.3. On any transitive infinite graph, the limit measures P;h and ngh are ergodic.

In summary, at given 8 and h, all infinite volume measures are sandwiched between PE 5, and P?;h.
So, to answer the question of the uniqueness of infinite volume measures, we “just” need to decide if
Py #* Pg)h. Ernst Ising proved in 1924 in his PhD thesis that the Ising model on Z has no phase
transition: there is a unique infinite volume limit for any given h € R and 8 € R>(o. Based on this, he

guessed that there is no phase transition in any dimension. However, he turned out to be wrong: using a
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variant of the contour method that we saw in the elementary percolation result 1/3 < p.(Z?2, bond) < 2/3,
Rudolph Peierls showed in 1933 that for h = 0 there is a phase transition in 8 on Z% d > 2. More
precisely, he proved the existence of some values 0 < _(d) < B4+(d) < oo such that if 7, is the all-plus

spin configuration on 994'[—n,n]¢, then

liminf Ef [0(0)] >0 for B> 5y,

e 13.6
[O’(O)} =0 for g < 5_. ( )

lim E7*
n—oo B0

In particular, for > 8. (d), there are at least two ergodic translation-invariant infinite volume measures
on Z%, while for 3 < $_(d) there is uniqueness (see Exercise [3.2 (c)). We will prove ([[3.6) directly from
1/3 < pe(Z?,bond) < 2/3 once we have defined the FK random cluster measures. A similar result holds
for the Potts(q) models, as well.

In 1944, in one the most fundamental works of statistical mechanics, Lars Onsager showed (employing
partly non-rigorous math, with the gaps filled in during the next few decades) that 3.(Z?) = % In(14+/2) ~
0.440687 for h = 0: for f < f., there is a unique infinite volume measure, while there is non-uniqueness

for B > f.. He also computed critical exponents like E}"[0(0)] = n~1/8t+o(1),

B = 0.440687 B =045

Figure 13.1: The Ising model with Dobrushin boundary conditions (black on the right side of the box and

white on the left), at the critical and a slightly supercritical inverse temperature.

Onsager proved his results by looking at the partition function: the critical points need to occur at
the singularities of the limiting average free energy foo(8,h) = flimWnHm(ﬂWn|)’1 log Zs.p, and the
critical behaviour must be encoded in the analytic properties of the singularities. Why is this so? From
Exercise I3l we can see that a big change of the free energy corresponds to big changes of quantities
like the total energy and the average magnetization. These quantities are “global”, involving the entire
finite domain V,,, not just a fixed window inside the domain, far from the boundary, hence it is not
immediately clear that “local” quantities that behave well under taking weak limits, like E[c(0)] or even

the average magnetization in the infinite limit measure, will also have interesting changes in their behaviour.
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Nevertheless, using that Z? is amenable, the contribution of the boundary to these “global” quantities turns
out to be negligible, and it can be proved that the singularities of foo (3, h) describe the critical points.
That there is no phase transition on Z? for h # 0 was first proved in 1972 by Lebowitz and Martin-

Lo6f and by Ruelle, using the Lee-Yang circle theorem: if A = (a;;)},_; is a real symmetric matrix,

n
1,]=
then all the roots of the polynomial P(2) := > gc(y 2181 [lics jgs @i 1iej on the unit circle. Therefore,
the Ising partition function Zg ; on any finite graph, as a polynomial in A, can have roots only at purely
imaginary values of h. This can be used to prove that, for any h # 0, any limit fo (53, h) is differentiable
in . This works for any infinite graph G(V, E). A different approach (by Preston in 1974) is to use
the so-called GHS concavity inequalities [GHS70] to prove the same differentiability. However, the
connection between differentiability and uniqueness works only on amenable transitive graphs: Jonasson
and Steif proved that a transitive graph is nonamenable iff there is an h # 0 such that PE, n 7 Ps for

some 3 < 0o. See [JoS99] and the references there for pointers to the above discussion.

We have hinted a couple of times at the Ising correlation and uniqueness of measure questions being
analogous to the phase transition in the existence of infinite clusters in Bernoulli percolation. Indeed,
correlations between Ising spins can be interpreted as connectivity in a different model, the FK(p, q)
random cluster model with ¢ = 2. Here is the definition of the model, due to Fortuin and Kasteleyn
[ForKT2]; see [Gri06] for a thorough treatment of the model, including the history. On a finite graph
G(V, E), with a so-called boundary 9V C V together with a partition 7 of it into disjoint subsets, for any
w C E, let

B plel (1 = p)lE\@l ghn(w)

Pk ] = o with - Zf, o = > pH (1= p)l P\l ghe ) (13.7)
FK(p,q) wCE

where kr(w) is the number of clusters of w/m, i.e., the clusters given by w in the graph where the vertices
in each part of m are collapsed into a single vertex.

The ¢ = 1 case is clearly just Bernoulli(p) bond percolation. Furthermore, if we let ¢ — 0, then we
punish a larger number of components more and more, so we get a single spanning cluster in the limit,
and then if we let p — 0, then we will have as few edges as possible, but otherwise all configurations will
have the same probability; that is, we recover the Uniform Spanning Tree, see Section If G(V,E)
is infinite, and V,, * V is an exhaustion by finite subsets, then taking 9V, := @) gives FUSF in the limit,
while taking 9V, := 9i?V,, with m, := {9V,,} gives WUSF.

For g € {2,3,...}, we can retrieve the Potts(¢) model via the Edwards-Sokal coupling, which was
introduced somewhat implicitly in [SwW&87] and explicitly in [EdS88]. Given G(V,E) and a boundary
partition m, color each cluster of w/7 in the FK(p, ¢) model independently with one of ¢ colors, then forget
w, just look at the g-coloring of the vertices. We will prove in a second that we indeed get the Potts(q)

model, with )
f=pp)=—-5mn(-p), (13.8)

except that the boundary condition on 9V, instead of a function n : 9V — {0,1,...,q — 1}, will be only
a partition telling which spins in 0V have to agree with each other. Note that, in the resulting Potts(q)
model, the correlation between the spins o(x) and o(y) is exactly the probability Piv.0) [z—y], since

if they are connected, they get the same color in the coupling, and if they are not, then their colors will
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be independent. In particular, the Ising expectation Eg(p)VQ[a(O)] is the probability of the connection
{0 <— 9[—n,n]?} in the wired FK measure FK(p,2) on [-n,n]?. (In the Edwards-Sokal coupling, to get
the Ising + measure, we need to condition the measure to have the +1 spin on d[—n, n]¢, but, by symmetry,
that does not change the probability of the connection.) The interpretation of correlations as connections
also shows that it is more than natural that a larger p gives a higher S in formula (I38).

Let us denote the Edwards-Sokal coupling of the FK(p, q) configuration w and the g-coloring o of its

clusters by

lwl(1 — p) B\l
ﬂ Pl (1 =p) M T yyewun Lo =om)}
PES(p,q) [w7 0] = 7 .

,?K(p’q) , (13.9)
where the formula is clear from the facts that for any given w, the number of compatible g-colorings is
¢" (@) and that we need to arrive at ([I37) after summing over these colorings o.

So, we need to prove that the marginal on o is the Potts(q) model with 8 = B(p) and boundary
partition 7. Fix a ¢-coloring o; we may assume that it is compatible with 7 (i.e., o(z) = o(y) for all
(2,y) € 7), otherwise 3 PRg ., »[w,0] = 0. If (z,y) € E and o(x) = o(y), then the configurations w with
Phsm.a [w,0] # 0 come in pairs: (z,y) can be kept in w or deleted, leaving other edges intact. On the
other hand, if o(z) # o(y), then (z,y) € w whenever Pgs(p,q)[

contributes a factor 1 — p to the probability of the configuration. Summarizing,

w,o] # 0, i.e., such an edge (z,y) always

i 1

> Plspolw:ol = o II e+1-» II 0-» II Tew-cwy
w FK ) T,y T,y ™ xT T
0 (marce, S (@)€

= |28 > Lowrewy | [ Lew=own
FK(p.a) (z.y)€E\T (z.y)em

using the choice (1 — p) = exp(—2f), which is ([I3:8). This measure on o is exactly the Potts(q)-
measure ([3.2)), just with boundary partition 7, and with normalization Zgg(, q) instead of Zg 4, but

since we are talking about probability measures, these normalizations actually have to agree:
ZEK(}W) = Z,g(p),q : (13.10)
This concludes the verification of the Edwards-Sokal coupling.

The FK(p, q) model satisfies the FKG-inequality for ¢ > 1. First of all, why is ¢ > 1 important? Well,

. w .
Prk(p.q) {(Ly) cw ‘ w|E\{e}} =7 ey B (13.11)
WP_P)Q otherwise ;

i.e., an existing connection increases the probability of an edge iff ¢ > 1. Having noted this, the proof
of the FKG inequality becomes very similar to the Ising case, Theorem [[3.1} consider the FK heat-bath
dynamics with independent exponential clocks on the edges, and updates following (I3I1)). For ¢ > 1, this
dynamics {w;}i>0 is attractive in the sense that if w; > w/ in the natural partial order on {0,1}¥, then
Ple € wiy ’ wi| >Plecw],, ‘ w} ], and hence we can maintain the monotone coupling of the proof of

Theorem [I3.]] for all ¢ > 0, proving the FKG inequality.
For ¢ < 1, there should be negative correlations, but this is proved only for the UST, which is a
determinantal process. This is an open problem that have been bugging quite a few people for quite a long

time; see [BorBL09| for recent results on negative correlations.
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ex.mon2
> Exercise 13.4. For the FK(p,q) model on any finite graph G(V, E) with boundary OV C V, for ¢ > 1, { :
show the following two types of stochastic domination:
(a) If m <7’ on OV, then Pl < P7|=T;<(p,q) onV.
(b) Given any m on OV, if p < p', then Pl < Pikpr.g on V-
(c) Conclude for the 4+ limit Ising measure on any infinite graph G(V, E) that if E;h[a(:v)] > 0 for some
x €V, then the same holds for any 8’ > . Consequently, the uniqueness of the Ising limit measures

is monotone in f3.
{ex.mon3}

> Exercise 13.5. Show a third type of stochastic domination for the FK(p,q) model on a finite graph: if

p€ (0,1) and 1 < q <, then PIT:FK(p,q/) < P’FTK(p’q).

Similarly to the Ising model, the FKG inequality implies that the fully wired boundary condition (where
7 has just one part, V) dominates all other boundary conditions, and the free boundary (where 7 consists
of singletons) is dominated by all other conditions. Therefore, in any infinite graph, the limits of free and
wired FK measures along any finite exhaustion exist and are unique, denoted by FFK(p, ¢) and WFK(p, q).
On a transitive graph, they are translation invariant and ergodic.

However, regarding limit measures, there is an important difference compared to the Ising model. In
formulating the spatial Markov property over finite domains U C V(@) for an infinite volume measure,
the boundary conditioning is on all the connections in V' \ U (just like in (I311])), which is not as local
as it was for the Potts(¢) model. Therefore, it is not clear that any infinite volume limit measure actually
satisfies the spatial Markov property, neither that any Markov measure is a convex combination of limit
measures. Although these statements are expected to hold, they have not been proved; see [Gri06, Chapter
4] for more information. Nevertheless, it is at least known that all Markov measures and all infinite volume

measures are sandwiched between FFK(p, ¢) and WFK(p, ¢) in terms of stochastic domination.
{ex.inftyFKIsi:

> Exercise 13.6 (Ising and FK limit measures).

(a) Show that the + Ising measure P,(Jar,o on any infinite graph is given by taking the WFK(p, 2) measure,
with p = p(B8) according to (IZ8), then coloring all the vertices in all the infinite WFK-clusters +,
while coloring the finite clusters randomly with a fair coin. The — measure ngo is given analogously,
by coloring the infinite clusters —, while the free measure Pg‘?ﬁ is given by coloring all the clusters of
FFK(p,2) measure randomly.

(b) How can we get the 4+, — and free Ising measures from FK measures in the case h # 0%

Since we are interested in the connectivity properties of the FK model, it is natural to define the
critical point p.(¢) in any infinite volume limit measure as the infimum of p values with an infinite
cluster. Fortunately, on any amenable transitive graph, there is actually only one p.(q), independently
of which limit measure is taken, because of the following argument, see [Gri06]. Using convexity, any of
the limiting average free energy functions has only a countable number of singularities in p, which implies
that, for any g, there is only a countable number of p values where FFK(p, ¢) # WFK(p, ¢). Tt is clear that
P (q) > pW¥(q), but if this was a strict inequality, then the free and wired measures would differ for the

entire interval p € (p¥¥(q),pf(q)), contradicting countability.
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We can easily show that 0 < p.(¢) < 1 on Z%, for any d > 2 and ¢ > 1. The key is to notice that

(I311) implies that P’FFK(p_’ 0 stochastically dominates Bernoulli(p) for p = and is stochastically

e
dominated by Bernoulli(p) bond percolation, for any 7, and then the claim follows from 0 < p.(Z?) < 1 in
Bernoulli percolation. The proof of (I3.6]), namely the existence of a phase transition for the Ising model
on Z% d > 2, is also clear now: as we noticed above, the Ising expectation E;(p)_rz[a(O)] is exactly the
probability of the connection {0 +— 9[—n,n]?} in the wired FK measure FK(p,2) on [-n,n]?. But this
probability is bounded from above and below by the probabilities of the same event in Bernoulli(p) and
Bernoulli(p) percolation, respectively, and we are done.

The random cluster model also provides us with an explanation where Onsager’s value .(Z*) = 1 In(1+
V/2) ~ 0.440687 comes from. Recall that the percolation critical values p.(Z?, bond) = p.(TG,site) = 1/2
came from planar self-duality, plus two main probabilistic ingredients: RSW bounds proved using the
FKG-inequality, and the Margulis-Russo formula; see Theorem So, to start with: is there some
planar self-duality in FK(p, ¢)? Consider the planar dual to a configuration w on a box with free boundary,

say: we get a configuration w* on a box with wired boundary. See Figure [[3.2] What is the law of w*?

Figure 13.2: The planar dual of an FK configuration on Z2.

Clearly, |w*| = |E| — |w]|, and k(w*) equals the number of faces in w (which is 2 in the figure). So, by
Euler’s formula, |V| — |w| + k(w*) = 1 + k(w). If we now let y = p/(1 — p), then

||
hd w —|w® w™ w* q w™
Prx(p.glw] o Yl gF@) ooyl gl HT = <§> PUCR

Well, this is a random cluster model for w*, with the same ¢ and y* = ¢/y! Or, in terms of p and p*, we

get
ppx _,
(1-p(1-p)
Therefore, p = psa(q) = VZ_ g the self-dual point on Z?2: the planar dual of the free measure becomes

T+va
the wired measure at the same value pgq. Just as in the case of percolation with p = 1/2, one naturally

expects that this is also the critical point p.(q). This was proved for all ¢ > 1 only rather recently, by
Vincent Beffara and Hugo Duminil-Copin [BefDCI0]. Substituting ¢ = 2 and (p) = —3 In(1 — p) gives
Onsager’s value. Note that p.(q) < p.(¢’) for ¢ < ¢’ is in line with Exercise 3.5

The main obstacle Beffara and Duminil-Copin needed to overcome was that the previously known

RSW proofs for percolation (e.g., the one we presented in Proposition [2:27) do not work in the presence
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of dependencies: an exploration path has two sides, one having positive, the other having negative influence
on increasing events, so we cannot use FKG. Nevertheless, they found an only slightly more complicated
argument, exploring crossings and gluing them, where the information revealed can be easily compared
with symmetric domains with free-wired-free-wired boundary conditions, and hence one can use symmetry,
just as in the percolation case. However, here comes another issue: the dual of the free measure is wired,
so, what measure should we work in to have exact self-duality and the symmetries needed? The solution
is to use periodic boundary conditions, i.e., to work on a large torus, and draw the rectangle that we want
to cross inside there. Finally, the replacement for the sharp threshold results for product measures via the
Margulis-Russo formula or the BKKKL theorem (see (I2.16) and Theorem [2:22) is provided by [GraG06].

What about the uniqueness of infinite volume measures for FK(p, ¢)? On Z?, uniqueness is known
for ¢ = 2 and all p. Non-uniqueness at the single value p.(q) is expected for ¢ > 4, and proved for ¢ > 25.72.
See [DuCS11] Proposition 3.10] and [Gri06]. Note that assuming uniqueness of the measures at the self-
dual point p.(q), Zhang’s argument works again, yielding that there is no percolation at p.(q). Conversely,
non-uniqueness of the measures implies that there is an infinite cluster in the wired measure (basically a
supercritical system), and there is no infinite cluster in the free measure (basically a subcritical system).
Indeed, if there are only finite clusters even in the wired measure, then any finite box B is surrounded by
a dual circuit v; but the configuration in B conditioned on any specific such v is dominated by the infinite
volume free measure, implying that in fact we are in the free measure; see [DuC14, Corollary 4.40]. In
summary, non-uniqueness of measures at p.(q) is the same as discontinuity of the phase transition.

