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Chapter 1

Prerequisites

1.1 Basic probability concepts

The purpose of this introductory section is to introduce the basic concepts that will
be needed throughout the course. We will for the most part stay away from stating
theorems, lemmas, etc.; these will be the subject of the next section.

Probability originated in games of chance. A prime example associated with prob-
ability is the experiment of tossing a coin. This is a procedure intended to produce
a random choice out of two answers: Heads or Tails. Generally, the outcomes of
such a random experiment are collected in a set ) called the sample space. For the
coin toss, we simply have Q) = {H, T}.

Before probability theory was axiomatized and embedded into the rest of math-
ematics, the word probability referred to the frequencies with which the various
outcomes — i.e., values from () — were seen in repeated random experiments.
For instance, it is a known fact that tossing a coin many times generally results in
about the same fraction of heads and tails. If w denotes the result of the coin toss,
we extrapolate from this

P(w = heads) = P(w = tails) = % (1.1)

We read: the probability to get heads is /2, and similarly for the tails. For more
general discrete sets () — finite or countably infinite — we similarly need to extract
the frequences with which each element z of () occurs. The value thus obtained is
then proclaimed to be the probability to get z, namely, P(w = z).

Once we know the frequencies for all elements of (), we can start asking more
general questions, e.g., for a set A € (), how likely it is that the outcome will fall
into A. An example of this is rolling a die. Here Q) = {1, ...,6} withP(w = j) = 1/
for each j = 1,...,6. However, if we take A = {5,6} we may ask what is the
probability that w € A? It turns out

1

PlweA)=-+ (1.2)

N =
N =

5
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where we used our common sense to conclude that the frequency with which we
can see 5 or 6 is simply the sum of the frequencies to see 5 and to see 6.

The previous observation quickly results in the conclusion that it is actually better
to define probability as a function of subsets of () which we call events. We will
thus talk of probability of a set A, writing IP(A), or probability that A occurs. From
its nature IP(A) has to be a number between 0 and 1 and such that P(Q)) = 1
and P(®) = 0. We will also require that if A and B are disjoint events, then

P(AUB) =P(A) + P(B) (1.3)

which reflect the fact that the relative frequency of results from A U B is the sum of
relative frequencies of a result in A and the relative frequency of a result in B. Since
something has to come up as a result of the experiment, we have

Y. P({w}) =1 4

we)
whenever () is a countable set to make the sum meaningful.

Unfortunately, there are random experiments that take uncountably many values
— even though that is an abstraction in the sense that no physical devise measures
with absolute precision and so there is always a rounding error. For this reason, we
set things up even more axiomatically:

Definition 1.1 [Probability and probability spacel Let Q) be a set and let .F be a
collection of subsets of () that

(1) contains @ and ), i.e., &,Q) € F.

(2) is closed under complements, i.e., A € .F implies A € .F.

(3) is closed under countable unions, i.e., if Ay, Az, -+ € .F then U,>1 Ay € F.
A function P: .F — [0,1] is then called probability if it has the properties of

(A1) countable additivity: If A1, Ay, - - - € F are disjoint then

P(JAn) = ¥ P(A). (1.5)

n>1 n>1
(A2) normalization: P(Q)) = 1.
The triplet of objects (Q), F,TP) is referred to as the probability space.

The conditions (1-3) are very natural as they basically ensure that the set .# is closed
under all basic set-theoretical operations.

Exercise 1.2 Show that .% is closed also under countable intersections,

A1,Ay, - €F = ﬂAHGy (16)

n>1
and set theoretical differences

ABceZ = B\AA\BecZ. (1.7)
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Also the axioms (A1-A2) are fairly natural. Indeed, (A1) is a generalization of the
statement that the probability of a set of individual outcomes is simply the sum of
individual probabilities, while (A2) ensures that “something must occur,” i.e., the
frequencies of all outcomes add up to one.

Before we pass to some examples, let us record some basic facts about probability
spaces. The proofs of these are omitted for brevity. Nevertheless, the reader may
find them to be very interesting exercises.

Lemma 1.3 Suppose (Q), %, P) is a probability space. Then P has the properties of

(1) Monotonicity: If A C B are events then P(A) < IP(B).

(2) Countable subadditivity: If A1, A, ... are events, then

P( U Ad) < ¥ P(A). (1.8)

n>1 n>1

(3) Inclusion-exclusion: If A1, ..., Ay, are events, then

113( U An) = g ()T Y P(A;N---NA) (1.9)

n>1 1<ip<-<iy<n

Lemma 1.4 [Continuity]l The probability IP is continuous with respect to monotone
sequences of events. Explicitly,

(1) ifA1 DAy D ..., then

]P< N An) = lim P(A,) (1.10)
n>1
(2) ifA1 C Ay C ..., then
IP( U An) = lim P(A,) (1.11)
n>1

We proceed by listing a few examples of the above setting:

Example 1.5 Tossing a fair coin n-times: The result can be viewed as a random se-
quence of elements from {0,1}. In particular, the sample space is Q, = {0,1}".
Now if w = (w;)?_; € Q) is one such sequence, the probability that it occurs is

P({w}) = zl (1.12)

To see that this is reasonable we appeal to our intuition that — for the coin to be
fair — each sequence should have the same probability. Since there are 2" distinct
sequences, each should have probability 27".

Example 1.6 Rolling a die: A die has six sides and if it is fair—i.e., no “sticky”
sides—all have equal chance to come up as a result of rolling it. The sample space
isQ) = {1,2,...,6} and the probability is given by P({w}) = 1/6 forall w € Q.
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Example 1.7 Rolling a die n-times: We proceed as for coin tosses. The sample space
is Q, = {1,2,...,6}" and each sequence w € ), of n numbers from {1,2,...,6}

has probability
1 1

Example 1.8 Recording only the 6’s: We add a twist to the previous example. Again
we will roll a die 6 times, but now we only want to record whether we gota “6” or
not. The result will be a sequence of 1’s and 0’s and so our sample space is ()], =
{0,1}", that is, the same as for the coin tosses! However, the probability is very
different. Indeed, if w € ()}, is one such sequence, its probability will be

P({w}) = Iﬂ[(é)wk (Z)lwk, (1.14)

k=1
to be compared with 1/2" the corresponding probability for coin tosses.

To justity the previous formula, we go back to the full representation of the ex-
periment on the space ), = {1,2,...,6}" and, for each k = 1,...,n, introduce a
map Xi: Q) — {0,1} that assigns w € Q, value one if wy = 6 and zero otherwise.
Now let w € ), be a sequence of zeros and ones. Then

1 o
P(Xp(w) =wp, k=1,...,n) = Y P({y}) = m5#{1<.wk_1}_ (1.15)
weQ)y n
n—w

Here 1 — w means that 7, equals six if and only if wy =1, forallk =1,...,n, and
the last expression is the consequence of the fact that there are five different choices
for 17 whenever wy = 0. As is easy to check, this is exactly (1.14).

The quantity X; we defined is our first example of an important concept:

Definition 1.9 [Random variable] Given a probability space (Q), #,P) a (real-valued)
random variable X is a function X: (3 — R for which

{lwe: X(w) el eF (1.16)

for any interval I C R. A random variable is vector valued if it takes values in R? (in this
case we substitute intervals by balls in (1.16)).

The condition (1.16) is entirely technical and can be omitted except for its role in
the following definition:

Definition 1.10 [Distribution function] Consider a random variable X taking values
in R. Then the function
F(x) =P{w: X(w) < x}) (1.17)

is called the distribution function.
Clearly, we need (1.16) for at least intervals of the form [ = (—oo, x] in order to be

able to define the distribution function. Generally, we refer to expressions of the
form P(X € A) as the distribution of X.
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Problem 1.11 Show that F takes values in [0, 1], is non-decreasing and right con-
tinuous with lim,_, F(x) = 1 and lim,_,_« F(x) = 0. Moreover,

P(X = z) = F(z) — lim F(a). (1.18)

alz
In particular, if F is continuous then X takes no value with positive probability.

Definition 1.12 [Discrete vs continuous] Let X be a random variable with distribu-
tion function F. We say that X has discrete distribution if F is piecewise constant and
continuous distribution if there exists a function f: R — [0, c0), called the probability
density, such that for every a € R,

Fa) = [ aoo F(x)dx (1.19)

Going back to the random variables Xy (w) in Example 1.8, a moment’s thought
reveals that (1.15) can be generalized as follows: Let Ay, ..., A, be subsets of {0,1}.
Then the probability that X € Ay for all k factors into the product of probabilities.
This natural property is referred to as independence. Here is a formal definition:

Definition 1.13 [Independence]l A collection X1,X>,..., X, of R%-valued random
variables is said to be independent if for any sequence of balls Ay, ..., Ay in RY,

IP( (n]{xk c Ak}) - ﬁ]P(Xk € Ap). (1.20)
k=1 k=1

The reason for this name is seen from the following observation:

Problem 1.14 Suppose Xi, X, ..., X, can only take values in a countable set R.
Show that knowing the value of one random variable, say X;, does not influence
the distribution of the others. Explicitly, for any a4, ...,4, € R,

H?(X] = al,Xz =dy,.. .,Xn = ﬂn) = IP(Xl = al)]lj(Xz =dy,.. .,Xn = an) (121)

Let us go back to Example 1.8. The right-hand side in (1.14) is not the most general
imaginable on 2,. An important extension is as follows:

Example 1.15 Bernoulli random variables : Consider the sample space (3, = {0,1}"
and let p € [0, 1]. For each sequence w € (), define

P({w}) = H pU(1—p)tex (1.22)

This is the Bernoulli distribution. Note that the outcomes of the experiment with this
distribution are manifestly independent in the above sense.

Consider a collection of Bernoulli (i.e., independent zero-one valued) random vari-
ables X; where k = 1,2,.... Define

Sp=X1+ 4+ Xy, (1.23)
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that is, the sum of the first n elements of the random sequence (Xy). As is easy
to check, S, can take any integer values between 0 and n. Suppose we wish to
calculate the distribution of S,, i.e., the collection of numbers IP(S,, = k) for all k =
0,1,...,n. The answer is as follows:

Lemma 1.16 [Binomial distribution] Let (X;) be Bernoulli with parameter p € [0,1].
Foreachk =0,1,...,n, we have

n e
P(S, =k) = ( k)p"(l —-p)~ (1.24)
A random variable with this distribution is called Binomial with parameters n and p.

Proof. Recall that X; are, technically, functions O, — {0,1} such that X;(w) = w;.
Now to ensure that S, = k, exactly k of the X; have to evaluate to one and n — k to
zero. This means that the event {S, = k} is the collection of w € ), with exactly k
ones and 1 — k zeros. Each such sequence has probability p*(1 — p)"~* and there
are () such sequences. This proves the desired claim. O

A binomial random variable is an example of a discrete random variable. Another
such example is the Poisson random variable X that takes values in {0} UIN with
probabilities
At
P(X=n)= e n > 0. (1.25)

Here A > 0 is a parameter. The last two examples are actually closely related:

Problem 1.17 Poisson convergence: Consider a binomial random variable Z,, , with
parameters n and p. Set p = 4/, with A > 0. Show that then for each m > 0,
)\m
P(Zypjm =m) — —e (1.26)

n—oo !

In technical terms, the random variables Z,, , /, converge in distribution to a Poisson
random variable with parameter A.

A yet another example of discrete random variables is the geometric random vari-
able that can be arrived at as follows:

Problem 1.18 Suppose Xj, Xp,... be independent 0-1-valued random variables
with P(X; = 1) = pand P(X; = 0) = 1 — p. We may think of these as results
of tossing an unfair coin. Define T to be the time when the first 1 appeared,

T =inf{n > 1: X, = 1}. (1.27)
Show that T takes all values in IN with

P(T=n)=(1-p)"'p, n>1 (1.28)

We call this distribution geometric.
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Examples of random variables with continuous distribution are easier to state be-
cause one only has to give the corresponding probability density function f(x).
Note that in these cases

P(X € A) = /Af(x)dx (1.29)

Example 1.19 Normal: A normal random variable — denoted by N (u,¢?) — is
characterized by two parameters, the mean y and variance o>. The probability den-
sity is given by

fo) = \/2117 e wl (1.30)

The special case of NV (0, 1), where the probability density takes the form

flx) = \/1271 e /2 (1.31)

is referred to as standard normal.

Exercise 1.20 Show that if X has distribution of N/ ( U, (72), then

(1.32)

has the distribution of A/(0, 1).

Example 1.21 Exponential: This random variable takes values in [0, c0); the proba-
bility density is

flx) =

A f/\x, 0,
{ ¢ x> (1.33)

0, otherwise.

Example 1.22 Cauchy: A Cauchy random variable takes all values in R and it has
the probability density
1 1

f)=—3702 e, (1.34)

Having given a sufficient number of representative examples, let us address the
last item on the “basic probability list,” namely, computing expectations.