How does the intuitive “inherited geometry” argument presented after Conjecture IZ.I0 on the contin-
uous phase transition in the case of percolation break for these FK(p, ¢) models with a discontinuous phase
transition? The answer is that, for w, C E(Z?) sampled from the WFK(p, ¢) measure, which has a unique
infinite cluster at p.(g) but no infinite cluster at any p < p.(q), the difference between the edge marginals
of wy,, and wj, does not tend to zero as p  p. [Gri06, Proposition 8.59], hence one cannot obtain w,, from
wp, by deleting a tiny fraction of the edges, and there is no reason why the infinite cluster of w,_ could not
be ruined.

When looking at the FK(p, ¢) measure for the first time, it is easy to think that p should roughly stand
for edge density, hence this discontinuity in the edge marginals is somewhat hard to believe. However, it
turns out that any Markovian monotone coupling (w;),c(o,1) of the FK(p, ¢) measures for ¢ > 1 must
be quite different from the standard coupling for ¢ = 1. Here is the only such coupling that I know of;
it was implicit in [Hol74], made explicit in [Gri95], and proved to be Markovian in p in [DuCGP13] (but
maybe this was also known to many people before). Let G(V, E) be any finite graph and €2 be the space
[0,1]F. The goal is to find a measure p = p on €2 in a such a way that all the “projections” w,(Z) with
Z ~ 1, defined by

wp(Z)(e) := 1iz(e)<p} > pel0,1], ec E,
follow the random-cluster probability measure of parameters (p,q) on {0,1}¥ with some given boundary
conditions. It turns out that it is non-trivial to construct such a measure p explicitly (although its existence

follows from a generalized Strassen’s theorem). Instead, [Gri95] obtains it as the invariant measure of a

natural Markov process Z; on the space Q := [0, 1]F.
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Let Z; be a Markov chain on 2 where labels on the edges are updated at rate one according to the
conditional law defined below. For any e = (z,y) € E, let D. C {0,1}¥ be the event that there is a path
of open edges in F \ {e} connecting x and y. For any e € E and any Z € €, define

T.(Z) :=inf{p € [0,1] s.t. wy(Z) € D.}.

Let U, = Z;(e) be the new label at e and time ¢ knowing the current configuration Z;_ (before the update),

given by the law

P[U, <p] :_{ v ifp=T (13.12)

prw g E v ifp<T,

where T = T.(Z;~). Note that this is the only possible update rule if we want that the projections
wp(Zy)1>0 follow the heat-bath dynamics for FK(p, ¢) given by (I3.11) simultaneously for all p € [0, 1]. The
condition ¢ > 1 implies that this is a valid distribution function, hence we can simply define U, to be a
sample from this distribution. Note that U, has an absolutely continuous part plus an atom (for ¢ > 1)
at T, namely [T — ﬁ]&p.

Now, one can get the edge marginal P[e € w,(Z)] from this coupling by first conditioning on all the
labels Z(f) for f # e, then taking the expectation of the conditional probability (I312)). The location T of
the atom turns out to be quite concentrated around p.(q), which makes the edge intensity change faster than
linearly around p. for ¢ > 2, and even produces a discontinuity at p. in the infinite volume limit for ¢ > 4
(proved for ¢ > 25.72), making the discontinuity of the percolation probability possible. An additional
fascinating property of this monotone coupling was discovered in [DuCGP13]: due to the atoms, there are
many edges e sharing the same label Z(e), and these edges arrive not in a roughly uniform Poissonian way
(as the edges in the Gibbs sampler), but under some complicated self-organization scheme. This scheme
is responsible for the fact that near-critical window in the Ising-FK model is not given by the expected
number of pivotal edges at criticality, but is narrower, as already mentioned after (I234)). However, the
details of this self-organization scheme are quite mysterious at present.

The case 0 < g < 1 is even more mysterious, as we already remarked around Exercises [[3.4] and in

relation with correlation inequalities.
Question 13.2. Is there a monotone coupling (wp)peio,1) of the FK(p, q) measures for any q € [0,1)7

Exercise 13.7. Consider the graph G with 6 vertices and 7 edges that looks like a figure 8§ on a digital
display. Consider the UST measure on the 15 spanning trees of G, and the uniform measure UST 41 on the
7 connected subgraphs with 6 edges (one more than a spanning tree). Find an explicit monotone coupling

between the two measures.

Some further results and questions on the FK model will be mentioned in Section [I4.2]

13.2 Bootstrap percolation and zero temperature Glauber dynamics

Bootstrap percolation on an arbitrary graph has a Ber(p) initial configuration, and a deterministic spreading
rule with a fixed parameter k: if a vacant site has at least k occupied neighbors at a certain time step,

then it becomes occupied in the next step. Complete occupation is the event that every vertex becomes
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occupied during the process. The main problem is to determine the critical probability p(G, k) for complete

occupation: the infimum of the initial probabilities p that make P,[complete occupation] > 0.

Exercise 13.8 ([VEnt87]). Show that p(Z?,2) = 0 and p(Z*,3) = 1. (Hint for k = 2: show that a single

large enough completely occupied box (a “seed”) has a positive chance to occupy everything.)

Exercise 13.9 ([Scho92]).* Show that p(Z%, k) =0 for k < d and = 1 for k > d+1. (Hint: use the d = 2
idea, the threshold result Exercise 1238, and induction on the dimension.)

Exercise 13.10 ([BalPP06]). *

(a) Show that the 3-regular tree has p(Ts,2) = 1/2. More generally, show that for 2 <k <d, p(Tg41, k)

is the supremum of all p for which the equation
P|[Binom(d,(1—z)(1-p)) <d—k] ==
has a real root x € (0,1).

(b) Deduce from part (a) that for any constant v € [0,1] and a sequence of integers kq with limg_, oo kq/d =
Y5
lim p(Tq, ka) = -
d—o0

The previous exercises show a clear difference between the behaviour of the critical probability on Z¢
and T4: on Z%, once k is small enough so that there are no local obstacles that obviously make p(Z%, k) = 1,

we already have p(Z?, k) = 0. So, one can ask the usual question:

Question 13.3. Is a group amenable if and only if for any finite generating set, the resulting r-reqular

Cayley graph has p(G,, k) € {0,1} for any k-neighbor rule?

The answer is known to be affirmative for symmetric generating sets of Z? on one hand [GraG96], and

for any finitely generated non-amenable group that contains a free subgroup on two elements on the other
[BaIPP06).
Exercise 13.11.*** Find the truth for at least one more group (that is not a finite extension of 72, of

course).

See [Scho92, [BalPP06, [BalP07, [Holr(T, BalBDCM10)] and the references there for more on

this model, both on infinite and finite graphs.

Bootstrap percolation results have often been applied to the study of the zero temperature Glauber
dynamics of the Ising model. This Glauber dynamics was already defined in Section [3.1], but the zero
temperature case can actually be described without mentioning the Ising model at all. Given a locally
finite infinite graph G(V, E) with an initial spin configuration wy € {+, —}", the dynamics is that each
site has an independent Poissonian clock, and if the clock of some site x € V rings at some time t > 0,
then wy(x) becomes the majority of the spins of the neighbours of x, or, if there is an equal number of
neighbours in each state, then the new state of x is chosen uniformly at random. Now let pa«(G) be the
infimum of p values for which this dynamics started from a Ber(p) initial configuration of “+” spins fixates

at “+” (i.e., the spin of each site x will be “+” from a finite time T'(z) onwards) almost surely.
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From the symmetry of the two competing colours, it is clear that psx(G) > 1/2. For what graphs is it
equal to 1/27 Tt is non-trivial to prove that pax(Z) = 1, see [Arr&3).

Question 13.4. Is it true that pax(Z%) = 1/2 for all d > 27 And pa(Ty) = 1/2 for d > 47

Here it is what is known. Using very refined knowledge of bootstrap percolation, [Morl(] proved that
limg 00 pax(Z?) = 1/2. On the other hand, pax(T3) > 1/2 [How00]; the reason is that a density 1/2 — e for
the “—” phase is just barely subcritical for producing a bi-infinite path, while the “4” phase is just barely

“

supercritical, so in a short time in the dynamics, bi-infinite “—” paths will form (somewhere in the huge

non-amenable tree), making “4” fixation impossible.

Exercise 13.12.*% Show that limg o pax(Tq) = 1/2. (This follows from [CapMO06], but here is a hint
for a simpler proof, coming from Rob Morris. Fxercise (b) says that for p > 1/2+¢€, if d is large
enough, then the probability of everything becoming “—7 in [d/2]-neighbour “—”-bootstrap is zero. Prove
that, moreover, the probability that an initially “+” site ever becomes “—7” is tending to 0, as d — oo. This
implies that the probability that a given vertex fizates at “+7” is tending to 1. But then, the majority of the

neighbours of any given vertez fizate at “+”, fizing the state of that vertex, as well.)

It is also interesting what happens at the critical density. By definition, non-fixation can happen in two

ways: either some sites fixate at “+” while some other sites fixate at “—’

infinitely often. For p = 1/2 on Z2, it is known that every site changes its state infinitely often [NaNSQ0],

2

’, or every site changes its state

while, for p = 1/2 on the hexagonal lattice, some sites fixate at “+” while all other sites fixate at “—
[HowNOQ3]. The reason for the difference is the odd degree on the hexagonal lattice. Of course, these results
do not imply that pax = 1/2 on these graphs. What happens on T, for d > 4 at p = 1/2 is not known,

either.

13.3 Minimal Spanning Forests

Our main references here will be [LyPS06] and [LyPer14].

While the Uniform Spanning Forests are related to random walks and harmonic functions, the Minimal

Spanning Forests are related to percolation. The Minimal Spanning Tree (MST) on a finite graph is
constructed by taking i.i.d. Unif[0, 1] labels U(e) on the edges, then taking the spanning tree with the
minimal sum of labels. Note that this is naturally coupled to Ber(p) bond percolation for all p € [0, 1] at

once.
Exercise 13.13. Give a finite graph on which MST # UST with positive probability.

For an infinite graph G, we again have two options: we can try to take the weak limit of the MST
along any finite exhaustion, with free or wired boundary conditions. The limiting measures can be directly

constructed. For any e € E(G), define
Ze(e) :=inf max{U(f): f € v},
g
where the infimum is taken over paths v in G \ {e} that connect the endpoints of e, and define

Zw(e) == igf sup{U(f) : f €},
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where the infimum is taken over “generalized paths” v in G \ {e} that connect the endpoints of e, i.e., v
can also be a disjoint union of two half-infinite paths, one emanating from each endpoint of e. Then, the

Free and Wired Minimal Spanning Forests are
FMSF :={e:U(e) < Zr(e)} and WMSF := {e:U(e) < Zw(e)}.

The connection between WMSF and critical percolation becomes clear through invasion percolation.
For a vertex v and the labels {U(e)}, let Ty = {v}, then, inductively, given T),, let T),11 = T}, U {eny1},
where e, 1 is the edge in dg T, with the smallest label U. The Invasion Tree of v is then IT(v) := Unzo T,.

We now have the following deterministic result:

Exercise 13.14. Prove that if U : E(G) — R is an injective labelling of a locally finite graph, then
WMSF == U’UGV(G) |T('U).

Once the invasion tree enters an infinite p-percolation cluster 4 C wj, := {e: U(e) < p}, it will not use
edges outside it. Furthermore, it is not surprising (though non-trivial to prove, see [HAPS99]) that for any
transitive graph G and any p > p.(G), the invasion tree eventually enters an infinite p-cluster. Therefore,
limsup{U(e) : e € IT(v)} = p, for any v € V(G). This already suggests that invasion percolation is a

“self-organized criticality” version of critical percolation.

Exercise 13.15.** Show that for G transitive amenable, 6(p.) = 0 is equivalent to |T(v) having density

zero, measured along any Folner exhaustion of G.

Non-percolation at p. also has an interpretation as the smallness of the WMSF trees, which we state

without a proof:

Theorem 13.5 ([LyPS06]). On a transitive unimodular graph, 0(p.) = 0 implies that a.s. each tree of
WMSF has one end.

By Benjamini-Lyons-Peres-Schramm’s Theorem I2.17] in the non-amenable case this gives that each
tree of WMSF has one end. For the amenable case, the following two exercises, combined with the fact

(obvious from Exercise [[3.14) that all the trees of WMSF are infinite, almost give this “one end” result:

Exercise 13.16. Show that for any invariant spanning forest § on a transitive amenable G, the expected

degree is at most 2. Moreover, if all trees of § are infinite a.s., then the expected degree is exactly 2.

Exercise 13.17. Show that for any invariant spanning forest § on a transitive amenable G, it is not
possible that a.s. all trees of § have at least 3 ends. Moreover, if all the trees are infinite, then each has 1

or 2 ends. (Hint: use the previous exercise.)

Exercise 13.18.*** Show that all the trees in the WMSF on any transitive graph have one end almost

surely.

On the other hand, FMSF is more related to percolation at p,. On a transitive unimodular graph, each
tree in it can intersect at most one infinite cluster of p,-percolation in the standard coupling, moreover,
if py, > pe, then each tree intersects exactly one infinite p,-cluster. Furthermore, adding an independent

Ber(¢) bond percolation to FMSF makes it connected. Finally, we have the following:
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Theorem 13.6 ([LyPS06]). On any connected graph G, we have a.s. at most one infinite cluster for almost
all p € [0,1] if and only if FMSF = WMSF a.s. In particular, for transitive unimodular graphs, p. = p,, is
equivalent to FMSF = WMSF a.s.

Proof. Since G is countable, WMSF C FMSF is equivalent to having some e € E(G) with the property
that P[ Zw(e) < U(e) < Zr(e)] > 0. This probability equals to the probability of the event A(e) that the
two endpoints of e are in different infinite clusters of U (e)-percolation on G \ {e}. If this is positive, then,
by the independence of U(e) from other edges, there is a positive Lebesgue measure set of possibilities for
this U(e), and for these percolation parameters we clearly have at least two infinite clusters with positive
probability. Conversely, if there is a positive measure set of p values for which there are more than one
infinite p-clusters with positive probability, then, by insertion tolerance, there is an edge e whose endpoints
are in different infinite p-clusters with positive probability, and hence, by the independence of U(e) from

other edges, there is a positive probability for A(e). O

There are many open questions here; see [LyPS006] or [LyPer14]. For instance, must the number of
trees in the FMSF and the WMSF in a transitive graph be either 1 or co a.s.? In which Z? is the MSF a
single tree? The answer is yes for d = 2, using planarity. On the other hand, for d > 19, where the lace

expansion shows 6(p.) = 0 and many other results, one definitely expects infinitely many trees. Regarding
the critical dimension, where the change from one to infinity happens, some contradictory conjectures have
been made: d = 6 [JaR09] and d = 8 [NewS96]. It might also be that both answers are right in some sense:
for Z%, the critical dimension might be 8, but for the scaling limit of the MSF, which is a spanning tree of
R? in a well-defined sense (very roughly, for any finite collection of points there is a tree connecting them,
with some natural compatibility relations between the different trees), the critical dimension might be 6
[AIBNW99]: in d = 7, say, there could be quite long connections between some points of Z%, escaping to
infinity in the scaling limit.

Finally, on the triangular grid, the scaling limit of a version of the MST (adapted to site percolation)
is known to exist, is rotationally and scale invariant, but is conjectured not to be conformally invariant

GarPS10b] — a behaviour that goes against the physicists’ rule of thumb about conformal invariance.

13.4 Measurable group theory and orbit equivalence

Consider a (right) action z — g(z) = 29 of a discrete group I' on some probability space (X, B, i) by
measure-preserving transformations. We will usually assume that the action is ergodic (i.e., if U C X
satisfies g(U) = U for all g € I, then p(U) € {0,1}) and essentially free (i.e., u{z € X : g(x) = 2} =0 for
any g # 1 € T'). These conditions are satisfied for the natural translation action on bond or site percolation
configurations under an ergodic probability measure, say Ber(p) percolation: w?(h) := w(gh), as we did in
the second proof of Corollary This action of a group I on {0,1}", or ST with a countable S, or
[0, 1], with the product of Ber(p) or {ps}ses or Leb[0, 1] measures, is usually called a Bernoulli shift.
The obvious notion for probability measure preserving (abbreviated p.m.p.) actions of some groups
T; (i = 1,2) on some (X;,B;, ;) being the same is that there is a group isomorphism ¢ : 'y — T’y
and a measure-preserving map ¢ : X; — X such that p(z9) = ¢(x)"9) for almost all z € X;. There
is a famous theorem of Ornstein and Weiss [OWS87| that two Bernoulli shifts of a given f.g. amenable

180

{t .MSFpcpu}

{ss.MeGrTh}



group (in most cases) are equivalent in this sense iff the entropies (generalizing — 3 __¢ pslog(ps) from
the case of Z-actions suitably) are equal. We will consider here a cruder equivalence relation, which is the
natural measure-theoretical analogue of the virtual isomorphism of groups, exactly as quasi-isometry was

the geometric analogue — see Exercises [3.7] and

Definition 13.7. Two f.g. groups, I'1 and T's are measure equivalent if they admit commuting (not
necessarily probability) measure preserving essentially free actions on some measure space (X, B, u), each

with a positive finite measure fundamental domain.
Another natural notion is the following:

Definition 13.8. Two p.m.p. actions, T'; acting on (X;, B;, p;) fori = 1,2, are called orbit equivalent if
there is a measure-preserving map ¢ : X1 — X such that p(x'1) = @(x)' for almost all x € X;. (Note
that this is indeed an equivalence relation.)

A small relaxation is that the actions are stably orbit equivalent: for each i = 1,2 there exists a
Borel subset Y; C X; that meets each orbit of I'; and there is a measure-scaling isomorphism ¢ : Y1 — Yo
such that p(z'* NY7) = p(x)'2 NYs for a.e. v € X;.

Now, the point is that two f.g. groups are measure equivalent iff they admit stably orbit equivalent
actions. The proof, similar to Exercise B.7 can be found in [Gab02], which is a great introduction to orbit
equivalence.

Of course, if the two actions are equivalent in the usual sense, then they are also orbit equivalent. But
this notion is much more flexible, as shown, for instance, by the following actions of Z and Z2.

Consider the set X = {0,1}" of infinite binary sequences, with the Ber(1/2) product measure. The
adding machine action of Z on X is defined by the following recursive rule: for the generator a of Z, and
any w € X,

(Ow)* = 1w

(13.13)

(lw)® = 0w
Note that this definition can also be made for finite sequences w, and the actions on the starting finite
segments of an infinite word are compatible with each other, hence the definition indeed makes sense for
infinite words. For a finite word w = wows ... wy, if we write S(w) := Zf:o w;2%, then this action has
the interpretation of adding 1 in binary expansion, f(w®) = S(w) + 1, hence the name. (One thing to be
careful about is that for a finite sequence w of all 1’s this S-interpretation breaks down: one needs to add
at least one zero at the end of w to get it right.) The action of Z on X is clearly measure-preserving.

We can similarly define an action of Z2 on X x X = {0, 1}"*N, simply doing the Z-action coordinate-
wise. Now, these two actions are orbit-equivalent. Why? The orbit of a word w € X by the Z action is
the set of all words with the same tail as w. (Note that we can apply a or a~! only finitely many times.)
Similarly, the orbit of some (w,w’) € X x X is the set of all pairs with each coordinate having the correct
tail. Now, the interlacing map ¢ : X x X — X defined by p(wow: ...,wiwj...) = wowpwiw] ... is
clearly measure-preserving and establishes an orbit-equivalence.

An extreme generalization of the previous example is another famous result of Ornstein and Weiss from

1980, using some of the machinery of the entropy/isomorphism theorem, see [KecM04]: any two ergodic
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free p.m.p. actions of amenable groups are orbit equivalent to each other. A closely related probabilistic

statement is the following:

Exercise 13.19. Show that a Cayley graph G(T',S) is amenable iff it has a T-invariant random spanning
Z subgraph. (Hint: for one direction, produce the invariant Z using coarser and coarser “quasi-tilings” that

come from Ezercise[I2.27; for the other direction, produce an invariant mean from the invariant Z.)

On the other hand, as a combination of the work of several people, see [GabI0l Section 10], a recent
result is that any non-amenable group has continuum many orbit-inequivalent actions. A key ingredient
is the following theorem, which has a percolation-theoretical proof, to be discussed in a future version of

these notes:

Theorem 13.9 ([GabL09]). For any non-amenable countable group T, the orbit equivalence relation of the
Bernoulli shift action on ([0,1],Leb)!" contains a subrelation generated by a free ergodic p.m.p. action of
the free group Fs. In other words, the orbits of the Bernoulli shift can be decomposed into the orbits of an
ergodic Fy action. Or more probabilistically, there is an invariant spanning forest of 4-reqular trees on I'

that is a factor of i.i.d. Unif[0,1] labels on the vertices T', and the trees are indistinguishable.

A nice interpretation of this result is that any non-amenable group has an Fy randosubgroup, in the

following sense. Consider the set Sq. g = {f : G — H, f(1) = 1}. The group I" acts on this set by

Fo(t) = f(9) " fgt); (13.14)

it is easy to check that this is indeed an action from the right. A group-homomorphism is just a fixed
point of this I'-action. A randomorphism is a I'-invariant probability distribution on Sg . So, I' is a
randosubgroup of H if there is a I'-invariant distribution on injective maps in Sg g. (It cannot be called

a “random subgroup”, since it is not a distribution on actual subgroups.)
Exercise 13.20. A randosubgroup of an amenable group is also amenable.

Now, what is the connection to orbit equivalence? If the orbit equivalence relation on X generated by
T" is a subrelation of the one on Y generated by H, i.e., there is a p.m.p. map ¢ : X — Y such that
o(z") C p(z)H for almost all z € X, then for a.e. z € X and every g € T there is an a(x,g) € H such
that p(z9) = @(x)*®9). Moreover, if the H-action is free, then this a(z, g) is uniquely determined, and it

satisfies the so-called cocycle equation
alx,gh) = a(z,g) a(z9, h). (13.15)

By writing a,(g) = a(z, g), for a.e. x € X we get a map a, € S g. Now, what is the action of I" on such
elements of S »? By (BI4), of(t) = a.(g) ta.(gt), which, by [BI5), is au(9)  taw(g) awe(t) = age(t).
So, we have a T'-equivariant action on the set {a, : * € X}, and if we take a random point z € X
w.r.t. the T-invariant probability measure p, then we get a I-invariant measure on {a, : © € X}, i.e., a

randoembedding of I" into H.

Given that all amenable groups are measure equivalent, in order to distinguish non-amenable groups

from each other, one seem to need rather non-trivial invariants. The ¢2-Betti numbers and the cost of
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groups mentioned in Chapter [[1] are such examples. A future version of these notes will hopefully discuss
them in a bit more detail, but see [Gab02] [Gabl0] for now. Well, let’s try.

Given a probability space (X, B, i), a graphing on X is simply a measurable oriented graph: a count-
able set of “edges” ® = {p; : A; — B }ie1, which are measure-preserving isomorphisms between measur-
able subsets A; and B;. The cost of a graphing, which we can also think of as the average out-degree of

a random vertex in X, is

cost(P) := Z”(Ai) = /X Z 14, (z)du(x).

i€l iel
Any graphing ® generates a measurable equivalence relation Rg on X: the equivalence classes are the
connected components of ®, which is the graph obtained from ® by forgetting the orientations. The cost

of an equivalence relation R C X x X is
cost(R) := inf{cost(P) : & generates R} .

A usual way of obtaining a graphing is to consider the “Schreier graph” of a p.m.p. action of a group I"
on X, with ® = {¢; : X — X },cs given by a generating set {v;}ic; of I'. Then the equivalence relation

generated by @ is the orbit equivalence relation of the action. Now, the cost of a group I is defined as
cost(I) := inf {cost(R) : R is the orbit equiv. rel. of some free p.m.p. action I' ~ X } . (13.16)

A group is said to have a fixed price if the orbit equivalence relations of all free p.m.p. actions have the
same cost, and it is not known whether all groups have a fixed price.

Here is a more tangible definition of the cost of a group I' for probabilists:
1
cost(T") = 5 inf {E,[deg(0)] : p is the law of a I'-invariant random spanning graph on I'} . (13.17)

How is this the same cost as before? A T'-invariant random graph is a probability measure g on Q =
{0, 1}7%T that is concentrated on symmetric functions on I' x I" and is invariant under the diagonal action of
I'. A corresponding graphing (which may be called the cluster graphing) is the following. Fix an element
o € I', then let w,n € Q be connected by v € I' if w? = n and the edge from o to vo is open in the graph w.
The domain A, of this measurable edge consists of those w € € in which the edge (o, y0) is open, hence the
cost of this graphing (measured in p) is the p-expected out-degree of o, or one half of the expected total
degree. (Note here that y~! is an edge from 7 to w, since w = n " and w(o,v0) = n(y to,0) = n(o,y 1o).)
This is a sub-graphing of the full graphing, in which w, 7 are connected by ~ iff w¥ = 1, and which is just
the Schreier graphing of the action of I' on €. Clearly, the cluster graphing p-almost surely generates the
orbit equivalence relation of the action iff p-almost surely the graph spans the entire T'. Thus, (I3I7) is
indeed the infimum of some costs; however, we considered here only some special p.m.p. actions I' ~ (£2, p),
and only some special graphings generating the corresponding orbit equivalence relations. And we do not
even get that (I317) is at least as big as (I3.16]), because some of these actions on (€2, ;) might not be
essentially free. But all these issues can be easily solved:

IfI' ~ (X, p) is a free p.m.p. action, and @ is a graphing generating its orbit equivalence relation, then

}FXF

for each € X we can consider w, € Q ={0,1 given by

(g, h) is an open edge in w, < (29,2") is an edge in @ .
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Then the pushforward pe of 1 under this z — w, gives an invariant spanning graphon I, and E,,, [deg 0] /2 =
cost(®). This shows that (I3I7) is not larger than (I3I6). For the other direction, given an invariant
random spanning graph p on , we can produce a free p.m.p. action by taking a direct product of (2, u)
with a fixed free action (say, a Bernoulli shift) (Y, v), and considering the natural extension of the cluster
graphing that we had before, to Q x Y. For the details, see Proposition 29.5].

The notion of cost resembles the rank (i.e., the minimal number of generators) d(I") of a group. Here
is an explicit formulation of this idea, which has several nice applications, for hyperbolic groups, etc, see
[ARNOT].

Let ' =Ty > I'y > ... be a chain of finite index subgroups. Corresponding to such a subgroup
sequence, the right coset tree T has the root I' = T'g, and a coset I',, 11y is a child of T'px if T, 41y C Ty,
The number of children of T'yx is [[', : T'py1]. The set of rays I' = Tgxg D Tiaxp D Taxe D ... in T is
the boundary 97 of the tree, equipped with the usual metrizable topology. If we have normal subgroups,
I, < T V¥n, then OT can be equipped with a group structure, and is called the profinite completion of T’
with respect to the series {I',, },,>0; see e.g., [Wil98§].

One often assumes the so-called Farber condition on the sequence {I';,},>0: the natural action of T’
on the boundary OT(T',{T',,}) of the coset tree, with the natural Borel probability measure, is essentially

free.
Exercise 13.21. The Farber condition holds if each Iy, is normal in T, and (,,~,; T'n = {1}.

The rank gradient of a subgroup chain is defined by

GO AT, = lim 2L =1

13.1
n—00 |I‘ I, | ( 3 8)

The following exercise shows that this is a good definition. To start with, recall the Schreier index
formula, Theorem 218 for any H < Fj, of finite index, one has H ~ Fy, hence d(Fy) = k and d(H) = ¢,
and d(H) — 1= (d(Fk) — 1) [Fy : H].

Exercise 13.22.
(a) Show that for any finitely generated groups H < G with [G : H| < oo, one has

d(H)—1< (d(G)-1)[G: H].

(b) Conclude that the limit in the definition of RG always exists.
(c) Conclude that, for the free group on k generators, RG(Fy,{Tn}) =k — 1, regardless of T,.

Theorem 13.10 ([AbNOT7]). Let R denote the orbit equivalence relation of I' ~ OT(I',{T,}). Then
RG(T,{T',}) = cost(R) — 1.

We can also obtain a random rooted graph from a graphing: pick a random root z € X according
to u, and take its connected component ®(x) in ®. This random rooted graph will be unimodular (with
a definition more general than what we gave before, which applies to non-regular graphs): by the ¢;’s
in ® being measure-preserving, the equivalence relation R¢ is also measure-preserving, i.e., for any

measurable F': X x X — R, we have

/ZFwydu /ZFy ) du(z),

yeERa [T YERs|x]
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where Rg[z] = ®(z) is the equivalence class or connected component of z. Now, this can be taken as the
definition of the Mass Transport Principle hence unimodularity for the random rooted graph ®(z). See
also Definition [[4.1] and the MTP ([I41]) in Section [4.1]

14 Local approximations to Cayley graphs

For many probabilistic models, it is easy to think that understanding the model in a large box of Z¢ is
basically the same as understanding it on the infinite lattice. Well, sometimes the finite problem is actually
harder (for instance, compare Conjecture [[2.28] with Lemma [TZ5]), but they are certainly closely related.

Why exactly is this so? In what sense do the boxes [n]? converge to Z%?

14.1 Unimodularity and soficity

A sequence of finite graphs G,, is said to converge to a transitive graph G in the Benjamini-Schramm
sense [BenS01] (also called local weak convergence [AIdS04]) if for any € > 0 and r € N4 there is an
no(e, ) such that for all n > ny, at least a (1 — €)-proportion of the vertices of G,, have an r-neighbourhood
isomorphic to the r-ball of G. We will sometimes abbreviate this as BSch-convergence.

For instance, the cubes {1,...,n}? converge to Z?. On the other hand, if we take the balls B, (o) in
the d-regular tree T4, then the proportion of leaves in B,,(0) converges to (d —2)/(d — 1) as n — oo, and
more generally, the proportion of vertices at distance k € N from the set of leaves (i.e., on the (n — k)th
level L,,_1) converges to p_x := (d — 2)/(d — 1)**1. And, for a vertex in L, _j, the sequence of its r-
neighbourhoods in By, (o) (for r = 1,2,...) is not at all the same as in an infinite regular tree, and depends
on the value of k. Therefore, the limit of the balls B,,(0) is certainly not T4, or any other transitive graph.

More generally, we have the following exercise:

Exercise 14.1. Show that a transitive graph G has a sequence G, of subgraphs converging to it in the

local weak sense iff it is amenable.

The sequence of balls in a regular tree does not converge to any transitive graph, but there is still a
meaningful limit structure, a random rooted graph. Namely, generalizing our previous definition, we
say that a sequence of finite graphs (G,, converges in the local weak sense to a probability distribution on
rooted bounded degree graphs (G, p), where p € V(G) is the root, if for any r € N, taking a uniform
random root p, € V(G,,), the distribution we get on the r-neighbourhoods around p,, in G,, converges to
the distribution of r-neighbourhoods around p in G. There is a further obvious generalization, for graphs
whose edges and/or vertices are labelled by elements of some finite set, or more generally, of some compact
metric space: two such labelled rooted graphs are close if the graphs agree in a large neighbourhood of the
root and all the corresponding labels are close to each other. These structures are usually called random
rooted networks. So, for instance, we can talk about the local weak convergence of edge-labeled digraphs
(i.e., directed graphs) to Cayley diagrams of infinite groups (see Definition 2.0]).

Continuing the previous example, the balls in T, converge to the random rooted graph depicted on
Figure 41 which is a fixed infinite tree T (often called the canopy tree) with infinitely many leaves
(denoted by level Lg) and one end, together with a random root that is on level L_j with probability
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p_r = (d—2)/(d—1)**1 — the weights that we computed above. It does not matter how this probability
is distributed among the vertices of the level; say, all of it could be given to a single vertex. The reason
for this is that the vertices on a given level lie in a single orbit of Aut(7}), and our notion of convergence
looks only at isomorphism classes of r-neighbourhoods. So, in fact, the right abstract definition for our
limiting “random rooted graph” is a Borel probability measure on rooted isomorphism classes of rooted

graphs, denoted by G., equipped with the obvious topology.

P—-1= (d—1)2 L*l q% K
po = 43 Lo

Figure 14.1: The “canopy tree” T); with a random root p (now on level L_1), which is the local weak limit
of the balls in the d-regular tree T4, for d = 3.