Definition 1.23 [Expectation] Let X be a random variable taking values in IR. Then
the expectation, IEX, is defined by

EX =) aP(X =a) (1.35)
a
if X has discrete distribution, and by
EX = / xf(x)dx (1.36)

if X has continuous distribution with probability density f. We say that EX does not exist
if either the sum or the integral is not well defined (e.g., is of type oo — oo, etc).
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The motivation for introducing the notion of expectation is as follows. We already
agreed that P(X = a) corresponds to the relative frequency of seeing a in many
samples of random variable X, i.e., in n trials we should see order nlP(X = a)
occurrences of a. If we are interested in the the total sum of all values, then the sum
should be order n times ), alP(X = a) = EX. This is expressed more precisely by
the Laws of Large Numbers.

Problem 1.24 Let X be a positive random variable with probability density f(x)
and distribution function F(x). Show that then

EX = /000(1 — F(x))dx. (137)

Since a function of a random variable is a random variable, this defines expecta-
tion of ¢(X) for any function g: R — R. However, technically, this expectation
is expressed using the probability density of g(X). Nevertheless, it is not hard to
re-express it back using the probability density of X:

Lemma 1.25 [Change of variables] Let g: R — IR and let X be a random variable
with probability density f(x). Suppose that the expectation IEg(X) exists. Then

Bg(X) = [ g()f(x)dx. (1.38)

—00

We omit the proof for brevity. The idea of the proof is easier to see in the analogous
statement for discrete random variables:

Exercise 1.26 Let X have a discrete distribution and let us define Eg(X) using the
probability mass function of g(x). Show that

Eg(X) =) g(a)P(X =a). (1.39)

Finally, we introduce another common concept:

Definition 1.27 [Moments and variance] Given a random variable X taking values
in R, its k-th moment is simply the expectation |E(|X|¥). The variance of X, denoted by
Var(X), is given by

Var(X) = E((X — EX)?). (1.40)

Exercise 1.28 Show that the variance of X can also be computed by
Var(X) = E(X?) — (EX)? (1.41)
provided the second moment of X exists.

Finally we also note the relation between expectation and independence:

Lemma 1.29 Suppose X1, Xy, ..., X, are independent and g1, . ..,gn: R — R are func-
tions. Then

E(ﬁgk(xk)) = ﬁIE(gk(Xk)) (1.42)
k=1 k=1



Chapter 2

Random walks

Random walks are one of the basic objects studied in probability theory. The moti-
vation comes from observations of various random motions in physical and biolog-
ical sciences. The most well-known example is the erratic motion of pollen grains
immersed in a fluid — observed by botanist Robert Brown in 1827 — caused, as
we now know, by collisions with rapid molecules. The latter example serves just
as well for the introduction of Brownian motion. As will be discussed in a par-
allel course, Brownian motion is a continuous analogue of random walk and, not
surprisingly, there is a deep connection between both subjects.

2.1 Random walks and limit laws

The definition of a random walk uses the concept of independent random variables
whose technical aspects are reviewed in Chapter 1. For now let us just think of
independent random variables as outcomes of a sequence of random experiments
where the result of one experiment is not at all influenced by the outcomes of the
other experiments.

Definition 2.1 [Random walk] Suppose that X1, X, ... is a sequence of R%-valued
independent and identically distributed random variables. A random walk started at
z € R% is the sequence (S, )y>0 where So = z and

Su=Su1+Xy n>1 (2.1)

The quantities (X, ) are referred to as steps of the random walk.

Our interpretation of the above formula is as follows: The variable S, marks the
position of the walk at time n. At each time the walk chooses a step at random —
with the same step distribution at each time — and adds the result to its current
position. The above can also be written as

Su=z+Xi+ + X, (2.2)

for each n > 1. Note that while the steps X;, X», ... are independent as random
variables, the actual positions of the walk Sy, Sy, ... are not.

13
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Figure 2.1: A path of length 10* of the simple random walk on Z drawn by inter-
polating linearly between the points with coordinates (n,S,),n=0,..., 10%.

Exercise 2.2 Let (S,),>0 be a random walk. Show that Sy, — S, and S, are inde-
pendent and have the same distribution.

Here are some representative examples of random walks:

Example 2.3 Simple random walk (SRW) on Z: This is the simplest of all random
walks — hence the name. Here X; takes values in {+1, —1} and the walk S, started
from 0 is thus confined to the set of all integers Z. Often enough, X; takes both
values with equal probabilities, i.e.,

P(X; =1)=P(X; = —1) = 1, (2.3)

The walk then jumps left or right equally likely at each time. This case is more cor-
rectly referred to as the “simple symmetric random walk,” but the adjective “sym-
metric” is almost invariably dropped. In the other cases, i.e., when

P(X;=1)=p and P(X3=-1)=1-p (2.4)
with p # 1/5, the walk is referred to as biased. The bias is to the right when p > 1/,
and to the left when p < 1/5.

Example 2.4 Simple random walk on Z*: This is a d-dimensional version of the first
example. Here X; takes values in {£8&;,..., £&;} where & is the “coordinate vec-
tor” (0,...,0,1,0,...,0) in R with the “1” appearing in the k-th position. This
random walk is confined to the set of points in R? with integer coordinates,

Zd:{(nl,...,nd):n1,...,ndeZ}- (2.5)
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Figure 2.2: The set of vertices visited by a two-dimensional simple random walk
before it exited a box of side 10°. The walk was started at the center of the box and
it took 682613 steps to reach the boundary.

The easiest example to visualize is the case of d = 2 where the set Z? are the vertices
of a square grid. Thinking of Z? as a graph, the links between the neighboring
vertices represent the allowed transitions of the walk. A majority of appearances
of this random walk is in the symmetric case; i.e., when X; takes any of the 2d
allowed values with equal probabilities.

Example 2.5 “As the knight jumps” random walk on Z?: This random walk takes
steps allowed to the knight in the game of chess; i.e., there are 8 allowed jumps

281+ 6y, &1 +28, —28& —é), —&1 — 26y, (2.6)
281 — 6y, €1 —26,, —281+6y, —8&1+28é. (2.7)

Some experience with chess reveals that the random walk can reach every vertex
of Z? in a finite number of steps. This fails to be true if we further reduce the steps
only to those in the top line; the random walk is then restricted to the fraction of 1/3
of all vertices in Z?; see Fig. 2.3.

Example 2.6 Gaussian random walk: This random walk has steps that can take any
value in R. The probability distribution of X; is normal (or Gaussian) with mean
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/ARE

Figure 2.3: The set of allowed steps (arrows) and reachable vertices (dots) for the
random walk discussed in Example 2.5.

zero and variance 1, i.e., X1 = NV (0, 1) or, explicitly,
L |
—c0 /27T

A distinguished feature of this walk that the distribution of S, is also normal with
mean zero but variance /n. A typical displacement of this random walk after n
steps is thus “order-1/n” — a scale that, as we will see in Theorem 2.11, is quite
typical for random walks with zero mean.

P(X; < x) = e ¥ /2dy (2.8)

Example 2.7 Heavy tailed random walk: To provide contrast to the previous example,
we can also take a random walk on R with a step distribution that is symmetric
but has “heavy tails.” (We discuss these briefly in Chapter 1.) For instance, take X;
continuous with probability density

o 1 if ] > 1
flx) =23 2 [xt - 2.9)

0, otherwise.

where « is a parameter with 0 < a < 2. As is seen by comparing Fig. 2.1 and
Fig. 2.4, a distinction between this random walk and the SRW is clear at first sight.

We finish our introduction to random walks by adapting standard limit theorems
for sequences of i.i.d. random variables to the quantity S, = X; + - - - 4+ X,;. Note
the requirement of a particular moment condition in each theorem.

We begin by extracting the leading order (linear) scaling of S;:
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Theorem 2.8 [Strong Law of Large Numbers] Suppose that E|X1| < oo. Then, with
probability one,

lim Sn exists and equals EX; (2.10)

n—oo M

The expectation [EX; thus defines the asymptotic velocity of the walk. In particular,
if EX; # 0 then the walks moves away from the starting point at linear speed while
for EX; = 0 the speed is zero.

Exercise 2.9 Show that if EX; # 0, the probability that the random walk with
steps X1, X, ... visits the starting point infinitely often is zero.

Problem 2.10 An example of a heavy tailed random walk is the Cauchy random walk
where X has Cauchy distribution characterized by the probability density

l 1
71+ x?

f(x) = (2.11)

This example is analogous — or technically, in same “basin of attraction” — as
the « = 1 random walk discussed in Example 2.7. Show that if Xj,..., X, are
independent Cauchy, then so is S, /n for each n. In particular, the conclusion of
Theorem 2.8 fails in this case.

Next we will describe the fluctutations of the position S, around its mean:

Theorem 2.11 [Central Limit Theorem] Consider a one-dimensional random walk
with E(X?) < co. Then, as n — oo,

Sn — HIEXl
NG

has asymptotically normal distribution with mean zero and variance 0> = Var(Xy).

(2.12)

The crux of this result is that, for the walks with EX; = 0, the distribution of the
endpoint is asymptotically very close to that of the Gaussian random walk with a
properly adjusted variance. This is a manifestation of a much more general invari-
ance principle that deals with the distribution of the entire path of the random walk.
The limiting object there is Brownian motion.

Problem 2.12 Consider the Gaussian random walk of length n. Show that the
largest step is of size order y/logn and that the difference between the first and
second largest positive step tends to zero as n — oo.

Exercise 2.13 Suppose 1 < a < 2 and consider the first n steps of the heavy tailed
random walk from Example 2.7. Show that the probability that the largest step is
twice as large than any other step is bounded away from zero uniformly in 7.

Problem 2.14 Suppose now that 0 < a < 1. Show that that with probability that is
uniformly positive in 1, the largest step of a heavy tailed random walk of length n
is larger than the sum of the remaining steps. See Fig. 2.4.
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o

s

Figure 2.4: A plot of 25000 steps of the heavy tailed random walk from Example 2.7
with & = 1.2. The defining feature of heavy tailed random walks is the presence of
“macroscopic” jumps, i.e., those comparable with the typical distance of the walk
from the starting point at the time of their occurrence. In particular, the Central
Limit Theorem does not apply due to the lack of the second moment of Xj.

2.2 Transition in d = 2: Recurrence vs transience

In the previous section we introduced random walks in quite some generality.
However, to make our discussion easier, we will henceforth assume that

all random walks have step distribution concentrated on Z*
Our next business is to try to address two basic questions:

(1) Under what conditions does a random walk come infinitely often back to its
starting position?

(2) When do the paths of two independent copies of the same random walk inter-
sect infinitely often?

The interest in these is bolstered by the fact that the answer depends sensitively on
the dimension. Explicitly, for rather generic step distributions, the character of the
answer changes as dimension goes from 2 to 3 for the first question and from 4 to 5
for the second question.

Throughout this section we will focus on the first question.
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Definition 2.15 [Recurrence & transience] We say that a random walk is recurrent
if it visits its starting position infinitely often with probability one and transient if it visits
its starting position finitely often with probability one.

Our analysis begins by showing that every random walk is either recurrent or tran-
sient; no intermediate scenarios take place. Let N be the number of visits of (S,) to
its starting point Sy,

N - Z 1{511:50}. (213)

n>0

Recurrence then means P(N = o0) = 1 while transience means P(N < o0) = 1 and
so absence of intermediate scenarios is equivalent to showing P(N < c0) € {0,1}.
Let T denote the first time the walk is back to the starting point:

T=inf{n >1: X4+ -+ X, =0} (2.14)
If no such visit exists, then T = co. Note that
P(N=1) =P(t = o). (2.15)
Lemma 2.16 [Either recurrent or transient] Foreachn > 1,
P(N = n) = P(1 = o)P(T < 00)" 1, (2.16)

Then either P(T = oo) = 0 which implies P(N < o0) = 0, or P(T = o0) > 0 which
implies P(N < oco) = 1. In particular, every random walk is either recurrent or transient.

Proof. We first prove the identity
P(N=n+1)=P(N=n)P(t <), n>1. (2.17)

Consider the first visit back to the origin and suppose it occurred at time 7 = k.
Then N = n + 1 implies that the walk S}, = Sy, — Sy — namely, the part of the
walk (S,) after time k — makes n visits back to its starting point, S; = 0. But
the walk S, is independent of the event {T = k} because T = k is determined
by X, ..., Xi while S}, is a function of only X1, Xiy2,.... This implies

P(N:n+1&1:k):]l°<21{5%:0}:n&7:k>

m>0

= 11)( Y lig o) = n) P(t = k) = P(N = n)P(t = k) (2.18)
m>0

where we used that the walk S}, has the same distribution as S,,. Summing
P(N=n+1&t=k)=P(N =n)P(t =k) (2.19)

over k in the range 1 < k < co gives (2.17).

To get (2.16), plug (2.15) in (2.17) and solve recursively for P(N = n). For the rest
of the claim, we note that if P(T = o) = 0, then P(N = n) = 0foralln < oo
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implying IP(N < o0) = 0. If, on the other hand, P(7 = o0) > 0 then P(7 < o0) < 1
and, by (2.17), the probabilities P(N = n) form a geometric sequence. Summing
over all 7 in the range 1 < n < co gives

_ Pt=0)
PN <) = o pr oo =1 (2.20)

as desired. 0

Problem 2.17 Suppose (S, ) is a random walk and let x be such that P(S,, = x) > 0
for some n > 0. Prove that with probability one (S,) visits x only finitely often
if (S, ) is transient and infinitely often if (S, ) is recurrent.

The main technical point of the previous derivations is that transience can be char-
acterized in terms of finiteness of IEN:

Lemma 2.18 A random walk is transient if EN < oo and recurrent if EN = oo.
Proof. If EN < oo then P(N < o0) = 1 and the walk is transient. However, the

other implication is more subtle. Assume P(N < o0) = 1 and note that then also
IP(T = o) > 0. Then sequence IP(N = n) thus decays exponentially and so

EN = i nP(N =n) =P(t = o) i nP(t < oo)”*l
n=1

n=1 (2.21)
P(t =c0) 1
T [1-P(r<)]?2  P(t =)
Hence EN < oo as we intended to show. O

Exercise 2.19 As noted in the proof, the fact that EN < oo implies P(N < c0) =1
is special for the context under consideration. To see this is not true in general, find
an example of an integer valued random variable Z > 0 such that P(Z < c0) =1
but EZ = oo.

Exercise 2.20 Show that the probability IP(S, = 0) for the simple symmetric ran-
dom walk in d = 1 decays like n71/2. Conclude that the walk is recurrent.

A practical advantage of the characterization using the finiteness of EN is that the
expectation can be explicitly computed:

Lemma 2.21 [Expectation formulal Consider a random walk on Z® with steps denoted
by X1, Xo, ... and let

p(k) = E(e*X1) := Ecos(k- X;) +iEsin(k - X1). (2.22)

Then
) dk 1
EN = ltlgl [, ) (27T)d 1-— tq)(k) (2.23)
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Proof. The proof is based on the formula

dk
lic . = ——elkSn 2.24
{S5,=0} /[7[,7‘[]‘7’ (27-[>d € ( )
which is a consequence of d-fold application of the Fourier identity
. 1 if n =
/ 40 gino _ J 1 tn=0, (2.25)
[—7t,7] 27 0, ifneZ \ {O}

(Here is where we used the fact that the walk is confined to integer lattice.)

Taking expectation in (2.24), we thus get

dk :
P(S, = 0) = / (el Sn). 2.26
So=0= [ oy EE) 226)
Since S, is the sum Xj + - - - + X, we have el5n = elkXi...ekXu  Moreover,

as Xi, ..., X, are independent, then so elkXi ... ek X, Using that expectation of a

product of independent random variables is a product of expectations,
E(e5) = E (%) . .. E(ef X)) = (k)" (2.27)

Next multiply (2.26) by " for some ¢ € [0,1) and sum on 1 > 0. This gives

HZ:%JMIP(Sn =0) = lg)tn /[m}d (27T)dq)(k)n
dk .
N /[m]d (2n)° HZO[“PU‘H (2.28)

_ / dk 1
et (2m)4 1 — te(k)

where we used that |f¢(k)| < t < 1 to see that the sum and integral can be inter-
changed in the second line. Taking the limit + T 1 makes the left-hand side tend
to Y >0 P(S, =0) = EN. O

These observation allow us to characterize when the simple random walk is recur-
rent and when it is transient:

Theorem 2.22 [Recurrence/transience of SRWI] The simple symmetric random walk
on Z% is recurrent in dimensions d = 1,2 and transient in dimensions d > 3.

Proof. To apply the previous lemma, we need to calculate ¢ for the SRW. Using that
the walk makes steps only in (positive or negative) coordinate directions, we get

o, 1 ik o 1 ik
(k) = —e" 4+ —e M 4. 4 —elft e
2d 2d 2d 2d (2.29)

1 1
=7 cos(ky) + -+ 7 cos(ky).
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This shows that ¢(k) = 1 on [~7, 7]¥ ifanonly ifky = --- = k; = 0and so k = O is
the only point that could make the integral diverge in the limit as ¢t T 1. To find out
what happens precisely, we will need to control the behavior of the function 1 —
tg(k) around k = 0 for t close to one. First we note that

1 — cos(x) = 2sin*(*/2) and %C <sin(x) < x (2.30)
yield
k2 k2
1 1

Plugging this in the definition of ¢ (k) shows that

1—t+2tﬁ<1—t (k)<1—t+@ (2.32)
wd = = 2d ‘
Taking the limit we find that the function k +— 1 — t¢(k) is uniformly integrable
around k = 0 if and only if the function k — |k|? is integrable, i.e.,

dk

il 2.33
k<1 [k[? (2.33)

EN < oo if and only if

The integral is finite if and only if d > 3. O

A famous quote sums up the previous theorem as follows: “A drunken man will
always find his way home but a drunken bird may get lost forever.” This, of
course, assumes that the spontaneous motion of intoxicated biological material is
described by a random walk with similar properties as the SRW.

Exercise 2.23 Show that a biased simple random walk on Z — i.e., the walk on Z
withP(X; = +1) = p=1—-P(X; = —1) —is transient for all p # /5.

Problem 2.24 Use the above techniques to show that the random walk described
in Example 2.5 is recurrent in dimensions d = 2 and transient otherwise — the
generalization to d > 3 is straightforward: The walk jumps by two units in one
lattice direction and one in some other. How about the walk in Fig. 2.3? (Here both
jumps are either both positive or both negative.)

Problem 2.25 Consider a random walk on Z with step distribution

1,1 1
H’(Xlzn):§<’n‘a - (|n’+1)a), n#0. (2.34)

Characterize the values of « > 0 for which the walk is recurrent.

2.3 Transition in d = 4 & Loop-erased random walk

In this section will be devoted to the second question from Section 2.2 which con-
cerns the non-intersection of the paths of independent copies of the same random
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walk. Consider two independent copies (S,) and (S,) of the same random walk.
We are interested in the cardinality of the set

3(S,8) :={S,:n>0}N{S,: n>0}. (2.35)
First we note that in some cases the question can be answered directly:
Exercise 2.26 Use Problem 2.17 to show that paths of two independent copies of a
(non-constant) recurrent random walk meet at infinitely many distinct points.
This allows us to focus, as we will do from now on, on transient random walks
only. Some of these can be still handled by geometric arguments:
Problem 2.27 Show that the paths of two independent copies of a simple random

walk on Z, biased or symmetric, intersect infinitely often with probability one.

To address the general case, instead of |J(S, S)| we will work with the number

Z l{Sm:Sn} (236)

m,n>0

that counts the number of pairs of times when the walks collided. To see this comes
at no loss, we note that

N®@ <o = 3(5,5)| <o (2.37)
To get the opposite implication, we note:
Lemma 2.28 Suppose the random walks S and S are transient. Then

P(N® =c0) =1 ifandonlyif P(|3(S,5)] =o0) =1 (2.38)

Proof. Let ny be the number of visits of (S,) to x,

ny = Z 1{5”235} (239)

n>0

and let i, be the corresponding quantity for S,. By the assumption of transience,
ny < o0 and 7iy < oo for every x with probability one. Next we note

Z 2 Ls,=x}1 {Sp=x} = Z NyTly (2.40)

mn=0 xe7J(s,5) x€73(S,5)

If |3(S,5)] < oo, then the sum would be finite implying N?) < co. Thus, if
IP(N?) = c0) = 1 then we must have |J(S, )| = co with probability one. O

We now proceed to characterize the transient random walks which N?) is finite
with probability one. The analysis is analogous to the question of recurrence vs
transience but some steps are more tedious and so will be a bit sketchy at times.

Using arguments that we omit for brevity, one can again show that P(N?) < o)
takes only values zero and one and

P(N® < c0) =1 ifandonlyif EN®? < co. (2.41)

Next we prove:
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Lemma 2.29 Consider a random walk on Z% with steps X1, Xo, ... and let, as before,
@(k) = E(e*X1). Then

dk 1

EN® — 2.42
VT @R -t P 28
Proof. A variant of the formula (2.24) gives
~ — dk ik'(snfgm)
].{Sn:Sm} - /['—7'[,7‘(]‘1 (27_[){1 e . (243)
Applying (2.27) we have
E (e 5y = g(k) (k)" (244)
and so taking expectations on both sides of (2.43) leads to
RS =S = [ o g0 (2.45)
e [—7,m)d (27‘()d 4 ¢ ‘
Multiplying by """ and summing over n,m > 0 we get
~ dk 1
t"TP(S, = Sy) = / : (2.46)
méo ( V=) oy T b7
As before, from here the claim follows by taking the limit ¢ T 1. O

The principal conclusion is now as follows:

Theorem 2.30 The paths of two independent simple symmetric random walks on Z¢
intersect infinitely often with probability one in dimensions d < 4 and only finitely often
with probability one in dimensions d > 5.

Proof. Using the same estimates as in Theorem 2.22, we get

d7k < o0
k<1 [K[*

The integral is finite if and only if d > 5. O

EN® < oo if and only if (2.47)

Problem 2.31 For what values of & > 0 do the paths of independent copies of the
walk described in Problem 2.25 intersect infinitely often.

There is a heuristic explanation of the above phenomena: The fact that the ran-
dom walk is recurrent in d = 2, but just barely, means that the path of the walk
is two dimensional. (This is actually a theorem if we interpret the dimension in the
sense of Hausdorff dimension.) Now it is a fact from geometry two generic two-
dimensional subspaces of R? do not intersects in dimension d > 5 and they do
in dimensions d < 4. Hence we should expect that Theorem 2.30 is true, except
perhaps for the subtle boundary case d = 4.



2.3. TRANSITION IN D = 4 & LOOP-ERASED RANDOM WALK 25

Problem 2.32 To verify the above heuristics, let us investigate the intersections of m
paths of SRW. Explicitly, let S(), ..., S") be m independent SRW and define

N — Z 1{S£1:'-':S/m} (2.48)
gl/-“/(mzo

Find in what dimensions we have EN(") < .

The non-intersection property of the simple random walk above 4 dimensions
plays a crucial role in the understanding of a walk derived from the SRW called
the loop-erased random walk (LERW). Informally, the LERW is extracted from a finite
path of the SRW by sequentially erasing all cycles on the path of the SRW in the
order they were created. The main point of doing this is that the resulting LERW
has self-avoiding paths — i.e., paths that visit each point at most once.

Definition 2.33 [Loop erasure of SRW pathl Let Sy, Sy,...,S, be a finite path of
the SRW. Define the sequence of times Ty < Ty < ... by setting To = 0 and

T zl—i—sup{m: T.<m<n&Sy, :STk} (2.49)
The loop erasure of (Sy) is then the sequence (Z,,) where

Zm — STm’ Tm S n. (2.50)

The subject of the LERW goes way beyond the level and scope of these notes. (In-
deed, it has only been proved recently that, in all dimensions, the LERW has a well
defined scaling limit which is understood in d = 2 — see Fig. 2.5 — and d > 4,
but not in d = 3.) However, the analysis of the path-avoiding property of the SRW
allows us to catch at least a glimpse of what is going on in dimensions 4 > 5.

The key notion to be studied in high dimension is that of a cut point. The cleanest
way to define this notion is for the fwo sided random walk which is a sequence
of random variables (S,),cz indexed by (both positive and negative) integers,
where S, is defined by

X1+ + Xy, n=1,
Sn: 0, l’l:O,
Xps1 + -+ Xo, n<0

where (X,,) is a doubly infinite sequence of independent copies of Xj.

Definition 2.34 [Cut point] Consider a two sided random walk on Z°®. Then x € Z*
is said to be a cut point if there exists k such that Sy = x and the paths of one sided walks

S =S, and S! =S¢, n>0, (2.51)

intersect only at time n = 0 — the starting point. The time k is then referred to as the cut
time of the random walk (Sy,).
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Figure 2.5: A path of the loop erased random walk obtained by loop-erasure from
the SRW from Fig. 2.2. The trace of the SRW is depicted in light gray. While the
SRW needed 682613 steps to exit the box, its loop erasure took only 3765 steps.

Lemma 2.35 Consider the two sided random walk (S,,) and let (Z,,) be the loop erasure of
the n > 0 portion of the path. Then the sequence (Z,) visits all cutpoints (of the two-sided
path) on the n > 0 portion of the path (S,) in chronological order.

Proof. The loop erasure removes only vertices on the path that are inside cycles.
Cut points are never part of a cycle and so they will never be loop-erased. O

The fact that the SRW and the LERW agree on all cutpoints has profound conse-
quences provided we can control the frequency of occurrence of cutpoints. We
state a very weak claim to this extent:

Lemma 2.36 Let R, be the number of cut times — in the sense of Definition 2.34 — in
the set of times {1,...,n}. Then

ER, = nP(N? =1). (2.52)

In particular, for each € € [0,1),

P(R, > en) > (2.53)
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Figure 2.6: A schematic picture of the path of a two sided random walk which, in
high dimension, we may think of as a chain of little tangles or knots separated by
cutpoints (marked by the bullets).