It is clear how the probabilities p_j, for the root p in T} arise from the sequence of finite balls in T.
However, there is also a tempting interpretation in terms of 77 itself: if p was chosen “uniformly at random
among all vertices of T);”, then it should have probability p_j to be on level L_j, since “evidently” there
are p_k/p,(kﬂ) = d — 1 times “more” vertices on level L_j than on L_ ). Now, even though with the
counting measure on the vertices this argument does not make sense, there are ways to make it work: one
should be reminded of the definition of unimodularity in Section 2.2} just after Theorem I2.11} In fact,

one can make the following more general definition:

Definition 14.1.

(a) Given a d-regular random rooted graph (or network) (G,p) sampled from a measure p, choose a
neighbour of p uniformly at random, call it p’, and consider the joint distribution of (G, p,p") on Gux,
which is the set of all (double-rooted) isomorphism-classes of triples (G, x,y), where G is a bounded
degree graph and x,y € V(G) are neighbours, equipped with the natural topology. Now “take the step
to p' and look back”, i.e., take (G, p', p), which is again a random rooted graph, with root p', plus a
neighbour p. If the two laws are the same, then the random rooted graph (G, p), or rather the measure

1, is called unimodular.

(b) For non-regular random graphs, if the degrees are p-a.s. bounded by some d, one can add d — deg(x)

“half-loops” to each vertex x to make the graph d-reqular. In other words, in the above definition of the
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step from p to p', consider the delayed random walk that stays put with probability (d— deg(x))/d.

(This is a natural definition for random subgraphs of a given transitive graph.)

(c) If the degrees are not bounded, one still can take the following limiting procedure: take a large d, add
the half-loops to each vertex with degree less than d to get G4, and then require that the total variation
distance between (Ga, p,p') and (Ga,p',p), divided by P[p' # p] (with the randomness given by both
sampling (G, p) and then making the SRW step; we do this to make up for the laziness we introduced)
tends to 0 as d — oo.

Another possibility in the unbounded case is to truncate (G, p) in any reasonable way to have mazximal
degree d, and require that the resulting random graph be unimodular, for any d. One reasonable
truncation is to remove uniformly at random the excess number of incident edges for each vertex with
a degree larger than d. (Some edges might get deleted twice, which is fine, and we might get several

components, which is also fine.)

(d) For the case E,deg(p) < oo, there is an alternative to using the delayed SRW. Let [i be the proba-
bility measure u on (G, p) size-biased by deg(p), i.e., with Radon-Nikodym derivative Z—Z(G, p) =
deg(p)/E deg(p). Now, if we sample (G,p) from [i, and then take a non-delayed SRW step to a
neighbor p, then (G, p’, p) is required to have the same distribution as (G, p,p').

It is easy to see that if we take a transitive graph G, then it will be unimodular in our old sense
(Tey| = |Tyz| for all x ~ y, where I' = Aut(G)) if and only if the Dirac measure on (G, o), with an
arbitrary o € V(G), is unimodular in the sense of Definition [4.1l Indeed, for a double-rooted equivalence
class (G, z,y), with (z,y) € E(G), we will have P[ (G, p,p') ~ (G,z,y) | = |T,y|/d, where d is the degree
of the graph, while P[ (G, ¢’,p) ~ (G, x,y) | = |I'yz|/d, and these are equal for all pairs (z,y) € E(G) iff
G is unimodular.

The simplest possible example of a unimodular random rooted graph is any fixed finite graph G with
a uniformly chosen root p. Here, unimodularity is the most transparent by part (d) of Definition [4Tt if
we size-bias the root p by its degree, then the edge (p, p’) given by non-delayed SRW is simply a uniform
random element of E(G), obviously invariant under p <> p'.

The example of finite graphs is in fact a crucial one. It is easy to see that the Benjamini-Schramm
limit of finite graphs is still a unimodular random rooted graph. For instance, the rooted tree (T, p) of
Figure [[4.1] was a BSch-limit of finite graphs.

Exercise 14.2. If G is a transitive graph with a sequence of finite Gy, converging to it in the Benjamini-

Schram sense, then it must be unimodular. Same for random rooted networks that are BSch-limits.

Exercise 14.3. Show that the universal covering tree of any finite graph, with a natural root measure, is
unimodular. On the other hand, give an example of a quasi-transitive tree that is not unimodular. Compare
with Exercise 2.3

Rather famous examples of truly random unimodular random rooted graphs are the Uniform Infinite
Planar Triangulation and Uniform Infinite Planar Quadrangulation, which are the local weak limits of
uniform planar maps with n triangle or quadrangle faces, respectively, see and [BenC10], and the

references there. Note that here the sequence of finite graphs G,, is random, so we want that in the joint
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>

distribution of this randomness and of picking a uniform random vertex of G,,, the r-ball around this vertex
converges in law to the r-ball of G.

Unimodularity is clearly a strengthening of the stationarity of the delayed random walk, i.e., that
the Markov chain (G, p) — (G, p’) given by the delayed SRW is stationary on (G, ). This strengthening
is very similar to reversibility, and one could try an alternative description of “looking back” from p’ and
working with G..: namely, one could require that the Markov chain (G, p) — (G, p') given by the delayed
SRW be reversible on (G.,u). This does not always work: e.g., if (G, p) is a deterministic transitive
graph, then reversibility holds even without unimodularity. Nevertheless, we have the following simple

equivalences:

Exercise 14.4. Consider Ber(p) percolation with 0 < p < 1 on a transitive graph G. Show that the
following are equivalent:

(a) G is unimodular;

(b) the cluster of a fized vertex p is a unimodular random graph with p as its root;

(c) the delayed SRW on the cluster generates a reversible chain on G,.

Formulate a version for general invariant percolations on G.

Let us remark that a random rooted graph (G, p) is called stationary in [BenC10] if (non-delayed) SRW
generates a stationary chain on G, and is called reversible if the chain generated on G,, by the “looking
back” procedure is stationary. In other words, using the inverse of Definition [41] (d): if we bias the

distribution by 1/ deg(p), then we get a unimodular random rooted graph.

Exercise 14.5.
(a) Show that the Galton-Watson tree with offspring distribution Poisson(\), denoted by PGW(\), rooted
as normally, is unimodular.
(b) Show that if we size-bias PGW(X) by deg(p), we get a rooted tree given by connecting the roots of two
i.i.d. copies of PGW(A) by an edge, then choosing the root uniformly from the two.

Before going further, let us state a last equivalent version of Definition [4.I} we may require that the
Mass Transport Principle holds in the form that the probability measure p on rooted networks has the

property that for any Borel-measurable function F' on G, we have

| Y FGpninGo= [ 3 FGvpdulGp). (14.1)

zeV(G) yeV(G)
How do we get back our old Mass Transport Principle (I2.8) for transitive graphs? In some sense, the
transitivity of G and the diagonal invariance of f is now replaced by considering rooted networks and
functions on double-rooted isomorphism-classes. Namely, if f is a diagonally invariant random function

on a transitive graph G, then, in ([IZI]), we can take p to be a Dirac mass on (G, 0), with an arbitrary
0€V(Q), and F(G,z,y) == Ef(z,y).

We have seen so far two large classes of unimodular random rooted networks: Cayley graphs (and their
percolation clusters) and local weak limits of finite graphs and networks. We have also seen that amenable
Cayley graphs are actually local weak limits of finite graphs. Here comes an obvious fundamental question:
can we get all Cayley graphs and unimodular random rooted networks as local weak limits of finite graphs

and networks? To start with, can we get regular trees as limits?

188

{ex.percunimod

{ex.PGW}

{e.MTPgen}



{ex.bipgirth}
> Exercise 14.6. Fiz d € Z., take d independent uniformly random permutations m,...,7q on [n], and
consider the bipartite graph V = [2n], E = {(v,n+m(v)): 1 <i<d,1 <wv <n}.
(a) Show that the number of multiple edges remains tight as n — oo.

(b) Show that the local weak limit of these random bipartite graphs is the d-regular tree Ty.

> Exercise 14.7. Show that for all A\ € Ry, the local weak limit of the Erdds-Rényi random graphs G(n, A/n)
is the PGW(A) tree of Exercise[14.9

It is also true that the sequence of uniformly chosen random d-regular graphs converges to the d-regular
tree; this follows from Corollary 2.19 of [Bol01]. This model is usually handled by proving things for the
so-called configuration model (which is rather close to a union of d independent perfect matchings), and
then verifying that the two measures are not far from each other from the point of view of what we are
proving.

Now that we know that amenable transitive graphs and regular trees are local weak approximable
(Exercises [[41] and [TZ.4)), it is not completely ridiculous to ask the converse to Exercise

Question 14.2 ([Gro99, Wei00],[AIALOT]). Is every f.g. group sofic, i.e., does every Cayley diagram have
a sequence of labelled finite digraphs G,, converging to it in the Benjamini-Schramm sense? In particular,

{q.sofic}

is every Cayley graph a local weak limit of finite graphs? And more generally, is every unimodular random

rooted graph or network a local weak limit?

We need to clarify a few things about these three questions. First of all, a group being sofic has a
definition that is independent of its Cayley diagram, i.e., of the generating set considered. This definition
is that the group I' has a sequence of almost-faithful almost-actions on finite permutation groups: a sequence

{0:}22, of maps ; : G — Sym(n;) with n; — oo such that

1 X
Vf,geTl: lim _Hl <p<mny :poi(f)di(g) :pdi(fg)}’ =1;
o ql (14.2) {e.soficperm}
Vf#gel: lim —Hl <p<mny :p""(f) ;ép"i(g)}’ =1.
1—00 N;

{ex.sofic}
> Exercise 14.8. Show that a f.g. group is sofic in the “almost-action by permutations” sense (11.9) if and

only if one or any Cayley diagram of it is local weak approximable by finite labelled digraphs.

If we have a convergent sequence of labelled digraphs, we can just forget the edge orientations and
labels, and get a convergent sequence of graphs. The converse is false: a result of Adém Timar [Tim12]
says that there is a sequence of graphs G,, converging to a Cayley graph G of the group (Z * Zs) x Z4 for
which the edges of (z,, cannot be oriented and labelled in such a way that the resulting networks converge
to the Cayley diagram that gave G. The construction uses Theorem below: although the vertex
set of the 3-regular tree T3, the standard Cayley graph of Z % Zy, can trivially be decomposed into two
independent sets in an alternating manner, there exists a sequence {H,} of finite 3-regular graphs with
girth going to infinity (hence locally converging to Ts), for which the density of any independent set is less
than 1/2 — € for some absolute constant ¢ > 0. Timdr constructed a Cayley diagram of (Z * Zs) x Z4 that
“sees” the alternating decomposition of T3, hence can be locally approximated by the graphs H,, x Cy only

if one forgets the labels; for a local approximation of the Cayley diagram, one needs to use finite 3-regular
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bipartite graphs with high girth, for which the alternating decomposition into two independent sets does
exist.

This example of Timér shows that going from the local approximability of graphs to the soficity of
groups might be a complicated issue. Indeed, answering both of the following questions with “yes” is

expected to be hard:
{q.GraphsToGro

Question 14.3.

(a) Does the local weak approzimability of one Cayley graph of a group implies the local weak approz-
imability of all its Cayley graphs? (Note that the answer to the same question for approzimations of
Cayley diagrams by labelled digraphs is an easy “yes”, by Exercise[T].8 above.)

(b) Is it true that if all finitely generated Cayley graphs of a group are local weak approximable, then the
group 1is sofic?

A probably simpler version of this question is the following:

> Exercise 14.9.%** By encoding edge labels by finite graphs, is it possible to show that every Cayley graph

of every group being local weak approximable would imply that every group is sofic?

It is also important to be aware of the fact that local approximability by Cayley diagrams of finite
groups is a strictly stronger notion than soficity. This is called the LEF property (locally embeddable
into finite groups), because, similarly to (IZZ2]), it can be formalized as follows: for any finite subset
F C T, there is a finite symmetric group Sym(n) and an injective map o, : F' — Sym(n) such that
on(fg) = on(f)on(g) whenever f, g, fg € F. Now, there are groups that are known to be sofic but not
LEF: there exist solvable non-LEF groups [GoV97]. Furthermore, the Burger-Mozes group (a nice non-
trivial lattice in Aut(T,,) x Aut(T,,) [BurgMO00]) is a finitely presented infinite simple group, hence cannot

be LEF by the following exercise. (In fact, it might even be a non-sofic group.) : ,
ex.LEF

> Exercise 14.10.
(a) Show that any residually finite group (defined in Exercise[2.8) has the LEF property.
(b) Show that a finitely presented LEF group is residually finite. Conclude that a finitely presented infinite
simple group cannot have the LEF property.

> Exercise 14.11.

(a) LetT' =Ty >T1 > ... be a sequence of subgroups, and S a finite generating set of T'. Consider the
action of I' on the corresponding coset tree T as defined just before (I3.18). Recall also the Farber
condition, defined just before Exercise 1321
Note that the Schreier graphs of the action of T on the n' level of T is just the Schreier graph G, :=
G(T,T,,,S), as defined just before Exercise 211l Show that {Gn}n>0 converges in the Benjamini-
Schramm sense to the Cayley graph G(T,S) iff the sequence {T'y,}n>0 satisfies the Farber condition.

(b) Using the residual finiteness of Fy (see Exercise [Z9), give a sequence of finite transitive graphs

converging locally to the tree Ty.

In part (b) of the previous exercise, we obtain a sequence of finite groups that resemble the free group
not just locally but in may other senses: indeed, SLy(Z,) resembles SLy(Z), and F; is a finite index subgroup

of SLy(Z). However, the local structure does not reveal in general the global shape of the group:
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{ex.NonExpLocT
> Exercise 14.12 (High girth non-expanders).

(a) Let the free d-step solvable group on r generators be S, g := FT/FT(d), where FT(d) is the d™
element in the deried series of the free group F,.. Consider its natural Cayley graph. What is its
girth?

(b) Let T be some finite group with large girth and two generators. Let vy : Fs — T' be a quotient map.
Let K1 := ¢~ Y(e) be its kernel. Now let o : Fo — Z be some quotient map, and let Ko be its kernel.
Consider the group Fy /(K1 N K3). Show that it is an infinite group with linear volume growth and
high girth. (I learnt this example from Gady Kozma.)

(c) From either of the two infinite examples above, produce a sequence of finite non-expander Cayley
graphs converging locally to F».

(d) On the other hand, show that if an expander sequence {G,} converges in the Benjamini-Schramm
sense to a transitive infinite graph G, then G is non-amenable.

And here is an example where the local structure has a huge global influence:
{ex.Zloc}

> Exercise 14.13.**
(a) Show that if G is the Cayley graph of a group that has Z as a finite index subgroup, then there is
some r € N such that B (o) ~ B (0) for any infinite transitive graph G' implies that G' ~ G.
(b) Are there less trivial examples? Say, a finitely presented infinite simple group? (See also Exer-

cise [I4-10))

Based on the isoperimetric and spectral characterizations of expanders and non-amenability, one may
think that these two notions are the exact analogues of each other. However, from Exercise (c)
and (d), and also from Exercise [[.T9] it may also seem that being an expander sequence must be strictly
stronger than non-amenablity; in fact, Section [[ 4 suggests that Kazhdan’s property (T) might be the right
infinite group-theoretical analogue. The following conjecture states that this should be the case also from

the point of view of Benjamini-Schramm convergence:
{c.BowenKazhda

Conjecture 14.4 (Lewis Bowen). Any Cayley graph G of a Kazhdan (T) group can be approzimated in the
Benjamini-Schramm sense only with essential expander graphs Gy, : there is a ¢ > 0 such that for any € > 0
if n > ng(e), then there is a way to erase at most €|V (G,,)| vertices from G,, such that all the remaining

connected components are c-expanders.

As we mentioned in Section [[TI] regular trees, the group SLo(Z), and locally finite circle packings
of the hyperbolic plane all have non-trivial harmonic Dirichlet functions. On the other hand, Kazhdan
(T) groups, such as SL4(Z) with d > 3, do not have such functions. What is the apparent importance of

planarity here? One possible semi-answer is that planar graphs cannot be expanders:
{t.LipTar}

Theorem 14.5 (Lipton-Tarjan planar separator theorem [LipT79]). Any planar graph G on n vertices
has a subset S C V(G) of at most 2v/2/n vertices such that every connected component of G \ S has at

most 2n/3 nodes.

Instead of proving this theorem, here is an exercise of a similar flavor, due to [Ths83]:
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> Exercise 14.14.

(a) Show that there exists an absolute constant v > 0 such that, for any k € Zy, if a graph G has
minimum degree at least 3 and girth at least vk, then G can be contracted into a multigraph H that
has minimum degree k and no two vertices are joined by more than two edges.