Proof. We have

n
R, = Z 1{k is a cut time} (2.54)
k=1
Taking expectation we get
n
ER, = )_ P(kisa cut time). (2.55)
k=1

But the path of the two-sided random walk looks the same from every time and
so IP(k is a cut time) equals the probability that 0 is a cut time. That probability in
turn equals IP(N(® = 1). This proves (2.52). To get also (2.53) we note

ER, < en[l —P(R, > en)| + nP(R, > en). (2.56)
Then (2.53) follows from (2.52) and some simple algebra. O

Of course having a positive density of points where the SRW and the LERW agree is
not sufficient to push the path correspondence through. However, if we can show
that the “tangles” between the cutpoints have negligible diameter and that none of
them consumes a macroscopic amount of time, then on a large scale the paths of
the LERW and the SRW will be hardly distinguishable.

2.4 Harmonic analysis and electric networks

Random walks have a surprising connection to electric or, more specifically, resistor
networks. This connection provides very efficient means to estimate various hitting
probabilities and other important characteristics of random walks. The underlying
common ground is the subject of harmonic analysis.

We begin by a definition of a resistor network:

Definition 2.37 [Resistor network] A resistor network is an unoriented (locally fi-
nite) graph G = (V, E) endowed with a collection (cxy) e of positive and finite num-
bers — called conductances — that obey the symmetry

Cxy = Cyxs (x,y) €E, (2.57)
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and local boundedness

Z Cxy < 09, xeV, (2.58)
yev

conditions. The reciprocal values, r. = 1/c, are referred to as resistances.

The above definition builds on applications of electric networks in engineering
where one often considers circuits with nodes and links. The links transport elec-
tric current between the nodes and the resistance of the link characterizes energy
dissipation — generally due to heat production — of the link. The nodes, on the
other hand, are characterized by the value of the electric potential. The currents and
voltages are in one-to-one correspondence via Ohm’s Law, which we will regard as
a definition of the currents:

Definition 2.38 [Ohm’s Law] Suppose G = (V,E) is an resistor network with con-
ductances (cxy). Let u: V. — IR be an electric potential at the nodes. Then the electric
current iy, from x to y is given by

Iy = Cxy [u(y) —u(x)]. (2.59)
For ease of exposition, we also introduce the notation i(x) for the total current,

i(x) =Y iy (2.60)

yev

out of vertex x. There are two basic engineering questions that one may ask about
resistor networks:

(1) Suppose the values of the potential u are fixed on a set A C V. Find the poten-
tial at the remaining nodes.

(2) Suppose that we are given the total current i(x) out of the verticesin A C V.
Find the potential at the nodes of V' that is consistent with these currents.

The context underlying these questions is sketched in Figs. 2.7 and 2.8.

Of course, the above questions would not come even close to having a unique
solution without imposing an additional physical principle:

Definition 2.39 [Kirchhoff’s Law of Currents] We say that a collection of currents
(ixy) obeys Kirchhoff’s law of currents in the set W C V if the total current out of any
vertex in W is conserved, i.e.,

i(x)=0, x€W. (2.61)

The imposition of Kirchhoff’s law has the following simple consequence:

Lemma 2.40 For a function f: V — R, define (Lf): V — R by

(Lf)(x) = ) cxy[f(y) — f(x)] (2.62)

yev
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13

Figure 2.7: A circuit demonstrating the setting in the first electrostatic problem
mentioned above. Here vertices on the extreme left and right are placed on con-
ducting plates that, with the help of a battery, keep them at a constant electrostatic
potential. The problem is to determine the potential at the “internal” vertices.

Let W C V and suppose u is an electric potential for which the currents defined by Ohm’s
law satisfy Kirchhoff’s law of currents in W. Then

(Lu)(x) =0, x e W. (2.63)

Proof. Using Ohm’s Law, the formula for the current out of x becomes

i(x) =Y iy =Y cxyfuly) —u(x)] = (Lu)(x) (2.64)

yev yev
Thus if i(x) = 0, then Lu vanishes at x. O

Definition 2.41 [Harmonic function] We say that f: V — R is harmonic in W
with respect to L if (Lf)(x) = 0 for each x in a subset W C V.

The object £ is a linerar operator in the sense that it operates on a function to get
another function and the operation is linear. In Markov chain theory which we will
touch upon briefly in the next section, L is referred to as generator.

Note that while the definition of harmonicity of f speaks only about the vertices
in W, vertices outside W may get involved due to the non-local nature of £. Har-
monic functions are special in that they satisfy the Maximum Principle. Given a
set W C V, we use

oW = {y € V\ W: 3x € W such that (x,y) € E} (2.65)
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Figure 2.8: A circuit demonstrating the setting in the second electrostatic problem
above. The topology of the circuit is as in Fig. 2.7, but now the vertices on the
sides have a prescribed current flowing in/out of them. The problem is again to
determine the electrostatic potential consistent with these currents.

to denote its outer boundary. Then we have:

Theorem 2.42 [Maximum Principle] Let W C V be finite and connected and sup-
pose f: V — R is harmonic on W with respect to L. Then

of f(y) < min f(y) < maxf(x) < sup f), (2.66)

In fact, f cannot have a strict local maximum on W and if has a local maximum on W then
it is constant on W U oW.

Proof. Let x € W be a local maximum of f on W UdW. We claim that then
f(y) = f(x) forally with (x,y) € E (2.67)

Indeed, if f(y) < f(x) for all neighbors of x with at least one inequality strict, then

Y o f(x) > Y ey f(y). (2.68)

yev yev

But that is impossible because the difference of the left and right-hand side equals
(Lf)(x) which is zero because x € W and because f is harmonic at x.

Now suppose that the right-inequality on (2.66) does not hold. Then the maximum
of f over WU dW occurs on W. We claim that then f is constant on W U dW.
Indeed, if x € W U JW were a vertex where f is not equal its maximum but that
has a neighbor where it is, then we would run into a contradiction with the first
part of the proof by which f must be constant on the neighborhood of any local
maxima. Hence, f is constant on W U 0W. But then the inequality on the right of
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(2.66) does hold and so we have a contradiction anyway. The inequality on the left
is equivalent to that on the right by passing to —f. O

Corollary 2.43 [Rayleigh’s Principle] Let W C V be finite and let uy: V\ W — R
a function that vanishes outside W U 0W. Then there exists a unique u: V. — R which is
harmonic on W with respect to L and satisfies

u(x) = ug(x), xeV\W. (2.69)
Moreover, this function is the unique minimizer of the Dirichlet energy functional,

EW=3 T eufuy) - u(x] @70)
(ey)eE

subject to the condition (2.69).

Proof. First we will establish uniqueness. Suppose u and i are two distinct func-
tions which are harmonic on W with respect to £ and both of which obey (2.69).
Then v = u — 7 is harmonic on W and vanishes on V' \ W. But the Maximum
Principle implies

0 yle%%”(y) < mino(x) < maxwv(x) < ys;gv o(y) =0 (2.71)

and so v = 0. It follows that u = 7.

To see that the desired harmonic function in W exists for each “boundary condi-
tion” up, we will use the characterization by means of the minimum of £(u). The
function u — &£(u), regarded as a function of variables {u(x): x € W} — with ug
substituted for u outside W — is continuous and bounded from below, and so it
achieves its minimum. The minimizer is characterized by the vanishing of partial
derivatives,

d
E(u) = -2 Z cxy [u(y) —u(x)] = =2(Lu)(x) (2.72)
ou(x)
yeV
for all x € W. This means that it is harmonic on W. O

The word energy appears because € (u) represents the total electrostatic energy of
the current flowing through the network; another name for £ (u) is Dirichlet form.
An important consequence of the characterization in terms of a minimizer of the
Dirichlet energy is the monotonicity in ¢,,. Indeed, we note:

Lemma 2.44 [Monotonicity] Let W C V be finite or infinite. The (value of the) mini-

mum of u — &(u) subject to u = ug on V \ W is non-decreasing in all variables c.,.

Proof. This is an immediate consequence of the fact that the minimum of a family
of non-decreasing functions is non-decreasing. O
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Figure 2.9: The setting for the application of the serial law (top) and parallel law
(bottom). In the top picture the sequence of nodes is replaced by a single link whose
resistance is the sum of the individual resistances. In the bottom picture, the cluster
of parallel links can be replaced by a single link whose conductatance is the sum of
the individual conductances.

Let us go back to the two questions we posed above and work them out a little
more quantitatively. Suppose A and B are disjoint sets in V' and suppose that A
is kept at potential u = 0 and B at a constant potential u = U > 0. A current I
will then flow from A to B. Thinking of the whole network as just one resistor, the
natural question is what is its effective resistance Regs = U/I. A formal definition of
this quantity is as follows:

Definition 2.45 [Effective resistance] Let A,B C V be disjoint. The effective resis-
tance Reg(A, B) is a number in [0, co] defined by
Ret(A,B) ' =inf{€(u): 0<u<1,u=00nA, u=1onB}. (2.73)

Problem 2.46 Show that adding or removing the condition 0 < u < 1 does not
change the value of the infimum.

A consequence of Lemma 2.44 is that the effective resistance Rq¢(A, B) increases
when the individual resistances ry, are increased.

Exercise 2.47 Show that adding an extra link of positive conductance to the graph G
decreases the effective resistance Re¢(A, B) between any two disjoint sets A and B.

Problem 2.48 Abusing the notation slightly, we write Reg(x, ) for Reg({x}, {y})-
Show that (x,y) +— Reg(x,y) defines a metric distance on G, e.g., a non-negative
function which is symmetric,

Regt(x,y) = Rett(y, %),  x,y €V, (2.74)
and obeys the triangle inequality,

Ret(%,y) < Ree(x,2) + Reg(y, 2), x,y,z€V. (2.75)
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Figure 2.10: A regular ternary tree.

Exercise 2.49 Find the effective resistance Reg(x, i) between any pair of vertices of
the ring {0,...,N — 1} where N — 1 is considered a neighbor of 0 and all edges
have a unit conductance.

Problem 2.50 Consider a two-dimensional torus Ty of N x N vertices. Explicitly,
Ty is a graph with vertex set V.= {0,...,N —1} x {0,...,N — 1} and edges be-
tween any pair (x1,y1) € V and (x2,12) € V with

(]x1 — x2] mod N) + (|y1 — y2| mod N) = 1. (2.76)

All edges have a unit conductance. Find the effective resistance Ry (x, y) between
a neighboring pair (x,y) of vertices of Ty. Hint: Use discrete Fourier transform.

As it turns out, the most important instance of effective resistance Reg(x, v) is when
one of the points is “at infinity.” The precise definition is as follows:

Definition 2.51 [Resistance to infinity] Consider an infinite resistor network and
let B be a sequence of balls of radius R centered at a designated point 0. The resistance
Regi(x, 00) from x to oo is then defined by the monotone limit

Reff(x/ oo) = 1%13010 Reff({x}/ B}:{) (2.77)

Exercise 2.52 Show that the value of Reg(x,00) does not depend on the choice of
the designated point 0.

Exercise 2.53 Show that R.(x,00) = oo for a network given as an infinite chain of
vertices, i.e., G = Z with the usual nearest neighbor structure.

Apart from monotonicity, the resistor networks have the convenient property that
certain parts of the network can be modified without changing effective resistances
between sets non-intersecting the modified part. The most well known examples
of these are the parallel and serial laws.
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For the sake of stating these laws without annoying provisos, we will temporarily
assume that vertices of G may have multiple edges between them. (Each such
edge then has its own private conductance.) In graph theory, this means that we
allow G to be an unoriented multigraph. The parallel and serial laws tell us how to
reinterpret such networks back in terms of graphs.

Lemma 2.54 [Serial Law] Suppose a resistor network contains a sequence of incident
edges ey, ..., ey of the form ej = (x]-_l,xj) such that the vertices xj, j = 1,. L, 0—1,
are all of degree 2. Then the effective resistance Reg(A, B) between any sets A, B not
containing x1, . .., x¢—1 does not change if we replace the edges e, . . ., ey by a single edge e
with resistance

Te="Te + -+ (2.78)

Lemma 2.55 [Parallel Law] Suppose two vertices x,y have multiple edges ey, . .., e,
between them. Then the effective resistance Reg(A, B) between any sets A, B does not
change if we replace these by a single edge e with conductance

Ce = Cop + -+ -+ Ce, (2.79)

Problem 2.56 Prove the parallel and serial laws.

Problem 2.57 Consider the tree as in Fig. 2.10. Use the aforementioned facts about
effective resistance to show that, for any vertex v, we have Rq¢(v,00) < co. Com-
pare with Exercise 2.53. Hint: First prove the result for the rooted tree.

2.5 Random walks on resistor networks

To demonstrate the utility of resistor networks for the study of random walks, we
will now define a random walk on a resistor network. Strictly speaking, this will not be
a random walk in the sense of Definition 2.1 because resistor networks generally do
not have any underlying (let alone Euclidean) geometry. However, the definition
will fall into the class of Markov chains that are natural generalizations of random
walks to non-geometric setting.