(b) Using Euler’s formula 1 —|V| + |E| — |F| +1 = 0 for finite planar graphs, give an upper bound on
the average degree of finite planar graphs. From this and part (a), deduce that there is an absolute
constant g > 0 such that a finite planar graph cannot have minimum degree at least 3 and girth at
least g.

(c)** What is the smallest possible g in part (b)?

As usual, Theorem [[4.5] and the previous exercise have generalizations from planarity to other excluded
minors: see [KrS09).
Having discussed the right graph sequence analogue of non-amenability and Kazhdan’s property (T),

a more than natural question arises: what is the graph sequence analogue of amenability?
{d.hyperfin}

Definition 14.6 ([KecMO04l [Ele07]). A sequence of finite graphs Gy, is called hyperfinite if for every
€ > 0 there is a K < oo such that, for all large enough n, one can remove at most €|V (G,,)| edges from

E(G,) so that each connected component of the resulting graph has at most K vertices.

The boxes [—n,n|? in Z? clearly form a hyperfinite sequence. Using the Lipton-Tarjan Separator
Theorem [T4.5] it was shown in [LipT80] that any bounded degree sequence of planar graphs is hyperfinite.
On the other hand, an expander sequence is clearly not hyperfinite. Two further simple examples are given

in the next exercise:

> Exercise 14.15.
(a) Show that any sequence of finite trees with a uniform bound on the degrees is hyperfinite.

(b) Give a sequence of finite graphs that has neither a hyperfinite nor an expander subsequence.

We saw in Exercise [[4.12] (d) that if an expander sequence BSch-converges to a transitive graph, then
the limit must be non-amenable. Similarly, if a hyperfinite sequence converges to a transitive graph, then

the limit must be amenable: )
{ex.hypfintran

> Exercise 14.16. Show that a transitive graph G has a hyperfinite graph sequence G,, converging to it in

the local weak sense iff G is amenable.

We should of course go beyond the world of transitive graphs, and define amenability for unimodular

random rooted networks, as well:
{d.hyperfinurn

Definition 14.7 ([Schr08| [AIALOT]). A unimodular random graph (G, p) is called amenable or hyper-
finite if for every e > 0 there is a K and a subset S C E(G) such that (G, S, p) is unimodular (as a
0/1-labeling of (G, p)), every component of G\ S has size at most K, and the expected number of edges of
S adjacent to p in G is at most 2e.

This notion is obviously the right generalization of hyperfiniteness of finite graphs; the reason for using 2e
is that an (e, K)-hyperfinite finite graph G with a uniform random root thus becomes an (e, K )-hyperfinite

random rooted graph, since each edge in S contributes to the degree of two vertices. On the other hand,
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this is also the right generalization of amenability by Theorem 02.12] Another “proof” is the following

exercise:

> Exercise 14.17. Assume that a sequence {Gy} of finite graphs BSch-converges to a unimodular random
graph (G, p). Prove the following generalizations of Exercises[I].12 (d) and[T].10}
(a) If the sequence {G,} is hyperfinite, then (G, p) is amenable.

(b) If{G,} is an expander sequence, then (G, p) is non-amenable.

Given that non-amenability has turned out to be in some sense weaker than being an expander (losing
against Kazhdan’s property (T)), one may ask if amenability is not weaker than hyperfiniteness. The answer
is no, by the following analogue of Conjecture [£4} the proof is explained well in [LovI2, Section 21.1]:

Theorem 14.8 ([Schr08]). If a sequence {G,} BSch-converges to an amenable unimodular random graph
(G, p), then {G,} is hyperfinite.

Amenability and residual finiteness are two very different reasons for soficity. One can also combine

them easily:

> Exercise 14.18. Define a good notion of residual amenability, and show that residually amenable

groups are sofic.

There are examples of sofic groups that are not residually amenable [EISz06]. Further sources of provably
sofic groups can be found in [Elel2)].

Most people think that the answer to Question is “no” (maybe everyone except for Russ Lyons,
but he also has some good reasons). For instance, Gromov says that if a property is true for all groups
than it must be trivial. (A counterexample to this meta-statement is the Erschler-Lee-Peres theorem about
the cy/n escape rate, Exercise [[0.4] and Theorem [[0.7, but maybe quantitative results do not count. But
the 6(p.) = 0 percolation conjecture is certainly a serious candidate. Maybe probability does not count?
Or these questions are not really about groups, but, say, transitive graphs? Note that these two things are
not the same — see Chapter [[6l) One reason that this is an important question is that there are many
results known for all sofic groups.

Yet another view on soficity is Gottschalk’s surjunctivity question [Got73]. A group T is called sur-
junctive if for any integer k& > 2, whenever a continuous self-map ¢ of the colouring space {1,2,..., k}"
that commutes with the I'-action is injective, it is automatically surjective, as well. To start digesting this

notion, do the following exercise:
{ex.surj}

> Exercise 14.19.
(a) Consider T' = Z and k = 2, and the map ¢(f)(@) := f(@) + f(i + 1) (mod 2). Show that this is
surjective, but not injective.
(b) Show that the set of all periodic k-colourings of 7 are dense in {1,2,...,k}*. Note that any ¢ that
commutes with the Z-action preserves the property of having a certain period p. Since the set of
colourings of period p is a finite set, if ¢ is injective, then it is surjective on periodic colourings.

Conclude that an injective ¢ is surjective on {1,2,..., k}Z, hence Z is surjunctive.
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It was proved in [WeiO0] that all sofic groups are also surjunctive; the converse is not known. Con-
structing any non-surjunctive group would also give a non-sofic one, and it might be easier to think about
why a specific injective ¢ is not surjective than to think about why there cannot exist any local approx-
imation to the group by finite graphs. Also, Benjy Weiss [Wei00] used surjuncitvity to support his guess
that non-sofic groups must exist: he showed that although any mixing subshift of finite type for I' = Z is
surjunctive, this already fails for I' = Z2. Here, subshift of finite type means a closed I'-invariant subset
X of {1,2,...,k}! that is given by a list of how a finite window of ¢ consecutive symbols may look like,
while mixing means that for any open sets U,V C X, there is a finite set ' C I" such that U N g(V) #
forallgeT'\ F.

Exercise 14.20. Show that the full shift {1,2,....k}" for any infinite group T' and any integer k > 2 is

mizing.

Exercise 14.21. Show that the subshift of finite type X C {0,1,2}% given by the list of £ = 2-windows
{00,01, 11,12, 22} is not mizing and not surjunctive. (Hint: let ¢ rewrite the single appearance of 12222 .. .,
if it exists, to 11222....)

In [Wei00], the mixing non-surjunctive example for Z? is given as a subshift of {0, 1,2, *}ZQ. The non-x
symbols form infinite paths of width one, going diagonally from (—oo0, —00) to (400, +00), with no more
than three consecutive steps to the right or up, with the sequence of symbols belonging to the Z-subshift of
the previous exercise. These paths are then separated by some arbitrary width > 5 corridors of *-symbols.
It is easy to see that this is a subshift of finite type, while the variable width of the x-corridors ensures the
mixing property.

For the groundbreaking survey on local weak convergence and unimodularity, see [AIdLOT]; for a survey
on soficity, see [PesO8]. In the next section, we will discuss the relevance of local weak convergence to

probability on groups.

14.2 Spectral measures and other probabilistic questions

Although the question of local weak convergence is orthogonal to being quasi-isometric (in the sense that
the former cares about local structure only, while the latter cares about global structure), it still preserves a
lot of information about probabilistic behaviour. There are also examples where the information preserved
is not quite what one may first expect. In fact, the Benjamini-Schramm paper where local weak convergence

was introduced is about such an example:

Theorem 14.9 ([BenS01]). Let G, be a local weak convergent sequence of finite planar graphs with uni-

formly bounded degrees. Then the limiting unimodular random rooted graph (G, o) is almost surely recurrent.

For instance, the balls in a hyperbolic planar tiling converge locally to a recurrent unimodular random
graph that is somewhat similar to the one-ended tree of Figure [4Z.Il The proof of the theorem is based on
two theorems on circle packings. The first is Koebe’s theorem that any planar graph can be represented as a
circle packing; moreover, for triangulated graphs the representation is unique up to Mobius transformations.

This helps normalize the circle packing representations of (¢, such that we get a circle packing for the limit
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graph G. Then one needs to show that this limiting circle packing has at most one accumulation point of

centres, which implies by a result of He and Schramm that the graph is recurrent; see Theorem [[T.1]

Exercise 14.22. Prove that any local weak limit of bounded degree finite trees is almost surely recurrent.
(Hint: using a version of the Burton-Keane argument of Theorem [IZ.8, show that the root in the limit is

a trifurcation point with probability 0, hence the limit tree has 1 or 2 ends.)

A generalization of Theorem [I4.9lis that if that there exists a finite graph such that none of GG,, contains
it as a minor (e.g., planar graphs are characterized by not having either K5 or K3 3), then the limit is
almost surely recurrent [AngSz|. The converse is false:

Exercise 14.23. Construct a local weak convergent sequence of uniformly bounded degree finite graphs
Gy, such that for any finite graph F, if n > ng, then G,, contains F' as a minor, but the limit is almost
surely recurrent. (Hint 1: decorate large finite pieces of Z with copies of the possible F'’s. Hint 2: You
get a probabilistically trivial but graph theoretically harder example by showing that the Z?* lattice with the

diagonals added as edges contains any finite graph as a minor.)

An extension of Theorem[IZ4.9in a different direction is to relax the condition on uniformly bounded de-
grees to sequences where the degree of the uniform random root has at most an exponential tail [GuGNT3].
The importance of this result is that it shows that the uniform infinite planar triangulation and quadran-
gulation (UIPT and UIPQ, mentioned shortly after Definition [[4.]) are recurrent.

What other properties are preserved by local weak convergence?

Definition 14.10. Let p(G) be a graph parameter: a number or some more complicated object assigned to
isomorphism classes of finite (or sometimes also infinite) graphs. It is said to be locally approximable, or
simply local, or testable, if it is continuous w.r.t. local weak convergence: whenever {G,} is a convergent

sequence of finite graphs, {p(Gy)} also converges in distribution.

A simple but important example is the set of simple random walk return probabilities pg(0,0) =
P[ X} = 0| Xo = o]: if the r-neighbourhood of a vertex o in a graph G is isomorphic to the r-neighbourhood
of o' in G', and r is at least k/2, then obviously p{(0,0) = ka/ (0',0') in the two graphs. In particular,
if a sequence of finite graphs G,,, with a uniform random root p,, converges to a unimodular random
rooted graph (G, p), then, for any k € Z, fixed, {ka” (Pns Pn) 152, converges in distribution to p(p, p).
A fancy reformulation of this observation is that the spectral measure of the random walk is locally
approximable. Here is what we mean by this; a standard reference is [MohW&89].

For any reversible Markov chain, e.g., simple random walk on a graph G(V, E), the Markov operator
P is self-adjoint w.r.t. (-, ), and hence we can take its spectral decomposition P = fil tdE(t), where E
is a projection-valued measure on ¢%(V, ), a resolution of the identity, I = f_ll dE(t). (If G is a finite
graph on n vertices, then P has n eigenvalues —1 < \; < 1, with orthogonal eigenvectors f; with ¢2(V, r)-
norm 1, for each of them we have the projection E;(f) := (f, fi)»fi; on the eigenline spanned by f;, and
P = 3" NE;.) Now consider the unit vectors ¢, := 51/\/@ for each x € V, and define, for any
measurable S C [—1,1],

0oy(S) = (9ar E(S)py)n = /S d(pe. E(t)py)s (14.3)
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sometimes called the Kesten spectral measures or Plancherel measures. For © = y, these are

probability measures on [—1, 1], while, for 2 # y, are signed measures with zero total mass.
{ex.specmeas}

> Exercise 14.24.

(a) If G(V,E) is a finite graph on n vertices, it is natural to take the average of the above spectral
measures: og = %erv Oz.z. On the other hand, it is also natural to take the normalized counting
measure on the eigenvalues of the Markov operator, %Z?:l Ox;, and call that the spectral measure
of G. Show that o, .({\i}) = fi(z)?*n(x) with the unit eigenvectors f;, and deduce that the two
definitions give the same spectral measure og.

(b) ** One may also consider taking the weighted average 6G 1= ) o\ 0o 7(x), similarly to the size-
biasing in Definition [I]1] (d). Is there a nice way to express 6¢ using the eigenvalues {\;}?

Now notice that .

(2, y) = (Pus Pn<py)ﬂ- = / t" daxyy(t), (14.4) {e.Kestenmom}
1

m(x)
m(y)

hence the return probabilities are given by the moments of the Kesten spectral measures o, ;. Since these

measures have compact support, they are determined by their moments, and the local approximability of
the return probabilities (and of the ratio m(x)/7(y) = deg(z)/ deg(y)) implies that the spectral measures

are also locally approximable. More precisely: (
ex.localspect

> Exercise 14.25. Let G, be finite graphs converging to (G, p) in the local weak sense. Then the spectral
measure of G,,, as defined in Ezxercise (a), converges weakly (weak convergence of measures) to the

Kesten spectral measure Eo, , of (G, p), averaged w.r.t. the randomness in the limit (G, p).

However, note that this does not mean that the supports of these measures also converge: for instance,
each finite GG, has 1 in its spectrum, while, if G is a non-amenable transitive graph, then its spectral
measure is bounded away from 1. And the eigenvalue 1 is not just a singular exception: as we saw in
Exercise[I4.12 one can find finite Cayley graphs that are very far from being expanders (that is, they have
eigenvalues close to 1), nevertheless converge locally to the free group.

Although the supports of the spectral measures do not necessarily converge, more is true than just the

weak convergence of measures proved in Exercise [[4.25] ( )
t.Luck

Theorem 14.11 (Liick approximation for combinatorialists [Luc94]). Let {G,}52 be a sequence of finite
graphs with degrees at most D, with edges labelled by integers from {—D,...,D}. Assume that {Gp}
converges in the local weak sense (with the obuvious generalization handling the labels.) Let A, = Adj(G,,)

be the adjacency matrices with the labels being the entries. Then dim (kerg Ay)/|V (Gy)| converges.

Proof. First of all, note that dimkerg 4,,/|V(G,)| = 0,({0}), where o,, is the spectral measure of A,,.
Consider now all the nonzero eigenvalues \; € R of A,,. Their product is a coefficient of the characteristic
polynomial, hence is a nonzero integer. But all the absolute values |)\;| are at most D?, hence not too
many of them can be very small. More precisely, the spectral measure of A, satisfies oy, ([—¢, €] \ {0}) <
D’/log(1/e) for any e > 0, with some D’ depending on D. Together with the weak convergence of the

spectral measures, this implies that o, ({0}) also converges, and we are done. O
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This was generalized by [ThmO08] to atoms not only at 0, but at any = € R. In particular, this holds for
the atoms in the spectral measure of the Markov operator of regular graphs. Note that this implies that
the atoms in the spectral measure of a sofic Cayley graph are always located at algebraic integers.

After these convergence results, let us see some examples for the spectral measures of infinite graphs.

> Exercise 14.26.
(a) Show that the d-regular tree Ty with d > 2 (i.e., including Z) has no eigenvectors \f = Pf with
f € 03(Ty), for any X\ € R. (Hint: assuming there is one, show that there would also be one whose
values depend only on the distance from the root; then exclude this by direct computation.)
(b) Show that the quasi-transitive tree T on the left hand side of Figure which is unimodular by
Ezercise [T7.3, has an ¢*(T)-eigenvector, with eigenvalue 0.

> Exercise 14.27 (The spectral measure of Z).

For SRW on Z, the Kesten spectral measure is dog o (t) = ﬁl[—lxﬂ (t)dt. (Hint: you could do this in at

least two ways: either from the spectrum of the cycle Cy, i.e., a combination of Ezxercises[7.9] and[1{.23] or
from (IZ4), computing return probabilities and moments explicitly, and arguing that the spectral measure

is determined by its moments.)

> Exercise 14.28.

G
T,y
Markov operators) of two graphs G;, i = 1,2, if u = (u1,u2) and v = (v1,v2) are two vertices in the

direct product G1 X Go, then JE)LXG? = 05117111 * 0522)1)2,

(a) Show that for the spectral measures oS associated to the adjacency matrices (as opposed to the

a convolution of measures.

(b) Note that the previous statement can be easily translated to the spectral measures of the Markov
operators only when both G; are reqular graphs. Deduce, for instance, that the direct product of two

amenable groups is amenable.