Definition 2.58 [Random walk on resistor network] Suppose we have a resistor
network — i.e., a connected graph G = (V, E) and a collection of conductances c,, e € E.
A random walk on this network is a collection of random variables Zo, Z1, . .. such that
foralln > landall zq,...,2, €V,

P(Zy=z1,...,Zy = zy4) = P(2,21)P(21,22) - - - P(2y—1,2n) (2.80)

where P: V x V — [0,1] is a symmetric matrix defined by

P(x,y) = ;E;yc) with  7(x) = Evcxy. (2.81)
ye

We say that the random walk starts at z if

P(Zp=z) = 1. (2.82)
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To mark the initial condition explicitly, we will write IP* for the distribution of the walks
subject to the initial condition (2.82).

Example 2.59 Any symmetric random walk on Z? is a random walk on the resis-
tor network with nodes Z¢ and an edge between any pair of vertices that can be
reached in one step of the random walk. Indeed, if X1, X5, ... denote the steps of
the random walk (S,,) with Sy = z, then

P*(S1=2z1,...,Sn=2zy) =P(X1 =21 —2) - - P(Xy, = 2y — 21)- (2.83)
To see that this is of the form (2.80-2.81), we define the conductance cy, by
cy =P(Xi =y —x) (2.84)

and note that symmetry of the step distribution implies ¢y, = cyx while the nor-
malization gives 7(x) = 1.

The symmetry assumption is crucial for having P(x,y) of the form (2.81). If one
is content with just the Markov property (2.80), then any random walk on Z? will
do. The simplest example of a symmetric random walk is the simple random walk,
which just chooses a neighbor at random and passes to it. This “dynamical rule”
generalizes to arbitrary graphs:

Example 2.60 Random walk on a graph: Consider a locally finite unoriented graph G
and let d(x) denote the degree of vertex x. Define

Cy =1, (x,y) € E. (2.85)

This defines a resistor network; the random walk on this network is often referred
to as random walk on G because the probability to jump from x to neighbor y is

1
P(x,y) = i (x,y) € E, (2.86)
which corresponds to choosing a neighbor at random. In this case 77(x) = d(x).

We proceed by a characterization of the electrostatic problems for resistor networks
by means of the random walk Zy, Z;, ... on the network:

Lemma 2.61 [Dirichlet problem in finite domain] Let W C V be a finite subset of
the resistor network and let

Tive = inf{n > 0: Z, € W} (2.87)
be the first time the walk (Z,) visits W€. Then
P*(Tpye < 00) =1, zeV. (2.88)
In addition, if ug: W — R is a bounded function then
u(x) = E* (uo(Zx,.)), xeV, (2.89)

defines the unique function u: V — IR that is harmonic on W with respect to L defined in
(2.62) and that coincides with ug on W€,
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Problem 2.62 Prove (2.88) by showing that IP?(tyye > 1) < ™" for some § > 0.
Hint: Show that € := min,cy P*(tyye < k) > 0 when k is the diameter of W. Then
iterate along multiples of k to prove that IP*(ty« > nk) < (1 —¢)".

Proof of Lemma 2.61. Let u be given by (2.89). We clearly have P*(ty. = 0) = 1
when z € W€ and so u = ug outside W. Since there is only one harmonic function
for each boundary condition 1y, we just need to show that u defined above is har-
monic on W with respect to £. This is quite easy: If the walk started at x € W, then
Twe > 1. Fixing explicitly the value of Z; yields

u(x) = Y E (uo(Zaye ) 11z,—))- (2.90)
yev

Since the probability of each path factors into a product (2.80), we have

E* (10(Zrye ) 1{z,=y}) = P(x,y)E (u0(Zr,)) = P(x,y)u(y) (2.91)
and so
u(x) = ) P(x,y)uly). (2.92)
yev
In explicit terms,
m(x)u(x) =) cxyu(y). (2.93)
yev

But 71(x) is the sum of ¢y, over all y and so we can write the difference of the right
and left-hand side as (Lu)(x) = 0. O

The probabilistic interpretation of the solution allows us to rewrite the formula for
effective resistance as follows:

Lemma 2.63 Let W C V be a finite set and let x € W. Let T, denote the first return
time of the walk (Z,) to x,

T, = inf{n > 1: Z, = x}. (2.94)

Then
Rege({x}, W) ™! = 71(x) P* (T, > Tne). (2.95)

Proof. Consider the function

1/ zZ = x,
u(z) = q P*(Ty < Te), xe W\ {x}, (2.96)
0, x € W€.

Then u is a solution to the Dirichlet problem in W\ {x} with boundary condi-
tion u = 1 on {x} and 0 on W¢. In particular,

Rege({x}, W) ! = £(u). (2.97)
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We thus have to show that £(u) equals the RHS of (2.95). For that we insert

[u(y) —u(z)]" = u(y) [u(y) — u(2)] +u(2)[u(z) - u(y)] (2.98)

into the definition of £(u) to get

Eu) =Y u(z) ) cplulz)—uly)] =—Y ulz)(Lu)(z), (2.99)

zeV yeVv zeV

where we used that ¢;; = ¢y to write the contribution of each term on the right
of (2.98) using the same expression. But Lu(z) = 0forz € W\ {x} and u(z) =0
forz € W. Atz = x we have u(z) = 1 and

—(Lu)(x) =Y cxy[1 = PY(Tx < )]
yeVv

= 7t(x) —7(x) Y P(x,y)PY(Tx < Tixe) (2.100)
yeVv
= 71(x) — w(x)P*(Ty < T§e) = 71(x)P¥ (T > Tie)
Plugging this in (2.99) yields € (1) = 7(x)P*(Tx > Tiye). O

Theorem 2.64 [Effective resistance and recurrence vs transiencel Recall the nota-
tion (2.94) for Ty. Then

Rege(x,00) =00 & P¥(Ty <o0) =1 (2.101)

and
Reff(x,00) <00 < P¥(Ty = o0) > 0. (2.102)

Proof. 1t clearly suffices to prove only (2.102). By Lemma 2.63 and Exercise 2.52, for
the sequence of balls B of radius R centered at any designated point,

7(x) I}ig(}o P*(Ty > Tpg ) = Regr(x,00) . (2.103)

But 75 > R and so
I%im P*(Ty > 1pg) < I%im P*(Ty > R) = P¥(Ty = ) (2.104)

On the other hand,
P*(Ty > TB%) > PY(Ty = ) (2.105)

and so

7T(x)P* (T = 00) = Rege(x, 00) L. (2.106)
As t(x) > 0, the claim now directly follows. O

Exercise 2.65 Use Exercise 2.53 and Problem 2.57 to show that the random walk
on Z is recurrent and that on a regular ternary tree is transient.
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Figure 2.11: The setting for the proof of the Nash-Williams estimate. Only the edges
between B, (0) and its complement are fully drawn. By setting the potential on the
boundary vertices of B,(0) to a constant, these vertices are effectively fused into
one. The resistivity between the fused vertex and B, (0)€ is [0B,,| !

Corollary 2.66 [Monotonicity of recurrence/transiencel Suppose that the random
walk (Z,) on a resistor network with conductances (cyy) is recurrent. Then so is the
random walk on the network with conductances (Cxy) where ¢y, < cyy forall (x,y) € E.

Similarly, if the random walk is transient for conductances (cyy) then it is transient also
for any conductances (Cx,) such that &y, > cxy for all (x,y) € E.

Proof. This follows because the effective resistance to infinity, Reg(x, 00), is a de-
creasing function of the conductances. O

Exercise 2.67 Show that there exists a critical dimension d. € IN U {o0} such that
the d-dimensional SRW is recurrent in dimensions d < d. and transientin d > d..

Problem 2.68 Show that a removal of a single edge from Z“ does not change it
recurrence/ transience properties.

To demonstrate the usefulness of the above technology let us provide a completely
different proof of the fact that the SRW in d = 1,2 is recurrent. The key step is
provided by the following lemma:

Lemma 2.69 [Nash-Williams estimate] For electric network G = (V, E) with con-
ductances cx, = 1, abbreviate R, = Reg(0, B, (0) ™). Then

1
R >R _— 2.107
n+l1 = 1’!+ ’aBn| ( O )
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where
10B,| = #{(x,y) € E: x € B,(0), y € B,(0)"'}. (2.108)

Proof. By (2.73), we get an upper bound on R;}rl by setting u to a constant on the
outer vertices of B,(0). This effectively means we fuse all vertices on the outer
boundary of B, into one, see Fig. 2.11. As there are |0B,| edges between B, (0)
and its complement, the parallel law sets the resistance between the fused vertex
and B,(0)~! to 1/|9B,|. The bound (2.107) then follows by the serial law. O

Corollary 2.70 The SRW is recurrent in dimensions d = 1,2.

Proof. The SRW can be thought of as a random walk on the electrical network
with graph structure Z¢ and a unit conductance on each edge. In the notation of
Lemma 2.69 we have |dB,,| < 2dn?~! and so

i id i 1-d, (2.109)

The right hand side grows proportional to n in d = 1 and logn ind = 2 and
80 Reg(0,00) = limy,_,00 R, = o0 in these dimensions. By Theorem 2.64, the SRW is
recurrentind = 1,2. O
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Chapter 3

Branching processes

In this chapter we begin studying another classical process considered in proba-
bility theory: branching. The motivation comes from attempts to understand the
dynamics of genealogical trees — as was the case for Galton and Watson who in-
vented branching processes — but the real interest comes from applications that
reach beyond this limited, and to most people little appealing, context.

3.1 Galton-Watson branching process

A branching process is uniquely determined by its offspring distribution which is a
sequence P, of non-negative numbers such that

Y pu=1 (3.1)

n>0

An informal definition of a branching process is as follows: At each time, the pro-
cess has a certain number of living individuals. To get the next generation, each of
the living individuals splits into a random number of offspring, and then dies. The
number of offspring is sampled from the offspring distribution independently of
all other neighbors. A formal definition is as follows:

Definition 3.1 [Galton-Watson branching process] Let (Cnm)mn>1 be i.i.d. integer-
valued random variables with P(&,m = k) = pi. Define the sequence of random vari-
ables (X,) by setting

Xo=1 (3.2)

and solving recursively

(3.3)

Xt Cnt1a + o+ Cup1, X, if X, >0,
n 0, otherwise.

A Galton-Watson branching process with offspring distribution (p,) is a sequence of
random variables that has the same law as (X,).

41
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The second line in the formula for X, 11 shows that once the sequence (Xj,) hits
zero — i.e., once the family has died out — it will be zero forever. We refer to
this situation extinction; the opposite case is referred to as survival. The first goal is
to characterize offspring distributions for which extinction occurs with probability
one — or, complementarily, survival occurs with a positive probability.

Consider the moment-generating function
Pu(s) =E(e*¥),  s>0. (34)

The reason for looking at this function is that if P(X,, > 1) is bounded uniformly
away from zero, say, by € > 0, then we have ¢(s) < 1 — ee °. On the other hand,
if P(X,, > 1) tends to zero, we clearly get ¢(s) — 1 forall s > 0.

Lemma 3.2 Foreachs > 0, let

A(s) := —logE(e %¢11) = —10g< ) eS”pn>. (3.5)
n>0
Then foralln > 0,
Pur1(s) = Pu(A(s))- (3.6)
In particular,
Pn(s) = exp{—An(s)} (3.7)

where A, denotes the n-fold iteration A o - - - o A of function A.
Proof. First we derive (3.6). By the definition of X,,;1,
¢n+1 (5> — ]E(e—5(§n+1,l+"'+§n+1,xn)) (3.8)

where we interpret the sum in the exponent as zero when X;, = 0. Conditioning
on X, and using the independence of §;,,1,’s of themselves as well as X;,, we get

]E(e*5(5n+1,1+...+t§n+1,xn)) - k;)]E(efs(§n+1,l+~“+§n+1,k)]_{Xn:k})
= Z IE(e—s(Cn+1,1+-.-+Cn+1,k))]p(Xn =)
k>0
= Z (]E (efsé'l“rl))k][)(xn = k) (3.9)
k>0
= i e M)k P(X, = k) = IE(e_/\(S)X”)
k>0

The right-hand side is the moment-generating function of X, at the point A(s). This
is the content of (3.6). Note that A(s) > 0 once s > 0 and so there is no problem
with using A(s) as an argument of ¢,,.

To derive the explicit formula for ¢, we first solve recursively for ¢, to get

Pu(s) =¢o(Ao---0A(s)) (3.10)
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Figure 3.1: The plot of s — A(s) for offspring distribution with py = 1 — p and
p3 = p for p taking values 0.25, 0.33 and 0.6, respectively. These values represent
the three generic regimes distinguished — going left to right — by whether A’(0")
is less than one, equal to one, or larger than one. As A is strictly concave, non-
negative with A(0) = 0, only in the last case A has a strictly positive fixed point.
We refer to the three situations as subcritical, critical and supercritical.