> Exercise 14.29 (The spectral measure of Ty). *

(a) Consider the Kesten spectral measure 0 = 04, of a Cayley graph. Its Stieltjes transform is

S(2) ::/ L o),

t—=z
a finite integral for any Sz > 0. Show that
oo
S =Y s
k=0
where my, 1= ftkda(t) is the k™ moment of the spectral measure.
(b) Prove the following nice interpretation of the Stieltjes transform (which I learnt from Charles Borde-

nave): for any continuous real function f with bounded support,
1
— /f(t) -QS(t+ie)dt =Ef(X +¢€Y),
0

where X s distributed according to o, andY is an independent Cauchy variable. Deduce the inversion

formula
~ .
do(t) ot S S(t + ie)
dt e—0+ s

3

whenever the right hand side exists and is continuous in t.

197

{ex.Zspec}

{ex.prodspec}

ex.Tspec
1%



(c) Using the strategy of Section L], find S(z) for the tree Ty4. Using the previous part, find the density
of the Kesten spectral measure of T 4.

(d) Note that the spectral measure of Ty you have just computed is supported on [—Q—ngl, Q—Vg*l], and,

as d — oo, it converges to Wigner’s semicircle law (which is the n — oo limit of the normalized

counting measure on the eigenvalues of the n X n classical 8 = 1,2,4 random matriz ensembles).

> Exercise 14.30 ([Kai’0]). * Show that for any symmetric finitely supported p1 on an amenable group, {ex. amenspecme
the associated random walk has not only p(P) = 1, but 1 also lies in the support of the spectral measure

dog 5 (t). In fact, for any h <1 and € > 0,

1—2¢/h?

zzl_h71 275
el ] |

where A¢ is any Folner set with |AcgAA.| < €|Ac| for all g € supp p.

For a long while, it was not known if simple random walk on a group can have a spectral measure not
absolutely continuous with respect to Lebesgue measure. Discrete spectral measures are usually associated
with random walk like operators on random underlying structures, e.g., with the adjacency or the transition
matrices of random trees [BhESI2], or with random Schrédinger operators A + diag(V;) on Z% or Ty,
with V; being i.i.d. random potentials on the vertices [KirQ7]. Note that the latter is a special case of the
former in some sense, since the V; can be considered as loops with random weights added to the graph. Here,
Anderson localization is the phenomenon that for large enough randomness in the potentials, the usual
picture of absolutely continuous limiting spectral measure, with repulsing (or even lattice-like) eigenvalues
and spatially extended eigenfunctions in the finite approximations, disappears, and Poisson statistics for the
eigenvalues appears, with localized eigenfunctions, giving L2-eigenfunctions, hence atoms, in the limiting
spectral measure. However, the exact relationship between the behaviour of the limiting spectral measure
and the eigenvalue statistics of the finite approximations has only been partially established, and it is also
unclear when exactly localization and delocalization happen. Assuming that the random potentials have a
nice distribution, localization is known for arbitrary small (but fixed) variance on Z, and very large variance
on other graphs, while delocalization is conjectured for small variance on Z% d > 3, proved on T4. The
case of Z? is unclear even conjecturally. In the context of our present notes, it looks like a strange handicap
for the subject that the role of the Benjamini-Schramm convergence was discovered as a big surprise only
in [ATW06], but still without realizing that this local convergence has a well-established theory, e.g., for
random walks.

Nevertheless, deterministic groups can also exhibit discrete spectrum: Grigorchuk and Zuk showed
that the lamplighter group Zs ! Z has a self-similar action on the infinite binary tree (see Section [[5.1]
around (I5.6])), and, with the corresponding generating set, the resulting Cayley graph G has a pure
discrete spectral measure. They used the finite Schreier graphs G,, for the action on the nth level of the
tree converging locally to G. See . An alternative proof was found in [DicS02], later extended by
[LeNWO7], which interpret the return probabilities of SRW on the lamplighter group F17Z¢ as the averaged
return probabilities of a SRW on a p-percolation configuration on Z¢, with parameter p = 1/|F|, where the
walk is killed when it wants to exit the cluster of the starting vertex. (So, in a certain sense, the picture

of a random walk on a random underlying structure is somehow still there.)
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On the other hand, the following is still open. For a rough intuitive “definition” of the von Neumann

dimension dimr, see the paragraph before Theorem [T.3]

Conjecture 14.12 (Atiyah 1976). Simple random walk on a torsion-free group T' cannot have atoms in
its spectral measure doy ., and more generally, any operator on ¢*(T') given by multiplication by a non-
zero element of the group algebra CI' has a trivial kernel. Even more generally, the kernel of any matrix

A€ My (CT), as a linear operator £2(T)™ — (2(T')*, has integer T-dimension

n
dimp (ker A) := Z(T"kerAeia €i)e2(ryn 5
i=1
where 7y is the orthogonal projection onto the subspace H C (?(T)" and e; is the standard basis vector of

2(T)", with a Kronecker 0.(g) function (where e € T is the identity) in the i coordinate.

How is the claim about the trivial kernel a generalization of the random walk spectral measure being
atomless? The Markov operator P, generated by a finitely supported symmetric measure p, can be repre-
sented as multiplication of elements p =3 1 ¢(g)g € () by p= > ger 1(9)g € R>oI'. Now, because of
group-invariance, having an atom in do,, ,(t) at tg € [—1,1] is equivalent to having an atom at dE(to), and
that means there is a non-trivial eigenspace in £2(T") for P with eigenvalue to. Indeed, dimr (ker(u — toe))
is exactly the size o4 . ({to}) of the atom.

The conjecture used to have a part predicting the sizes of atoms for groups with torsion; a strong
version was disproved by the lamplighter result ﬂm, while all possible weaker versions have recently
been disproved by Austin and Grabowski [Aus13] [Grabl(]. The proof of Austin is motivated by the above
percolation picture.

Here is a nice proof of the Atiyah conjecture for Z that I learnt from Andreas Thom (which might well

be the standard proof). The Fourier transform

a=(an)nez — a(t) = Z an exp(2mitn), t € S*
nez
is a Hilbert space isomorphism between ¢2(Z) and L?(S'), and also identifies multiplication in CZ (which
is a convolution of the coefficients) with pointwise multiplication of functions on S!. So, the kernel H, for
multiplication by a € CZ in ¢%(Z) is identified with H, = {f(t) € L?(S') : a(t)f(t) = 0}, and projection
on H, is just multiplication by 1z_(t), the indicator function of the zero set of a(t). Then, by the Hilbert

space isomorphism,
dimz(Ha) = (7‘(]-11167 6)@2(2) = / ]‘Za (t) dt = Leb(Za) = 0, (145)
Sl

since a(t) is a nonzero trigonometric polynomial, and we are done.

Exercise 14.31.** A wariable X € [0,1] follows the arcsine law if P[X < z] = 2 arcsin(y/z), or, in
other words, has density (w\/m)_l. This distribution comes up in several ways for Brownian motion
B; on R, the scaling limit of SRW on Z: the location of the mazimum of {By; : t € [0,1]}, the location of
the last zero in [0, 1], and the Lebesgue measure of {t € [0,1] : B; > 0} all have this distribution. Is there
a direct relation to the spectral measure density in Exercise[I1.277 A possibly related question: is there a

quantitative version of ([I7-9) relating the return probabilities < n=/? on Z to the dimension 1/2 of the
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zeroes of Brownian motion? This relationship is classical, but can you formulate it using projections? See

[MGP10] for background on Brownian motion.

To see a probabilistic interpretation of atoms in the spectral measure, note that for SRW on a group I,
by ([[44), there is no atom at the spectral radius +p(P) iff p,(x,x) = o(p™). And this estimate has been
proved using random walks and harmonic functions, even in a stronger form: Theorem 7.8 of [Woe(O0l,
a result originated in the work of Guivar’ch and worked out by Woess, says that whenever a group is
transient (i.e., not quasi-isometric to Z or Z?), then it is also p-transient, meaning that G(x,y|1/p) < oo,
for Green’s function evaluated at the spectral radius p = p(P). This clearly implies that there is no atom
at +p.

Let us turn for a second to the question what types of spectral behaviour are robust under quasi-
isometries, or just under a change of generators. The spectral radius p being less than 1 is of course robust,
since it is the same as non-amenability. On the other hand, the polynomial correction in p,(x,z) = o(p")
can already be sensitive: for the standard generators in the free product Z? x Z%, for d > 5, we have
pu(z,2) < n=°/2p" while, if we take a very large weight for one of the generators in each factor Z¢, then
random walk in the free product will behave like random walk on a regular tree, giving p,, (z, ) =< n=3/2pn,
see Exercise[[L8 This instability of the exponent was discovered by Cartwright, see [Woe00, Section 17.B].

Exercise 14.32. Ezplain why the strategy of Exercises[1.0, [1.7, to prove the exponent 3/2 in the free

group does not necessarily yield the same 3/2 in 7% * 7.

In a work in progress, Grabowski and Virag show that the discreteness of the spectral measure can be
completely ruined by a change of variables: in the lamplighter group, by changing the generators, they can

set the spectrum to be basically anything, from purely discrete to absolutely continuous.

The locality of the spectral measure suggests that if a graph parameter can be expressed via simple
random walk return probabilities on the graph, then it might also be local. We have seen in Section
that the Uniform Spanning Tree measure of a finite graph is closely related to random walks. This motivates
the following result of Russ Lyons:

Theorem 14.13 (Locality of the tree entropy [Lyo05]). For any finite graph G(V, E), let 7(G) be the

number of its spanning trees, and let Wiyeo(G) = lc‘)‘g/z'é?l) be its tree entropy. If G, converges in the

Benjamini-Schramm sense to the unimodular random rooted graph (G, p), then, under mild conditions on

the unimodular limit graph (e.g., having bounded degrees suffices),

lim htree(Gn) =E [IOg deg(p) - Z M} ) (146)

n— oo
k>1

where ka (p, p) is the SRW return probability on G.

Sketch of the proof for a special case. Let Lg = Dg — Ag be the graph Laplacian matrix: Dg is the
diagonal matrix of degrees and A is the adjacency matrix. (For a d-regular graph, this is just d times our
usual Markov Laplacian I — P.) The Matrix-Tree Theorem says that 7(G) equals det(L%), where the

superscript 7¢ means that the ith row and column are erased. By looking at the characteristic polynomial
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of Lg, it is easy to see that this truncated determinant is the same as L ["", x;, where |[V(G)| = n and
0=k, <--+ <Ky, are the eigenvalues of L.

Assume for easier notation that |V(G,,)| = n. A less trivial simplification is that we will assume that
each G, is d-regular. Then k; = d(1 — );), where —1 < \,, < --- < A\; = 1 are the eigenvalues of the
Markov operator P. Thus

logT(G,) —logn n-—1 1 &
= logd 4+ — log(1 — \;). 14.7
+ ———logd + ~ _log( ) (14.7)

n n -
=2

Consider the Taylor series log(1—\) = — >, <4 %)\k, for A bounded away from 1. Recall that, for the uniform
random root p in G,,, the invariance of trace w.r.t. the choice of basis implies that Epg" (p,p) = % S )\f.

Putting these ingredients together,

n
Y tog1 -2 == X 1 (B0 - ). (14.8)
i=2 E>1

We are on the right track towards formula (I4.6) — just have to address how to interchange the infinite
sum over k and the limit n — oo.

For lazy SRW in a fixed graph, the distribution after a large k£ number of steps converges to the
stationary one, which is constant 1/n in a d-regular graph with n vertices. Let us therefore consider the
lazy walk in G,,, with Markov operator P = (I + P)/2 and return probabilities 5" (-, ). Any connected
graph is at least 1-dimensional in the sense that any finite subset of the vertices that is not the entire

vertex set has at least one boundary edge. Thus, Theorem [R.2] implies that

N 1 C
‘Ep,?n(p,p)—— < L (14.9)

n| = Vk’
for all n. So, if we had py, instead of p; on the RHS of (IZ8), then we could use the summability of k—3/2
to get a control in (I4.8)) that is uniform in n. But how could we relate the lazy SRW to the original walk?

If we add d half-loops at each vertex, so that we get a 2d-regular graph G, then SRW on this graph
is the same as the lazy SRW on G,,, hence we can again write down the identities (IZ471) and (I4S])), now
with G,, and py. On the other hand, we obviously have 7(G,,) = 7(G),). Thus,

logT(G,) —logn n-—1 1 a 1
= log(2d) — —|Epg" -=). 14.10
+ 0g(2d) = >+ (BB (p.p) — — (14.10)

n n n
k>1

Now (IZ£9)) implies that for any € > 0, if K and n are large enough, then

< €.

K
% — log(2d) — Z% (Eﬁf" (p:p) — %)

k=1

Take n — oo and then K — oo. For each fixed k, we have Eﬁg" (p, p) = EpS(p, p), which yields

log 7(G,,)

Jim ———== = log(2d) — > Ep(pp).
k=1

e

Note here that the infinite sum is finite either by taking the limit n — oo in (IZ9)) or by the infinite chain

version of the same Theorem
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This already shows the locality of the tree entropy, but we still would like to prove formula (I4.6]). This
is accomplished by Exercise [[4.33] below, the infinite graph version of the identity

log2 — Z% (Eﬁf"(p,p) - %) = —Z% (Epf"(p,p) - %)

k>1 k>1

that we get for any finite graph G,, by comparing (47 T4.8) with (I4I10). O

Exercise 14.33. Let P be the transition matriz of any infinite Markov chain. For o € [0,1], define the
lazy transition matriz Q := ol + (1 —«)P. For a state x, let pi(z) and qi(x) denote the return probabilities
to x after k steps in the two chains. Then Y, <, q(x)/k = —log(1 —a) + >~ p(x)/k. (Hint: For any
z € (0,1), write >, qr(x)z"/k as an inner prodz_wt using the operator log(I — ZEQ), then let z /1.)

The tree entropy limy, htyee(Gr) = hireo (G, p) can actually be calculated sometimes. From the connec-
tion between spanning trees and domino tilings in planar bipartite graphs, one can show that hyec(Z?) =
4G/ ~ 1.166, where G := Y, ,(—1)¥/(2k + 1)? is Catalan’s constant; see the examples after Theorem
6.1 of [BurtP93]. For the 4—reg1_11ar tree, from Theorem and the tree’s Green function (IHl), Lyons

deduced hiyee(Ty) = 3log(3/2) in [Lyo05].

A similarly defined notion of entropy is the g-colouring entropy h, .1(G) = %, where ch(G, q)
is number of proper colourings of G with ¢ colours (i.e., colourings of V(&) such that neighbours never get

the same colour). This ch(G, g) is called the chromatic polynomial of G, for the following reason:

Exercise 14.34.
(a) Show that, for any q € Z4+ and any e € E(G), we have ch(G,q) = ch(G \ e,q) — ch(G/e,q), where
G\ e is the graph obtained from G by deleting e, and G/e is obtained by gluing the endpoints of e
and erasing the resulting loops.

educe that c ,q) s a polynomial wn q, of the form q" + an—1 g+ -+ a q, where
b) Ded h h(G 2 l jal i f the f " Q)gn! G h

V(G)| = n.
(¢) Show that ZSQV(G) ch(G[S], z) ch(G[V'\S],y) = ch(G, x+vy), where G[S] is the subgraph of G induced
by S.

The roots of the chromatic polynomial ch(G,q) = []_,(¢ — A\;) are called the chromatic roots of
G(V, E), and (analogously to the spectral measure) the counting measure on the roots normalized to have

1

total mass 1 is called the chromatic measure py". We can express the g-colouring entropy using this

measure:

1
hpca(G) = 7 logch(Go) = | loga —2) '), (14.11)

whenever ¢ € {\1,...,\,}. Note that the 4-colour theorem says that any planar graph G satisfies ch(G, q) >
0 for all integers ¢ > 4. A certain generalization has been proved by Alan Sokal [SokO1]: there exists an
absolute constant C' < 8, such that if G has maximal degree d, then all roots of ch(G, ¢) in C are contained
in the ball of radius C'd. There is a huge body of work on the chromatic polynomial by Sokal and coauthors
(just [search the arXiv).

What about locality? It was proved in [BorChKLI13| that hy.co1(G) is local for graphs with degrees
bounded by d, whenever ¢ > 2d. They used the Dobrushin uniqueness theorem: with this many
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colours, the effect of any boundary condition decays exponentially fast with the distance, and hence there
is only one Gibbs measure in any infinite volume limit (i.e., on any limiting unimodular random rooted
graph). It should not be surprising that this has to do with the locality of how many different colourings
are possible, but the proof is somewhat tricky.