(Again, we are using that A maps (0, o) into (0, c0) and so the iterated map is well
defined.) From here (3.7) follows by noting that ¢o(s) = e~ due to (3.2). O

In light of (3.7), the question whether ¢,(s) — 1 or not now boils to the question
whether A, (s) — 0 or not. To find for the right criterion, we will need to character-
ize the analytic properties of A:

Lemma 3.3 Suppose that p, < 1 for all n. Then A is non-decreasing and continuous
on [0, c0) and strictly concave and differentiable on (0, 00). In addition,

lim A'(s) = ) _ npy, (3.11)
s|0 =0
and
lim A'(s) = inf{n: p, > 0}. (3.12)

Proof. Since p, < 1, the series },~oe *"p, is absolutely summable locally uni-
formly on s > 0 and so it can be differentiated term-by-term. In particular, the first
derivative A(s) is the expectation

N(s) =Y npye st (3.13)

n>0

for the probability mass function n +— pne_sne)‘(s) on N U {0}, while the second
derivative A”(s) is the negative of the corresponding variance. Under the condi-
tion p, < 1 for all n, the variance is non-zero and so A”(s) < 0 for all s > 0. This
establishes differentiability and strict concavity (0,o0); continuity at s = 0 is di-
rectly checked. The limit of the derivatives (3.11) exists by concavity and equals
the corresponding limit of (3.13). To prove (3.12), let k be the infimum on the right
hand side. Then e *) ~ pre=¥ and so all terms but the k-th in (3.13) disappear in
the limit s — co. The k-th term converges to k and so (3.12) holds. O
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Exercise 3.4 Compute A”(s) explicitly and show that it can be written as the nega-
tive of a variance. Use this to show that A”(s) < 0 for all s > 0 once at least two of
the p,,’s are non-zero.

The statements in the lemma imply that the function looks as in Fig. 3.1.

Exercise 3.5 Consider branching process with offspring distribution determined
by po = pand p, =1 — pwith0 < p < 1. Sketch the graph of A(s) and characterize
the regime when A has a non-zero fixed point.

We can now use these properties to control the iterations of A:

Theorem 3.6 [Survival/extinction criterial Suppose 0 < pg < 1 and let

p=Y np, € (0,00 (3.14)

n>0

denote the mean offspring. Then we have:

(1) If u <1 then the branching process dies out,
P(X,>1) — 0. (3.15)

n—oo

(2) If u > 1 then the process dies out with probability e+,
P(X,=0) — e >, (3.16)

where s, is the unique positive solution to A(s) = s, and it survives forever and, in
fact, the population size goes to infinity with complementary probability,

P(X,>M) — 1—e (3.17)

n—oo

for every M > 1.

Proof. Suppose first that 4 < 1. The strict convexity and the fact that A'(s) — u
ass | 0 ensure that A(s) < s forall s > 0. This means A, 11(s) = A(A,(s)) < Au(s),
i.e., the sequence n — A, (s) is strictly decreasing. Thus for each s > 0 the limit

r(s) = lim Ay(s) (3.18)

n—o00

exists. But A,11(s) = A(A,(s)) and the continuity of A imply
Ar(s)) =r(s) (3.19)

As A(s) < sfors > 0, the only point that satisfies this equality on [0, ) is r(s) = 0.
We conclude that A, (s) — 0 yielding

lim ¢, (s) =1, s> 0. (3.20)

n—o00

From
Pn(s) <1 —(1—-e")P(X, > 1) (3.21)
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—

Figure 3.2: A graphical construction underlying the iterations A, = Ao---0Ain
the proof of Theorem 3.6. For the subcritical process (left) A, (s) converges to zero
for any s. For the supercritical process (right), A, increases for s < s, and decreases
for s < s, where s, is the positive fixed point of A.

it follows that
P(X,>1) — 0 (3.22)

as we desired to prove.

Next let us assume y > 1. Then we have A(s) > s for s sufficiently small. On the
other hand, due to pp > 0 and (3.12), we have A(s) < s once s is large. Thus there
exists a non-zero solution to A(s) = s. Strict convexity of A implies that this solution
is actually unique because if s, is the least such positive solution then A’(s,) < 1
and strict concavity tell us that A(s) < sfor0 <s < s, and A(s) > s fors > s,.

We claim that
Au(s) — sy, s > 0. (3.23)

n—o0o

This is proved in the same way as for # < 1 but we have to deal with s > s,
and s < s, separately.

For s > s, we have s, < A(s) < s and so the sequence A,(s) is decreasing. The
limit is again a fixed point of A(s) = s and since s, is the only one available, we
have A, (s) — s,.

For0 < s < s, weinstead haves < A(s) < s,., where we used that A(s) is increasing
to get the second inequality. It follows that A, (s) is increasing in this regime. The
limit is a fixed point of A and so A, (s) — s, in this case as well.

Having established (3.23), we now note that this implies

Pn(s) — e (3.24)

n—oo

Since this holds for s arbitrary large, and since

P(X, =0) < ¢p(s) =P(X, =0) + e (3.25)
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we must have
P(X, =0) — e *. (3.26)

n—oo

Now fix M > 1 and suppose that € := liminf, .. P(X, = M) > 0. Then
¢n(s) > P(X, =0) + e *MP(X, = M) (3.27)

would imply liminf, .. ¢,(s) > e 5 + ee M > e, a contradiction. Hence,
IP(X, = M) tends to zero for any finite M, proving (3.17). O
Exercise 3.7 Suppose pp = 0 and p; < 1. Show that X;, — oo with probability one.
Problem 3.8 Suppose y < 1. Show that P(X,, > 1) decays exponentially with n.

3.2 Critical process & duality

The analysis in the previous section revealed the following picture: Branching pro-
cesses undergo an abrupt change of behavior when y increases through one. This
is a manifestation of what physicists call a phase transition. The goal of this section is
to investigate the situation at the critical point, i.e., for generic branching processes
with mean-offspring p = 1. Here is the desired result:

Theorem 3.9 Suppose y := E¢ = 1 and 02 := Var(¢) € (0,00). Then

21
P(X,>1) = 2, (1 —|—o(1)), n — oo. (3.28)
Moreover,
X
11’(—” > 2 ’ X, > 1) e /) (3.29)
n—0oo

i.e., conditional on survival the law of X,,/n converges to that of an exponential random
variable with parameter /2.

The key to the proof are two lemmas:

Lemma 3.10 Foranys > 0,

129u() _ v stk 1p(x, > ). (3.30)
1—e =1

Proof. Abbreviate a, = P(X,, > k). Then

=Y e (ax — aps). (3.31)
k>0
Rearranging the sum, we get
=a0+ ) (e® —e "D5)g;, (3.32)

k>1
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Since ap = 1, subtracting both sides from one gives us

1—¢u(s) =(1—e*) Y eklg (3.33)

k>1

This is exactly (3.30). O

Lemma 3.11 For any fixed s > 0,

2
)\nl(s) = %n (1+0(1)), n — oo. (3.34)

Moreover, if > 0 is fixed, then also
2

1 1 o
An(f’/n):<§+7)"(1+o(l))’ n— oo. (3.35)

Proof. First, let us get the intuitive idea for the appearance of 1/, scaling for A,.
We know that A,(s) — 0 for any s > 0. Since A,11(s) = A(Au(s)), we can thus
expand A about s = 0 to get a simpler recurrence relation. A computation shows

2

Als) =pus — %sz +0(s?) (3.36)

and since p = 1, we thus have
o2 2
Aut1(s) = Au(s) — ?An(s) (1+0(1)). (3.37)
This is solved to the leading order by setting A, (s) = ¢/, which gets us ¢ = 2/0?.

We actually do not have to work much harder in order to get the above calculation
under control. First, the existence of the first two derivatives of A tells us that, for
each € > 0, we can find so(e) > 0 such that

1 o? 1 1 o?
- )< — < = - . .
S—i—(l e)Z_A(s)_s+(1+€)2’ 0<s<sp (3.38)
Thus, we have
1 2 1 1 2
+(1-0Z < < +(1+e)L (3.39)

2 7 Apsa(s) T Anl(s) 2

whenever A,(s) < sg. Define ny = ny(s) be the first n for which this is true for
iterations started from s, i.e.,

ng =sup{n > 0: A,(s) > so(e)}. (3.40)

Since sp(€) < Ay, (s) < A(so(€)), summing the inequalites from 1y on we get

2

N
—_
—_

a

1 o
= (

Maofe) T2 :

n—mnp) < G S 5ol +(1+e€)=(n—np) (3.41)
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From here the limit (3.34) follows by taking n — oo followed by € | 0.
To prove also (3.35), we now assume that ¢/, < so(€). Then (3.39) tells us

o2

+(1+e) T Sk (3.42)

2
T 1

—l—(l—e)2 SN )

|
':1:,\:

Setting k = n, we get (3.35). O
Proof of Theorem 3.9. First we prove (3.28). Fix s > 0. By (3.34) we then have

2/0%

1—¢u(s) = (1+0(1)), n — oo. (3.43)

The bounds 0 < P(X,, > k) < P(X, > 1) and Lemma 3.10 imply

1- (Pﬂ(s) ]P(Xn > 1)
>1) < < . .
P(X,>1) < o5 = 1_o5 (3.44)
From here (3.28) follows by taking 7 — oo and s — oo.
Next we plug s = 9/, into the left-hand side of (3.30) and apply (3.35) to get
1—e0/m — 1,4, +0(1), n — oo. (3.45)
The identity
P(X, > k) =P(X, > 1)P(X, > k| X, > 1) (3.46)
turns (3.30) into
1— ¢n(n) 0/ —6k/
T o =" nP (X, > 1)e?/" k;e "P(X, > k|X, >1) (3.47)
and applying (3.28) and (3.45) then gets us
1
Ok/n > > :
y}grO\o . k;e P(X, > k| X, >1) = T (3.48)
Thus, assuming that
P(X, >zn|X, >1) — G(z) (3.49)

n—oo

for some non-increasing function G: (0,00) — (0,1), we can interpret the sum on
the left of (3.48) as the Riemann sum of an (improper) integral to get

—0z
| dze e 9+% (3.50)

By the properties of the Laplace transform (whose discussion we omit) this can
only be true if

G(z) = e 2@/7), (3.51)
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But this shows that the limit (3.49) must exist because from any subsequence we
can always extract a limit by using Cantor’s diagonal argument and the fact that G
is decreasing (again we omit details here). O

From Theorem 3.9 we learn that, conditional on survival up to time 1, the number
of surviving individuals is of order n. Next we will look at what happens when we
condition on extinction. Of course, this is going to have a noticeable effect only on
the supercritical processes.

Theorem 3.12 [Duality] Consider a Galton-Watson branching process with supercrit-
ical offspring distribution (p,). Assume 0 < po < 1, let s, be the unique positive solution
to A(s) = s, and define

qn = ppe ")y >0, (3.52)
Then >0 qn = 1 and
Y ng,=A(s.) <1, (3.53)
n>0

i.e., (qu) is an offspring distribution of a subcritical branching process. Furthermore, if T,
denotes the branching tree for (p,,) and T, is the corresponding object for (q,), then for any
finite tree T,

IP(T, = T|extinction) = P(T, = T) (3.54)

i.e., the law of T, conditioned on extinction is that of the dual process Tj.

Proof. Consider a finite tree T and let V be the set of vertices and E the set of edges.
Let n(v) denote the number of children of vertex v € T. The probability that T
occurs is then

veT
Conditioning on extinction multiplies this by e** which we can write using

V| = |E|+1 (3.56)
and the fact that A(s,) = s, as
o5 — Hefs* H e)x(s*) _ H efs*n(v)+)\(s*) (357)

ecE veV veV
This shows
IP(T, = T| extinction ) = Hpn(v)efs*”(v)w‘(s*) (3.58)
veT
which is exactly (3.54). O

An interesting special case of duality is the case when a process is self-dual. This
loosely defined term refers to the situation when the dual process has a distribution
“of the same kind” as the original process. Here are some examples:

Example 3.13 Binomial distribution: Let 6 € [0,1] and consider the offspring distri-
bution (p,,) which is Binomial(N, 6), i.e.,

Py = (5) "(1—-0)N", 0<n<N. (3.59)
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Then the dual process is also binomial, with parameters N and 6* where

0* 0 _
1— o~ = me Sx (360)

where s, is determined from (1 — 0 + fe )N = e 5+,
Example 3.14 Poisson distribution: A limit case of the above is the Poisson off-
spring distribution,

pﬂ =€ n Z 0/ (361)

with A > 1. Here the dual (g,) is also Poisson but with parameter A* which is
defined as the unique number less than one with

Ae ™ = Are M, (3.62)
The self-dual pointis A = 1.
Exercise 3.15 Verify the claims in the previous examples.

Problem 3.16 Characterize the distribution of the size of the first generation, Xj,
conditioned on survival forever, i.e., the event 51 { X, > 1}.

Problem 3.17 Apply the above analysis to prove that if # > 1, then for each ji < ,
P(X, > i"|X, > 1) — 1lasn — oo.

3.3 Tree percolation

One of the special, but extremely useful, applications of branching processes is to
the problem of percolation. We will consider percolation on two graphs for which
the connection with branching is quite apparent, a regular directed tree T, and the
complete graph K, on n-vertices. Here we will address the former of the two.

A regular directed tree T} is a connected infinite graph without cycles where each
vertex except one — called the root and denoted by & — has exactly b + 1 neighbors;
the root has only b neighbors. One of the b + 1 neighbors of vertex v # @ —namely,
the one on the unique path from v to the root — will be referred to as the parent, the
other b vertices are the children. The root still has b children but no parent.