Now, in light of (IZI1)) and the locality of the random walk spectral measure (Exercise [[4.20]), it is
natural to ask about the locality of the chromatic measure. This was addressed by Abért and Hubai
[ADHI12|; then Csikvéari and Frenkel [CsF12] found a simpler argument that generalizes to a wide class of
graph polynomials. We start with the definitions needed.

A graph polynomial f(G,z) =Y ;_, ax(G)z" is called isomorphism invariant if it depends only on
the isomorphism class of G. It is called multiplicative if f(Gy U Ga2,2) = f(G1,2) f(Ga,2), where U
denotes disjoint union. It is of exponential type if it satisfies the identity of Exercise T34 (c). It is of
bounded exponential type if there is a function R : N — R>( not depending on G such that, for any
graph G with all degrees at most d, any v € V(G), and any ¢ > 1, we have

Y lm(GS])] < R(@) (14.12)
vESCV(G)

|S|=t
Besides the chromatic polynomial, here are some further examples that satisfy all these properties (see
(CsE'12] for proofs and references):
(1) The Tutte polynomial of G(V, E) is defined as

T(Gy,y) = 3 (= DFERE) (y )Rl -IV], (14.13)
wCE

where k(w) is the number of connected components of (V,w). This is almost the same as the partition
function Zpk(p, q) of the FK model in ([I37); the exact relation is

|E| _
T(G.2.y) = 1)k(yE)(y 7 Zex (y ; L e-1y- 1)) . (14.14)

A third common version is F(G,q,v) := > p ¢"“)yl*l. The variable v corresponds to p/(1 — p) in
FK(p, ¢). This third form is the best now, since its degree in ¢ is |V|. In fact, it satisfies the above
properties for any fixed v. Note that ch(G,q) = F(G, g, —1).

(2) The Laplacian characteristic polynomial L(G, z) is the characteristic polynomial of the Laplacian
matrix Lg = Dg — Ag, featured in the proof of Theorem [14.13]

(3) The (modified) matching polynomialis M (G, z) := 2" —m1(G)z" "1 +ma(G)z" 2 —m3(G)z" 3+

..., where my(G) is the number matchings of size k.

Sokal’s theorem above about the chromatic roots of bounded degree graphs generalizes rather easily
to graph polynomials of bounded exponential type: Theorem 1.6 of [CsF12] says that if f(G,z) has a
bounding function R in (IZI2]), and G has degrees less than d, then the absolute value of any root is less
than c¢R(d), where ¢ < 7.04. In other words, the polynomial then has bounded roots. Now, the main
result of [CSET12], generalizing the case of chromatic polynomials from [AbHI2] is the following:
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Theorem 14.14 (Csikvéri-Frenkel [CsF12]). Let f(G, z) be an isomorphism-invariant monic multiplicative
graph polynomial of exponential type. Assume that it has bounded roots. Let G,, be a sequence that converges
in the Benjamini-Schramm sense, and K C C a compact domain that contains all the roots of f(Gn,z).
Let ué be the uniform distribution on the roots of f(G,z). Then the holomorphic moments fK zkduén (2)
converge for all k € N. In particular, if we define the f-entropy or free energy at ( € C\ K by

1
hy(6) i= g ogl (GO = [ log( = 2)ldu(2). (14.15)
e V(@) c ¢
then the Taylor series of log |z| shows that hy :(G,) converges to a harmonic function locally uniformly on
C\ K. That is, for ¢ € C\ K, the f-entropy at ¢ is local.

As opposed to moments of a compactly supported measure on R, the holomorphic moments do not
characterize uniquely a compactly supported measure on C. And, somewhat surprisingly, the chromatic

measure itself is in fact not local, as shown by the following exercise:

Exercise 14.35.

(a) Show that the chromatic polynomial of the path on n wvertices is ch(Py,q) = q(q¢ — 1)"1, while the
chromatic polynomial of the cycle on n vertices is ch(Cy,q) = (¢ — 1)™ + (—=1)"(¢ — 1).

(b) Deduce that the chromatic measure of C,, converges weakly to the uniform distribution on the circle
of radius 1 around z = 1, while the chromatic measure of P, converges weakly to the point mass at
z=1.

(c) *** Is one of the limiting measures more canonical than the other?

Non-trivially, but it follows from the locality of the matching polynomial root moments that the match-
ing ratio, i.e., the maximal size of a disjoint set of edges, divided by the number of vertices is a local
parameter. See also [EILI0]. Surprisingly at first sight, the analogous notion with independent subsets of
vertices instead of edges behaves very differently. The independence ratio of a finite graph G(V, E) is the
size of the largest independent set (i.e., a subset of the vertices such that no two of them are neighbours)
divided by |V|. For instance, the independence ratio of a balanced bipartite graph (i.e., the two parts have

the same size) is 1/2.

Theorem 14.15 (The independence ratio is not local [Bol81]). For any d > 3, there exists an € > 0
and a sequence of d-reqular graphs with girth tending to infinity (i.e., converging locally to Ty) for which
the independence ratio is less than 1/2 — e. Basically, random d-reqular graphs will do. Since uniformly
random d-regular balanced bipartite graphs also converge to T4 in the local weak sense (see Exercise[14.0]),

this shows that the independence ratio of d-reqular graphs is not local.

What is then the independence ratio of random d-regular graphs? This seems to be intimately related
to the question of how dense an invariant independent set can be defined on the d-regular tree T, that is
a factor of an i.i.d. process. One direction is clear: given any measurable function of an i.i.d. process on
T4 that produces an independent set, we can approximate that by functions depending only on a bounded
neighbourhood, then we can apply the same local functions on any sequence of finite graphs with girth
going to infinity. Several people (Baldzs Szegedy, Endre Cséka, maybe David Aldous) have independently
arrived at the conjecture that on random d-regular graphs, the optimal density (in fact, all possible limit

densities) can be achieved by such a local construction:
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Conjecture 14.16 (Baldazs Szegedy). The possible values for the densities of independent sets in random
d-reqular graphs coincides with the possible densities of independent sets as i.i.d. factors in d-reqular trees.

(This is part of a much more general conjecture on the so-called local-global limits that I plan to discuss
in a later version; see [HatL.Sz12] for now.)

The ideology is that random d-regular graphs have no global structure, hence all limit processes can be
constructed locally (i.e., as a factor of i.i.d.) on the local limit graph (the regular tree).

It is an important question what kind of processes can be realized as a factor of an i.i.d. process. See

[CyNaz11] [HatLSz12| [Mes11], for instance. And here is another beautiful conjecture:

Conjecture 14.17 (Abért-Szegedy). Let G,, be a Benjamini-Schramm-convergent sequence of finite graphs,
Wy, an i.i.d. process on Gy, and F(Gp,wy) a factor process. Let h(F,Gy,) be the entropy of the resulting
measure. (For simplicity, we can assume that there are finitely many possible configurations of F(Gy,wy).)
Then lim, oo h(F,Gy)/|Gy| exists.

We have mentioned in Section [[3.4] that Ornstein-Weiss have developed a very good entropy theory for
amenable groups. An affirmative answer to Conjecture [4.17 would say that there is a good entropy notion
also for i.i.d. factor processes on all sofic groups.

Another interesting corollary would be the (mod p) version of the Liick Approximation Theorem [TZTTk
if A,,’s are the adjacency matrices of a convergent sequence of finite graphs G,, then dimkerg, A, /|V (Gy)|
converges. Indeed, this is equal to 1 — dimImp, A, /|V(Gy)|, and the normalized dimension of the image,
times log p, is the normalized entropy of the uniform measure on the image space. And we can easily get
this uniform distribution as a factor of an i.i.d. process: assign i.i.d. uniform random labels to the vertices

of G, from {0,1,...,p — 1}, then write on each vertex the (mod p) sum of its neighbouring labels.

Let us turn to a locality question that is quite different from spectral measures and entropies: the

critical parameter in Bernoulli percolation:

Conjecture 14.18 (Locality of p., O. Schramm). If G,, are infinite transitive graphs locally converging to
G, with sup,, p.(Gr) < 1, then p.(G,) = p.(G).

Exercise 14.36. Show that the sup,, p.(Gy) < 1 condition in Conjecture[I7.18is necessary.

This conjecture appears to be quite hard: the case of Z¢ was proved in [GriMar90], one of the key
papers of classical percolation. This was recently extended by [MaT13] to Cayley graphs of Abelian groups,
by making the Grimmett-Marstrand argument more robust. At the other end, for highly non-amenable
transitive graphs with high girth, the conjecture was proved in [BenNP11].

We are going to prove now one direction of Conjecture [Z.I8 which is clearly the easier one, but we
are not aware that it has been done anywhere else:

pe(G) < liminf p.(Gy,) . (14.16)

n—oo

Assume that this fails, hence there exists € > 0 such that p.(G,,) < p.(G) — € for infinitely many n. For
easier notation, we relabel this subsequence to be {G,}52 ;. Now, fixing p = p.(G)—¢/2, for any 6 > 0 there
exists a large radius R > 0 such that P§[o +— dBg(0)] < 4. If n is large enough, then Bf (o) ~ Bg" (0),
hence P§ [0 «+— 9Bg(0)] < 4, as well. On the other hand, p > pc(Gy) + €/2, and p.(Gr) < 1 — €, hence
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Theorem on the linear lower bound for 6(p. + €) says that PS5 [0 «— o] > ¢(e) for all n. Taking
9 > 0 less than c(e), then n large enough, we have arrived at a contradiction.

For the other direction, one would need to show that the existence of p with p.(G) < p < p.(Gp) <1-9
for infinitely many n is impossible. T imagine there would be two main steps in this (not at all independent
of each other). Firstly, the content of Questions T2.34] and in Section is that doing percolation
at p > p.(G) should be somehow visible for large enough R in the cluster structure restricted to B (o).
In the case of amenable G, it is probably better to take a large Fglner set, and in that case, the Fglner
set should be really well-connected internally. Secondly, for large enough n, we have Bf (o) ~ Bg" (0), so
one could try to show that it is impossible to glue these large balls or Fglner sets globally in a way that
the quite large clusters inside these large sets do not get connected, forming an infinite cluster. Here the
condition p.(Gy) < 1 — ¢ is really important: the graph Z, x Z has large large well-connected pieces at
scale n, provided that p > 1/2 and n > ng(p), but they do not form globally an infinite cluster. However,
the condition p.(G,) < 1— ¢ should imply that the “renormalized graph” that has the large balls or Fglner
sets as vertices, together with some natural neighbor structure, should have some version of p. that is

(a) either close to zero (e.g., large balls of a regular tree form a regular tree of huge degree),
(b) or is at least still bounded away from 1, but this weaker case should occur only for amenable graphs,
where the large sets should be really well-connected internally with high probability (as in renormal-

ization on Abelian graphs), again producing a super-critical situation globally.

A joint corollary to Conjecture on locality and Conjecture [2.7 on p. < 1 would be that 1 is an
isolated point in each of the sets Py := {p.(G) : G is an infinite d-regular transitive graph}. Indeed, if we
had a sequence of d-regular graphs with p.(G,) < 1 but p.(G,,) — 1, then by compactness there would
be a subsequence G, converging locally to some G. By locality of p., we would have p.(G) = 1. By
Conjecture [IZ7 this G would be a finite extension of Z. Then, by Exercise [[4.13] there is a finite ny such
that Gr,, = G, hence p.(Gn, ) = 1, a contradiction. One expects that 1 is also isolated in (Jyez, Pa, since

with large degrees it seems harder to get large p. values, but I do not see a proof for this stronger version.

Of course, one can also ask about the locality of p.(q) in the FK(p, ¢) random cluster measures. But

there is an even more basic question:

Question 14.19. If G,, converges to a non-amenable transitive G in the local weak sense, is it true for all
FK(p, q) random cluster models (especially for the much more accessible ¢ > 1 case) that the limit measure
from the G, ’s is the wired measure on G?

This is easy to see for the WUSF (the ¢ = p = 0 case) using Wilson’s algorithm, and also the ¢ = 2
Ising case is known when G is a regqular tree [MonMSI2]. In the amenable case, it is clear that both the

free and the wired measures can be achieved by local limits.

15 Some more exotic groups

We now present some less classical constructions of groups, which have played a central role in geometric
group theory in the last two decades or so, and may provide or have already provided exciting examples

for probability on groups.
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15.1 Self-similar groups of finite automata

This section shows some natural ways to produce group actions on rooted trees, which come up indepen-
dently in complex and symbolic dynamical systems and computer science. A key source of interest in this
field is Grigorchuk’s construction of groups of intermediate volume growth (1984). The main references
are [GriNSQ0, INek05).
In Section [[3.4] we already encountered the adding machine action of Z: the action of the group on
finite and infinite binary sequences was
(Ow)* = 1w

Loy — e (15.1)

By representing finite and infinite binary sequences as vertices and rays in a binary tree, we clearly get an
action by tree automorphisms. The first picture of Figure [[5.1] shows this action, with the Schreier graphs

of the first few levels. The second picture is called the

‘profile” of the action of the generator a; the picture
should be self-explanatory once one knows that the switches of the subtrees are to be read off from bottom

to top, towards the root.

0/0.
AT

Figure 15.1: The adding machine action of Z: (a) the Schreier graphs on the levels (b) the profile of the

generator a’s action (¢) the Moore diagram of the automaton

Finally, the third picture of Figure[I5.1]is called the Moore diagram of the automaton generating the
group action. This automaton is a directed labeled graph G(V, E), whose vertices (the states) correspond
to some tree automorphisms, as follows. Given any initial state sg € V, for any infinite binary sequence
T1T2 ... the automaton produces a new sequence y1ys ...: from sy we follow the arrow whose first label
is x1, we output the second label, this will be 31, and then we continue with the target state of the arrow
(call it s1) and the next letter x5, and so on. The group generated by the tree automorphisms given by
the states V' is called the group generated by the automaton. There is of course a version with labels from

{0,1,...,b— 1} instead of binary sequences, generating an action on the b-ary tree Ty.

Definition 15.1. The action of a group T’ on the b-ary tree Ty, (b > 1) is called self-similar if for any
g €T, any letter x € {0,1,...,b—1}, and any finite or infinite word w on this alphabet, there is a lettery
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and h € T such that (zw)? = y(w"). If S C T generates T' as a semigroup, and Vs € S and word xw there
is a letter y and t € S such that (zw)* = y(w'), then S is called a self-similar generating set. Then the
group can clearly be generated by an automaton with states S. If there is a finite such S, then T" is called

o finite-state self-similar group.

For a self-similar action by I', for any g € I' and finite word v there is a word u of the same length
and h € T such that (vw)? = u(w") for any word w. This h is called the restriction h = g|,,, and we get
an action of I' on the subtree starting at v. The action of the full automorphism group of T} is of course

self-similar, and there is the obvious wreath product decomposition
Aut(Ty) =~ Aut(T,) 2 Sym, , (15.2)

corresponding to the restriction actions inside the b subtrees at the root and then permuting them. (But,
of course, Aut(T}) is not finitely generated.) For a general self-similar action by I' < Aut(T}), the isomor-
phism ([I52) gives an embedding

I' = I'!Sym,. (15.3)

Using this embedding, we can write the action (I3I3) very concisely as a = (1,a)e, where (g, h) is the
tree-automorphism acting like g on the 0-subtree and like A on the 1-subtree, € is switching these two

subtrees, and the order of the multiplication is dictated by having a right action on the tree. In particular,
(9. h)(g".h') = (g99',hh') and (g, h)e = €(h, g).

There is also a nice geometric way of arriving at the adding machine action of Z. Consider ¢ : z +— 2z, an
expanding automorphism of the Lie group (R, +). Since p(Z) = 27 C Z, we can consider ¢ : R/Z — R/Z,
a twofold self-covering of the circle S'. Pick a base point x € S, and a loop v : [0,1] — S! starting
and ending at x, going around S once. Now, ¢~ !(z) consists of two points, call them z and z;. Using
Proposition 211l we can lift v starting from either point, getting 79 and =1, respectively. Clearly, ~; ends
at y1_i, i = 0,1. Following these 7;’s we get a permutation on ¢~ !(z), the transposition (xoz1) in the
present case. (For a general, possibly branched, b-fold covering ¢ : X — X, we should start with one
7 for each generator of 71(X), and then would get an action of 71 (X) on ¢~!(z), as in Section 221) We
can now iterate this procedure, taking the preimage set ¢ =2(z) = =1 (29) Up 1 (21) = {00, To1, T10, T11},
etc., and we get an action of 71(S') = Z on the entire binary tree. It is easy to see that the lifts vo, 71,
Yoo etc. will be geometric representations of the edges in the Schreier graph of the adding machine action.
For a general b-fold covering, it is possible that the resulting action on the b-ary tree is not faithful, so
the actual group of tree-automorphisms that we get will be a factor of 7 (X). This is called the Iterated
Monodromy Group IMG(y) of the covering map.

A particularly nice case is when X is a Riemannian manifold, and ¢ : X; — X is a locally expanding
partial b-fold self-covering map for some X; C X (we typically get X; by removing the branch points
from X in the case of a branched covering). Then the resulting action of I' = IMG(y) on T} is finite state
self-similar, moreover, contracting: there is a finite set /' C I" such that for every g € I there is a k € N
such that the restriction g, is in N for all vertices v € Tj, of depth at least k. Moreover, if in addition,

X1 = X is a compact Riemannian manifold, like X = S! in our case, then the action of 71 (X) is faithful,

s0 IMG(p) = 11 (X). See [Nek03] or [Nek05] for proofs.
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{ex.nucleus}

> Exercise 15.1. Show that, for any contracting self-similar action of some I' on Ty, there is a unique
minimal set N C T giving the contraction property. It is called the nucleus of the self-similar action.
Show that N is a self-similar generating set of (N). Give an example where (N') # T.

At this point, the Reader might feel a bit uneasy: we have been talking about countable groups acting
on trees, so where do these continuum objects R and S' and Riemannian manifolds come from? Well, their
appearance in the story is not accidental: it is possible to reconstruct X and ¢, at least topologically, from
the action itself. Given any contracting action by I on Ty, one can define the limit space Jr as the quotient
of the set of left-infinite sequences {0, ...,b—1}~" by the following asymptotic equivalence relation: the
sequences (...,z_1,xo) and (...,y_1,yo) are equivalent iff there exists a finite subset K C I" such that for
all k € N there is some g, € K with (z_g, ..., 20)% = (y_k, ..., yo) with the action of " on Ty, i.e., with z_
on the first level, (z_j,z_k+1) on the second level, etc. (In particular, this equivalence is very different from
two rays in 9T, = {0,...,b— 1} being in the same I'-orbit.) A similar notion is the limit solenoid Sr,
the quotient of {0,...,b— 1}% by the equivalence relation that (..., 2_1,20,Z1,...) ~ (-, Y—1,Y0,Y1,---)
iff there is a finite K C T such that Vk € N 3¢, € K with (v_g, x—gy1,...)% = (Y—k, Y—k+1,-..) in OTp.
On Jr we take the topology to be the image of the product topology under the equivalence quotient map,
while on Sr it will be the image of the topology on {0, ...,b— 1}% that is product topology on the left tail
but discrete on the right; to emphasize the asymmetric topology, we can denote this space by S7. Now,

given a finite word w = zpxg41 - .. g, with k € —N, we can consider the tile
T, = {...xk,gxk,lw cxp—; €{0,1,...,0—1},i > 1},

a subset of Jp after the factorization. Similarly, given an infinite word w = zpxgy1 ..., k € Z, the tile
T,, will be a subset of S§. Because of the factorization, these tiles are not at all disjoint for different w’s
with the same starting level k = k(w). However, if the action of I' is nice enough, then their interiors are
disjoint, and the intersections of the boundaries are given by the action of N': Tyye NT,yn # 0 iff g=1h € N.
In particular, if (M) =T, then the adjacencies are given by the Schreier graph on that level. In Jr, as we
take the level & — —o0, the tiles are getting smaller and smaller, and hence the Schreier graphs, drawn on
the tiles, approximate the structure of Jr more and more. The situation in Sf is a bit more complicated: it
ger Tws €SP
corresponding to T-orbits O(w) in OT,. Finally, consider the shift action s on {0,...,b— 1}~ that deletes
the last (the 0") letter, hence is b-to-1, or that moves the origin in {0,...,b — 1}? to the left. In both
cases, s preserves the asymptotic equivalence relation, and thus we get the dynamical systems (Jg,s) and
(S, s).

The upshot (proved by Nekrashevych) is that when the contracting action is obtained from a locally

is a highly disconnected space, so we need to restrict our attention to the leaves Lo, := U

expanding map ¢ : X1 — X, then, under mild additional assumptions, (7, s) is topologically conjugate

to (J(X,¢),p) (i.e., there is a homemorphism between the spaces that interchanges the actions), where
J(X,0) =] "@) X
n=0

is the Julia set of ¢, easily shown to be independent of x € X. For instance, if X; = X is a compact
Riemannian manifold, then J (X, ) = X. Recall that 71 (X) = IMG(¢p) in this case, so, I' = IMG(¢) and

the limit space construction X = Jr are true inverses of each other.
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> Exercise 15.2. For the adding machine action, give a homeomorphism between Jz and S that inter-
changes the actions x +— 2x on S* ands on Jz. Show that for anyw € 0Ty, the leaf Lo(w) 8 homeomorphic
to R.

> Exercise 15.3. Show that the limit set Jr for the self-similar action
a=(a,1,1)(12) b=(1,b,1)(02) c=(1,1,¢)(01)
on the alphabet {0,1,2} is homeomorphic to the Sierpinski gasket.

Expanding endomorphisms of the real and integer Heiseinberg group H3(R) and Hj3(Z) were used in
to produce nice contracting self-similar actions, with the tiles and the shift map s leading to
scale-invariant tilings in some Cayley graphs of H3(Z), as defined in Question[I2.33] The same paper used
the self-similar actions of several groups of exponential growth to show that they are scale-invariant (see
Theorem [T7): the lamplighter group ZsZ, the solvable Baumslag-Solitar groups BS(1,m), and the affine
groups Z% x GL(d,Z).

When a group turns out to have a finite state self-similar action, a huge box of great tools opens up
— but it is far from obvious if a given group has such an action. The lamplighter group G =Z317Z is a
famous unexpected example, whose self-similarity was first noticed and proved by Grigorchuk and Zuk in
[GriZ01], but there is a much simpler proof, found by [GriNS00], using Z»|[[t]], which we will present below.
The self-similar action of G was used in to show that the spectrum of the simple random walk
on the Cayley graph generated by the self-similar generators a and b below is discrete — see Section
for a bit more on this. The scale-invariance of G proved in [NekP09] is closely related to the way how the
spectrum was computed, even though the way we found it followed an orthogonal direction of thought,
namely, that the Diestel-Leader graph DL(2,2) is the Cayley graph of G with the generators (R, Rs) on
one hand, and of the index two subgroup I'1 = (Rs, sR) on the other. We now show G can be generated
by a finite automaton.

Let H be the additive subgroup of the group Zz[[t]] of formal power series over Zy consisting of finite
Laurent polynomials of (1+t), and consider the injective endomorphism 1 (F(t)) := tF(t) for F(t) € Zs][t]].
Since tF(t) = (1 4+ t)F(t) — F(t), we have that ¢(H) C H. Observe that (1 +t)* —1 € ¢(H) for any
k € Z; this easily implies that ¢(H) is exactly the subgroup of H of power series divisible by ¢, with index
[H : Hq] = 2. We then let H,, := ¢°"(H), a nested sequence of finite index isomorphic subgroups.

Consider now the right coset tree 7 corresponding to the subgroup sequence (H,)n>0, as defined
before (I3:I8). We have T = T4, and the boundary 97 is a topological group: the profinite additive group
Zs][[t]], via the identification

O mwy.. . Y wth (15.4) {e.Phi}
i>1
where x = 2125 ... is the shorthand notation for the ray H = Hoxg D Hixy D Haxo D ... in T.

Let A be the cyclic group Z acting on H by multiplication by (1 + ¢). Thus the semidirect product

G = A x H is the group of the following transformations of Zs[[t]]:

F(t) = L+ ™F(t) + > f(R)(1+1)F, (15.5) {e.trafo}
kEZ

where m € Z and f : 7Z — Zo is any function with finitely many non-zero values.
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This group G = (@Z ZQ) X Z = Z2 ! Z is the standard lamplighter group; for each element (m, f),
one can think of m € 7Z as the position of the lamplighter, while f : Z — Zs is the configuration of the
lamps. We can represent f by the finite set supp f C Z. The usual wreath product generators are s and
R, representing “switch” and “Right”; we will also use L = R™!. So, for example, Rs = (1, {1}). In terms
of the representation (I53]), the action of s is F'(t) — F(t) + 1, while the action of R is F(t) — (1+1¢)F(t).

The action of G on the infinite binary tree 7 can now be described by the combination of (I5.4)
and ([I50), and it turns out to be a finite-state self-similar action. Namely, consider the following new
generators of the lamplighter group: @ = Rs, b := R. Note that s = b='a = a~'b. Then, the action of

these generators on the binary tree 7 can be easily checked to be

(0w)® = 1w’ (0w)? = ow® 156) 1| )
. e.GZ
(lw)® = ow® (1w)® = 1w?,

for any finite or infinite {0, 1} word w. Hence {a,b} is a finite self-similar generating set. Another usual

notation for this self-similar action, using ([I53), is
a=(b,a)e, b= (b,a), (15.7) {e.LLselfsim}

We note that in the literature there are a few slightly different versions of [I5.7) to describe the lamplighter

group. This is partly due to the fact that interchanging the generators a and b induces an automorphism

¢t of G, see e.g. ﬂm

One can easily write down a couple of formulas like (I5.7), but the resulting group might be very
complicated. We will briefly discuss two famous examples, Grigorchuk’s group of intermediate growth and
the Basilica group.

Grigorchuk’s first group G is defined by the following self-similar action on the binary tree:

a =€, b= (a,c), c=(a,d), d=(1,b). (15.8) {e.chuk}

If this looks a bit ad hoc, writing down the profiles of the generators will make it clearer, see Figure [5.2)

Figure 15.2: The profiles of the generators b, ¢, d in Grigorchuk’s group. {f.chuk}

Now, we have the following easy exercise:

> Exercise 15.4. For Grigorchuk’s group (IZ8), check that the stabilizer G, of any vertex in the binary

tree is isomorphic to the original group, hence G has G x G as an index 2 subgroup.
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Moreover, using the third level stabilizers, one can show that there is an expanding virtual isomorphism
from the direct product of eight copies of G to itself, hence, by Lemma 2Tl G has intermediate growth.
See [GriP0§| for more details.

Most of our course has been about how algebraic and geometric properties of a group influence the
behaviour of SRW on it, though Kleiner’s proof of Gromov’s theorem was already somewhat in the other
direction, probabilistic ideas giving algebraic results, see Section[I0.1l But the first example of SRW applied
to a group theory problem was by Bartholdi and Virdg [BartV05]: they showed that the so-called Basilica
group is amenable by finding a finite generating system on it for which they were able to compute that
the speed is zero. At that point this was the furthest known example of an amenable group from abelian
groups, namely, it cannot be built from groups of subexponential growth via group extensions. This group

is again generated by a finite automaton:

a=(1,b), b= (1,a)e. (15.9)

Continuations of this Basilica work include [BartKNT0| and [AmAV(9]. The activity growth Actg(n)
of a finite state self-similar group I' is the number of length n words w such that the section g|,, is not the

identity for some of the self-similar generators g.

Exercise 15.5. Show that any finite state self-similar group I' with bounded activity growth is contracting
(as defined just before Exercise [I5.1]).

Exercise 15.6. Show that the activity growth Actg(n) is either polynomial or exponential.

Sidki [Sid00] showed that a polynomial activity self-similar group cannot contain a free subgroup Fy.
Are they always amenable? [BartKN10| showed this for bounded activity groups, while [AmAV09] for
linear activity groups. For at most quadratic activity, the Poisson boundary is conjectured to be trivial
(proved for at most linear growth), but not for larger activity. This is quite analogous to the case of

lamplighter groups Zs ! Z%. Furthermore, it is not known if all contracting groups are amenable.

15.2 Constructing monsters using hyperbolicity

15.3 Thompson’s group F

A very famous example of a group whose amenability is not known is the following. See [CanFP96] for

some background, and [Cal09] for more recent stories.

Definition 15.2. Consider the set F' of orientation preserving piecewise linear homeomorphisms of [0, 1]
to itself whose graphs satisfy the conditions that

a) All slopes are of the form 2%, a € Z.

b) All break points have first coordinate of the form %, k,n e N.

Clearly, F is a group with composition of maps as a multiplication operation and this group is called

Thompson’s group F.

Question 15.3. Determine whether Thompson’s group F is amenable or not.
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Kaimanovich has proved that SRW has positive speed on Thompson’s group F for some generating set,

hence this probabilistic direction of attack is not available here.

16 Quasi-isometric rigidity and embeddings

It is a huge project posed by Gromov (1981) to classify groups up to quasi-isometries. One step towards
such a classification would be to describe all self-quasi-isometries of a given group. Certain groups, e.g.,
fundamental groups of compact hyperbolic manifolds of dimension n > 3) are quite rigid: all quasi-

isometries come in some sense from group automorphisms. A similar, more classical, result is:

Theorem 16.1 (Mostow rigidity 1968). If two complete finite volume hyperbolic manifolds M, N have
m (M) ~ m(N), then they are isometric, moreover, the group isomorphism is induced by an isometry of

H"™.

Let us give here the rough strategy of the proof. The group isomorphism induces a quasi-isometry of
H", which then induces a quasi-conformal map on the ideal boundary S™~!. This turns out (because of
what?) to be a Mobius map, i.e., it comes from an isometry of H™.

An application of the Mostow rigidity theorem that is interesting from a probabilistic point of view,
related to Theorem [T, was by Thurston, who proved that any finite triangulated planar graph has an
essentially unique circle packing representation. However, there is also a simple elementary proof, due to
Oded Schramm, using a maximal principle argument [Wik10a].

On the other end, the quasi-isometry group of Z is huge and not known.

Here is a completely probabilistic problem of the same flavor. See [Pel(7] for details.

Question 16.2 (Baldzs Szegedy). Take two independent Poisson point processes on R. Are they quasi-

1sometric to each other a.s.?

This is motivated by the probably even harder question of Miklés Abért (2003): are two independent

infinite clusters of Ber(p) percolation on the same transitive graph quasi-isometric almost surely?

Gromov conjectured that if two groups are quasi-isometric to each other, then they are also bi-Lipschitz
equivalent, i.e., there is a bijective quasi-isometry. The following proof of a special case I learnt from Gabor
Elek:

Exercise 16.1.* Using wobbling paradoxical decompositions, show that if two non-amenable groups are

quasi-isometric to each other, then they are also bi-Lipschitz equivalent.

However, the conjecture turned out to be false for solvable groups [Dym10]. But it is very much open

for nilpotent groups, a favourite question of mine:
Question 16.3. Are quasi-isometric nilpotent groups also bi-Lipschitz equivalent?

I think the answer is yes, Bruce Kleiner thinks it’s no. It is known to be yes if one of the groups is Z¢,
see [Sha04].

For a long while it was not known if all transitive graphs are quasi-isometric to some Cayley graph.

For instance, transitive graphs of polynomial growth are always quasi-isometric to a nilpotent group. This
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is an interesting question from the percolation point of view, since we expect most properties to be quasi-
isometry invariant, while a key tool, the Mass Transport Principle (IZ8]), works only for unimodular ones
(including Cayley graphs). So, an affirmative answer would mean that percolation theory is somehow on the
wrong track. Fortunately, Eskin-Fisher-Whyte proved as a byproduct of their work [ESFW07] on the quasi-
isometric rigidity of the lamplighter groups F1Z, where F is a finite Abelian group, that the non-unimodular
Diestel-Leader graphs DL(k, ) with k # ¢, see [Woe05] for their definition, are counterexamples.

Question 16.4. Is every unimodular transitive graph quasi-isometric to a Cayley graph?

The Eskin-Fisher-Whyte proof introduces something called ” coarse metric differentiation”, a technique
similar to the one used by Cheeger and Kleiner to prove that the Heisenberg group does not have a Lipschitz
embedding into L', see [ChKNQ9], and by Lee and Raghavendra to show that there are finite planar graphs
needing at least a Lipschitz constant 2 — ¢ [LeeRal(]. It is conjectured that a universal constant suffices
for all planar graphs.

In general, it is a huge subject what finite and infinite metric spaces embed into what LP space with
how much metric distortion. One motivation is from theoretical computer science: analyzing large data
sets (equipped with a natural metric, like the number of disagreements in two DNA sequences) is much
easier if the data set is a subset of some nice space. We have also used nice harmonic embeddings into L?
to gain algebraic information (in Kleiner’s proof of Gromov’s theorem) and to analyze random walks (in
the Erschler-Lee-Peres results). There are a lot of connections between random walks and embeddings, see
[NaoP08]. The target case of L? is easier, L' is more mysterious.

Exercise 16.2. Show that any finite subset of L? embeds isometrically into L*.
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