We will now define a version of percolation called bond percolation. The definition
can be made on an arbitrary graph:

Definition 3.18 [Bond percolation] Consider a finite or infinite graph G with ver-
tex set V and edge set E. Fix p € [0,1] and consider a collection of Bernoulli random
variables w, indexed by edges e € E such that

Plw,=1)=p=1-P(w. =0). (3.63)

The phrase bond percolation then generally refers to the (random) subgraph G, = (V, Ey)
of G with vertex set V and edge set

E,={e€E: w,=1}. (3.64)
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Performing bond percolation on the tree T} results in a forest — i.e., a collection
of trees. The pertinent question in the context of infinite graphs is for what values
of p, or whether at all, the graph G, contains an infinite connected component. We
will narrow this question to whether the root is in an infinite connected component
or not. To this end, let C,, (v) denote the set of vertices in the connected component
of G, containing v. Denote

0(p) =Py (|Cu(2)| = o) (3.65)

where the index p denotes we are considering percolation with parameter p. The
principal observations concerning tree percolation are summarized as follows:

Theorem 3.19 [Bond percolation on T},] Consider bond percolation on T}, withb > 2
and parameter p. Define p. = 1/p. Then

=0, forp < pe,
0 3.66
(p) {> 0, for p > pe. ( )

Moreover, p — 0(p) is continuous on [0, 1] and strictly increasing on [p¢, 1] and it van-
ishes linearly at p = p.,

0(p) ~(p—po),  plpe (3.67)

Furthermore, the mean-component size, x(p) = E,(|Cw(@)|) divergesas p 1 pe,

Pc
_ _Pe < pe, 3.68
xp) ==y PSP (3.68)
and, at p = p., the component size distribution has a power-law tail,
1

Py (1Cu(@)] 2 1) ~ —= (3.69)

Vn
To keep the subject of branching processes in the back of our mind, we begin by
noting a connection between percolation and branching:

Lemma 3.20 [Connection to branching] Let X, be the number of vertices in Cy, (D)
that have distance n to the root. Then (X, )n>0 has the law of a Galton-Watson branching
process with binomial offspring distribution (p,),

()rra=ptr gos<u<s,
i = 370)

0, otherwise.

Proof. Let V,, be the vertices of T}, that have distance n to the root. Suppose that X,
is known and let vy, . .., vx, be the vertices in C,, (&) N V,, . Define

Cni1j =#{u € Vyyr1: (vj,u) € Eu}. (3.71)

Then, clearly,
Xut1 =Cny11+ -+ Cur1,X, (3.72)
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Figure 3.3: The graph of p — 6(p) for the tree with b =2 and b = 3.

Since each ¢, ; is determined by different w,’s which are in turn independent of X,
we may think of ,411,...,8n+1,x, as the first X, terms in the sequence of i.i.d.
random variables. The law of these ¢’s is binomial with parameters b and p and
so, inspecting Definition 3.1, the sequence (Xj) is the Galton-Watson branching
process with offspring distribution as stated above. O

Corollary 3.21 The probability 6(p) to have an infinite component at the root is the
maximal positive solution in [0, 1] to the equation

0=1—(1—po)" (3.73)

The generating function of the component size distribution, ¥,(x) = E,(xIC(@)), is
forx > 0and 0 < p <1 the unique solution to

¥ =x(1—p+pt) (3.74)

that lies strictly between zero and one.

Proof. Recall the connection with branching. The event that Coo (@) = oo clearly
coincides with the event that the branching process (X,,) lives forever. As the prob-
ability to die out equals g = e™*+, where the latter quantity is the smallest solution
to the equation

g=3 pg" = (pg+1-p), (3.75)

n>0
we easily check that § = 1 — g solves (3.73).

To derive the formula for the component moment generating function, we note that
if vq,...,vx, are the neighbors of the root in C,, (&), then

Cw(@) :{Q}UCw(Ul)U"'UCw(UXl)/ (3-76)

where C,(v) denote the connected component of v in the subtree of T}, rooted
at v. The union on the right-hand side is disjoint and the components are actually
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Figure 3.4: The graph of ¥ — x(1 — p + p¥)’ for the tree with b = 4 at x = 0.8 and
p = 0.3. The function is convex and has a unique fixed point with ¥ € (0,1).

independent copies of C,, (@). Thus we have
b
‘Yp(x) = x]Ep (x\Cw(m)\ ce x|cw(vX1)‘) =X Z P ‘I’p(x)”‘ (3.77)
n=0

The equation now (3.74) follows from (3.70). The right-hand side of (3.74) is convex
and it is strictly positive at ¥ = 0 and less than one at ¥ = 1. There is thus a unique
intersection in (0, 1) which then has to be the value of ¥, (x). O

Exercise 3.22 Set b = 2 and/or b = 3 and solve (3.73) explicitly. See Fig. 3.3.

Problem 3.23 Use the argument in the previous proof to show that IP,(|C., (9)| >
n) decays exponentially with # for all p < p.

Exercise 3.24 Suppose p > p.. Use the duality for branching processes (Theo-
rem 3.12) to show that the tail of the probability distribution of the finite compo-
nents, P, (n < |Cy(@)| < o), decays exponentially with 7.

To get the asymptotic for the component size distribution at p., we also note:
Lemma 3.25 Forevery x <1,

1-9,(x)

= LT P([Cu(@)] = ) (3.78)

n>1

Proof. The proof is essentially identical to that of Lemma 3.10. Let us abbreviate
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ay = P,(|Cw(2)| = n). Then

p(x) = ) A" Py(|Cu(@)| = 1) = ) 2" (an — ans1). (3.79)

n>1 n>1

Rearranging the latter sum, we get

Yo(x) = a1+ ) (x" —x" )a,. (3.80)

n>1

The first term on the right-hand side is a; = 1 while the second term can be written
as (x —1) ¥, x"'a,. This and a bit of algebra yield (3.78). O

Proof of Theorem 3.19. The claims concerning 6(p) are derived by analyzing (3.73).
Let us temporarily denote ®(6) = 1 — (1 — p#)’. Then ® is concave on [0, 1] and

O(0) = pbo — (3) p?6 +0(6?) (3.81)

This shows that for pb < 1 the only fixed point of ® is = 0, while for pb > 1 there
are two solutions: one at § = 0 and one at 0 = 6(p) > 0. This proves (3.66).

To get the critical scaling (3.67), we note that (3.81) can be rewritten as

b—1
B(0) = 0+b0|(p— pc) — —5—p*(1+0(1))6] (3.82)
The positive solution 6(p) of ®(0) = 6 will thus satisfy

212
6(p) = ;—(1+oM) (p=p)  Plpe (3.83)

To get the asymptotic for x(p), we note

x(p) =¥,(1) (3.84)

so we just need to find the good asymptotic of ¥, near x = 1. This end we denote
g(x) =1 —Y¥,(x) and note that (3.74) becomes

b
g(x) =1—-x(1-pg(x)) (3.85)
Differentiating at x = 1 we get
g'(1) = —1+bpg'(1) (3.86)

and so ¥),(1) = (1 - bp)~t = p/(pe — p)-
Finally, to get the component-size distribution at p., we will restrict ourselves only
to b = 2. In that case the equation for g(x) can be solved and we get

s() =2 (VIi—x-(1-) (3.87)
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where the sign of the square root was chosen to make g positive on (0,1) as it
should be. By (3.78) we in turn have

X 3(x) _ Y x"Py(|Cu(@)| = n) (3.88)

1—x =1

and so to find the probabilities IP,(|C, ()| > 1) we just need to expand the left-
hand side into a Taylor series about x = 0 and use that the coefficients of this
expansion are uniquely determined. This is said nearly as easily as it is done:

GG n ()G e

n>1

and so, by identifying the coefficients,

PrllCu(@)] = n) =2(%) )4 (3.90)
Stirling’s formula, n! = ("/e)"v/27n(1 + 0(1)), shows that
2n\ ,_, 2+o(1)
2 47" = 91
O e R oo
and so we have P, (|C,,(@)| > n) ~ 1/+/n as claimed. O

Problem 3.26 Show that for any b > 2 the limit

1 —‘I’pc(x)
lim ————~
¥l /1 —x

exists and is positive and finite. Compute its value.

(3.92)

Some of our computations above have perhaps been somewhat unnecessarily for-
mal. For instance, (3.73) can be derived as follows:

Let 1 — 6 be the probability that the root is in a finite component. For that to be
true, every occupied edge from the root must end up at a vertex whose component
in the forward direction is also finite. The probability that the vertex v; is like this
is 1 — p0, and similarly for all b neighbors of &. As these events are independent
for distinct neighbors, this yields

1-60=(1-pb)° (3.93)
which is (3.73). Similarly, we can also compute x(p) directly: By (3.76),
[Co(@)] = 14 wo|Coo(@1)] + -+ + w30, Coo (00)] (3.94)

Using that wy , is independent of |C,, (v)], taking expectations we get

x(p) =1+ bpx(p) (3.95)

_ _Pc
whereby x(p) = -
The recursive nature of the tree, and of the ensuing calculations, allows us to look
at some more complicated variants of the percolation process:




56 CHAPTER 3. BRANCHING PROCESSES

Problem 3.27 k-core percolation: Consider the problem of so called k-core percola-
tion on the tree T;. Here we take k > 3 and take a sample of C(&). Then we start
applying the following pruning procedure: If a vertex has less than k “children” to
which it is connected by an occupied edge, we remove it from the component along
with the subtree rooted in it. Applying this over and over, this gives us a decreasing
sequence C, () of subtrees of C(&). Let ¢(p) denote the probability that C,(2) is
infinite for all n. Show that d(p) is the largest positive solution to

b
8 = m(dp) where m@):z:@)ﬂu—AW% (3.96)
{=k

i.e., rx(A) is the probability that Binomial(b, A) is at least k. Explain why ¢(p) for
1-core percolation equals to 6(p) for the ordinary percolation.

3.4 Erd6és-Rényi random graph

Having understood percolation on the regular rooted tree, we can now move on to
a slightly complicated setting which is percolation on the complete graph K;,. This
problem has emerged independent of the development in percolation as a model
of a random graph and is named after its inventors Erd6s and Rényi.

The complete graph K, has vertices {1,...,n} and an (unoriented) edge between
every pair of distinct vertices. Given p € [0, 1] we toss a biased coin for each edge
and if it comes out heads — which happens with probability p — we keep the edge
and if we get tails then we discard it. We call the resulting random graph ¢ (n, p).
The principal question of interest is the distribution of the largest connected com-
ponent; particularly, when it is of order n.

Our main observation is that a percolation transition still occurs in the setting, even
though the formulation is somewhat less clean due to the necessity to take n — oo:

Theorem 3.28 For any « > 0 and € > 0, let ¢, () denote the probability that ver-
tex “1” is in a component 4 (n,*/,,) of size at least en. Then

f(a) = lim lim 6, («) (3.97)

€l0 n—oo

exists and equals the largest positive solution to

0=1—e, (3.98)
In particular,
=0 a <1
0w ! - 3.99
(#) {> 0, o> 1. ( )

Exercise 3.29 Show that 6(«) is the probability that the branching process with
Poisson offspring distribution p, = %.e~* survives forever.

The key idea of our proof is to explore the component of vertex “1” using a search
algorithm. The algorithm keeps vertices in three classes: explored and active — called
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jointly “discovered” — and undisovered. Initially, we mark vertex “1” as active and
the others as undiscovered. Then we repeat the following:

(1) Pick the active vertex v that has the least index.
(2) Find all undiscovered neighbors of v.

(3) Change the status of v to explored and its undiscovered neighbors to active.

The algorithm stops when we run out of active vertices. It is easy to check that this
happens when we have explored the entire connected component of vertex “1”.

Let Ay denote the number of active vertices at the k-th stage of the algorithm; the
initial marking of “1” is represented by Ag = 1. If v € Ay is the vertex with the
least index, we use Ly to denote the number of as of yet undiscovered neighbors
of v. We have

Agi1 = A+ L — 1. (3.100)

Note that n — k — A is the number of undiscovered vertices after the k-th run of
the above procedure.

Lemma 3.30 Conditional on Ay, we have

Ly = Binom(n — k — Ay, %/»). (3.101)
Proof. The newly discovered vertices are chosen with probability ¢/, from the set of
n — k — Ay undiscovered vertices. O

We will use the above algorithm to design a coupling with the corresponding search
algorithm for bond percolation on a regular rooted tree — or, alternatively, with a
branching process with a binomial offspring distribution. Recall that T;, denotes
the rooted tree with forward degree b and K, the complete graph on n vertices. To
make all percolation processes notationally distinct, we will from now on write P,
for the law of percolation on T, and Pk, for the corresponding law on Kj,. In all
cases below the probability that an edge is occupied is #/,,.

Lemma 3.31 [Coupling with tree percolation] Form <mnand r <n —m,

Pr, (|C(@)] > r) <Pk, (|C(1)| > r) < Pr, (|C(2)] > 1) (3.102)

Proof. The proof is based on the observation that, as long as less than n — m vertices
have been discovered, we can couple the variables Ly for T,,, K, and T, so that

Tm Kn n
(™) < k) < (M) (3.103)
Indeed, conditioning on the number of discovered vertices, we have
L™ = Binom(b, /) (3.104)

Now think of the binomial random variable Binom(b, %/,;) as the sum of the first b
terms in a sequence of Bernoulli random variables that are 1 with probability %/,
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and zero otherwise. To get L,ET”’) we then add only the first m, to sample L,((K”) we

add the first n — k — Ay, and to get L,((T”) we add the first  of these variables. Under

the condition

m<n—k—A<n (3.105)
we will then have (3.103). The upper bound in this condition is trivial and the
lower bound will hold as long as k + Ay < n —m.

This argument shows that, if the connected component C(1) of vertex “1” in K, is
of size r, then so is the component C(&) on Ty, i.e., the right inequality in (3.102)
holds. Similarly, thinking of adding the discovered vertices to the tree one by one,
before the component C(1) of K;, reaches the size r < n — m, the component C(9)
of T,, will not be larger than r. This implies

Pk, (|C(1)| <7) < Pr, (|C(@)] <), r<mn-—m, (3.106)
whose complement then yields the left inequality in (3.102). O

The following observation will be helpful in the proof:

Lemma 3.32 [Continuity in offspring distribution] Let p(") = (p,(;1 )) be a family
of offspring distributions and let p be an offspring distribution such that 0 < pg < 1.
Suppose that, for each m > 0,

P — b (3.107)
Then for eachr > 1,
Py (r < ;)Xp <o) — Py(r < E;xg < o). (3.108)

where IP ) anfi IP,, denote the law of the branching process with offspring distributions p(")
and p, respectively.

Problem 3.33 Define
A (s) = —log Y pile s (3.109)

m=>0
and show that A(")(s) — A(s), where A(s) is defined using p = (p,;). Then use this
to prove the lemma.
Now we are ready to prove our result for the Erd6s-Rényi random graph:
Proof of Theorem 3.28. We will prove upper and lower bounds on the quantity
b := P, (|C(1)] > en), (3.110)
By Lemma 3.31, it follows that

Oen > Pr, , (IC(@)| > en) > Pr, _, (IC(@)] = ) (3.111)

1—€)n

Equation (3.73) in Corollary 3.21 shows that the right-hand side is the largest posi-
tive solution to the equation

f=1-(1-2g)0-n (3.112)
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As
(1—50)1-m — eltene (3.113)

n—o0

this equation and, by convexity of the right-hand side, also its maximal positive
solution converge to that of (3.98) in the limits n — oo followed by € | 0. This
proves (3.97) with the limits replaced by limes inferior.

It remains to prove the corresponding upper bound. Lemma 3.31 gives us
Oen < Pr, (|C(@)] > en). (3.114)
In order to take the limits, we rewrite the right-hand side as follows:
Oen < Pr, (|C(@)] = 00) 4+ Pr, (ne < |C(2)] < o) (3.115)

The first term on the right-hand side then converges to the solution to (3.73) and so
it suffices to show that the second term vanishes after we take the required limits.
To this end we fix » > 1 and write

Py, (ne < |C(2)] < 00) < P, (r < |C(D)] < o) (3.116)
The only n-dependence on the right hand side is then through the offspring distri-
bution. As .
ny\ /a\m w\ n—m ™
= e il >
(m) (n) (1 n) T m=0, (6.117)

the offspring distribution converges to Poisson, p,(a) = ‘i‘l—?e*"‘, and so, by Lemma 3.32,
we have

Pr, (r < |C(2)] < 00) — Py, <r <Y X < oo>. (3.118)

>0

The rest of the analysis has to be done depending on the value of . Indeed, ifx <1
— which corresponds to the (sub)critical regime — then the branching process dies
out with probability one and so the right-hand side tends to zero as ¥ — oo. For
a > 1, we can use duality (Theorem 3.12) to convert this to the similar question for
« < 1 and so the convergence to zero holds in this case as well. We conclude that,
after the required limits 6, , is bounded by the maximal positive solution of (3.98).
This proves (3.97) with limes superior and thus finishes the proof. O

The fact that all vertices of K, look “the same” suggest that 6(«) actually represents
the fraction of vertices in components of macroscopic size. This is indeed the case,
but we will not try to prove it here. In fact, more is known:

Theorem 3.34 Given a realization of 4 (n,%/), let C1,Ca, . .. be the list of all connected
components ranked decreasingly by their size. Then we have:

(1) Ifa <1, then |C1| = O(logn), i.e., all components are at most logarithmic.

(2) Ifa > 1, then |C1]| = 0(a)n + o(n) and |C2| = O(logn), i.e, there is a unique giant
component and all other components are of at most logarithmic size.

(3) Ifa = 1, then |C1|,|Ca, ... are all of order n*/® with a nontrivial limit distribution
of n=2/3|Cy|,n=23|Cy, . ...
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The case (3) is the one most interesting because corresponds to the critical behavior
we saw at p = p. on the regular tree. The regime actually extends over an entire

critical window, i.e., for values
1 A
p = E + 7’14/3 (3119)

where A is any fixed real number. One of the key tools to analyze this regime is the
tree-search algorithm that we used at the beginning of this section.



Chapter 4

Percolation

Percolation was mentioned earlier in these notes in the context of infinite trees and
complete graphs. Here we will consider percolation on the hypercubic lattice Z*,
or more generally on graphs with underlying spatial geometry. The main goal is
to prove a uniqueness of the infinite connected component by the famous Burton-
Keane uniqueness argument.

4.1 Percolation transition

The goal of this section is to establish the existence of a unique percolation threshold.
The argument is based on monotonicity in p. Intuitively it is clear that increasing p
will result into a larger number of occupied edges which in turn means that the
graph is more likely to contain large connected component. To make this more
precise, we will couple percolation for all p’s on one probability space and exhibit
the monotonicity explicitly.

Lemma 4.1 [Coupling of all p’s] Consider a graph G = (V, E) and consider a family
of i.i.d. uniform random variables U, indexed by the edges e € E. For each p € [0, 1] define

] <
wp =l FUesp 4.1)
0, if U, > p.

Then (wﬁp )) are Bernoulli with parameter p and the graph with vertices V and edges
EP) ={ecE: wﬁ”) = 1} has the law of bond percolation on G with parameter p.

Proof. The random variables wép ) are independent because the U,’s are indepen-

dent. As
P! =1) =P(U, < p) =p (4.2)

the distribution of (wép ) is Bernoulli with parameter p. ]

The above allows us to establish the monotonicity of the quantity

0(p) =Py (|Cu(2)| = o). (4.3)

61
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Figure 4.1: A sample from bond percolation on Z? with p = 0.65. Only the sites
that have a connection via occupied edges to the boundary of the 50 x 50 box are
depicted; the others are suppressed.

Corollary 4.2 [Uniqueness of percolation threshold] The function p — 0(p) is
non-decreasing. In particular, there exists a unique p. € [0,1] such that

=0, or p < pe,
o(p) { Jorp<p (4.4)
>0, for p > pc.

Note that, unlike for the regular tree T;, we are not making any claim about the
value of 0(p) at p = p.. It is expected that 6(p.) = 0 in all d > 1 but proofs exist
only for d < 2 and d > 19. This is one of the most annoying basic open problem in
percolation theory.

Exercise 4.3 Show that p. = 1ind = 1.
Theorem 4.4 [Non-triviality of percolation threshold] We have

0<p.<1, d>2 (4.5)
Proof of p. > 0. Suppose d > 2. We claim that then

> — .
Pe= 241 (46)

Our goal is to prove that there are no infinite components once p is sufficiently
small. To this end we note that if C(@) is infinite, then there exists an infinite
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occupied edge-self-avoiding paths from @ “to infinity.” Let A, be the event that
there exists such a path of length at least n and let ¢, (d) be the number of such
paths of length n starting from the origin. Then

P,(Ay) < cu(d)p” 4.7)

In order to bound the right-hand side, we need to estimate c, (d). We can do this as
follows: The path has 24 ways to leave the origin. In every next step, there are at
most 2d — 1 choices to go because the path cannot immediately “backtrack” to the
previous vertex. This implies

cn(d) <2d(2d —1)"! (4.8)
Thus, if (2d —1)p < 1then P, (A,) decays exponentially with n and so

P,(|C0(2)] = o) < lim P,(A,) = 0. (4.9)

n—o00

This proves (4.6). O

For the upper bound on p,, it suffices to focus only on d = 2. The key observa-
tion is that, if p is very close to one, then the vacant edges are so unlikely that they
cannot block the occupied edges from forming an infinite self-avoiding path con-
taining the origin. The only way vacant blocks can block such a pathind = 2 is
by forming a circuit around the origin which is entirely composed of vacant edges.
This observation is the core of the so called Peierls argument named after R. Peierls
who used it to argue for the existence of a phase transition in the Ising model.

In order to define the abovementioned circuit, we will consider a graph
(22)" = (o, Vo) + 25, (4.10)

i.e., the grid Z? shifted by half lattice spacing in each direction. This graph has the
property that each of its edges crosses exactly one edge in Z? and vice versa. For
this reason we will refer to (Z2)* as the dual graph and to the edge of (Z?)* crossing
edge e of Z? as the dual edge.

Proof of p. < 1. We will prove thatinalld > 2,

pe < (4.11)

WIN

It suffices to show this in d = 2 because if p > 2/3 implies that Z? contains an
infinite connected component, the natural embedding Z?> C Z? guarantees that
the same will be true for all d > 2.

Let I be a closed edge self-avoiding path on (Z2)* and let Br be the event that all
edges of Z? crossing an edge in this path are vacant. It is easy to check that

{(Voez": |Co(w)| <o} () U Br (4.12)

n>1 T': IntI'>0
[T|=n
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Figure 4.2: A connected component of occupied edges and a contour on the dual
lattice bisecting (some of) the vacant edges adjacent to this component.

where IntI" denotes the set of vertices of Z? surrounded by I' and |T'| denotes the
number of edges in I'. Now

Py (Br) < (1—p)" (4.13)

and so we just need to estimate the number of possible paths of length 7.

As the paths are self avoiding, the number of paths of length |I'| = n passing
through a point x € (Z2)* is bounded by c,. However, any circuit surrounding
the origin has to cross the positive part of the “x-axis” in (Z?)* within distance n
from the origin. Hence the number of x’s we need to consider is less than n. By
truncating the intersection in (4.12) to n > N, we thus get

P, (Vo: [Co(v)] < 00) < Y ney(1— (4.14)

n>N

forall N > 1. Once (1 — p)3 < 1, the series on the right-hand side is absolutely
summable and the N — oo limit is thus zero. Therefore, the complementary event,
{Fv: |Cu(@)| = oo}, has probability one. O

Historically, another critical value of p was introduced to characterize the values
of p for which the mean-cluster size is finite. Let, as before,

x(p) = Ep(|Cu(2)]). (4.15)

The coupling of all p’s implies that p — x(p) is increasing and so it makes sense to
define the critical value

me =sup{p > 0: x(p) < oo}. (4.16)



4.1. PERCOLATION TRANSITION 65

The following, extremely non-trivial result has been established independently by
Aizenman-Barsky and Menshikov:

Theorem 4.5 [Absence of intermediate phase] Foralld > 2, p. = 7.

This very simple but deep theorem — whose validity we already checked for reg-
ular tree — has profound consequences. One of them is the following observation
due to Hammersely. Consider the two-point connectivity function,

T(x,y) = Pp(x € Cu(y)) (4.17)

Despite the apparent lack of symmetry on the right-hand side, we clearly have
T,(x,¥) = Tp(y, x) because the event boils down to having an occupied path be-
tween x and y.

Theorem 4.6 Suppose x(p) < co. Then there exists ¢ > 0 such that
Ty (x,y) < e v, (4.18)

Combined with the previous result, this says that the two-point connectivities de-
cay exponential throughout the entire subcritical regime. Or, in other words, the
result rules out the existence of so called intermediate phase which would be charac-
terized by absence of percolation and yet non-exponential decay of connectivities.
We will prove this theorem once we have introduced the BK-inequality.

Exercise 4.7 Prove Theorem 4.5ind = 1.

The following is implied by the above for the subcritical regime:

Lemma4.8 Let p < pc. There exists a constant c; € (0, c0) and a random variable Ly =
Lo(w) < oo such that for each L > Lo(w), the largest connected component intersecting
the cube [—L, L)* N Z% is of diameter at most c; log L.

Proof. Let R = Rp(w) denote the diameter of the largest connected component

intersecting the cube By = [—L, L] N Z%. Then
{Reznyc |J U {veCulx)} (4.19)
XEBL yeZd
ly—z|=n
This implies
P,(Rp>n)< Y Y 1(xvy) (4.20)
xGBL yEZd
ly—z[=n

From Theorem 4.6 we know that 7,(x,y) < e I*=¥l and a calculation shows

Y eyl < e (4.21)

yez?
ly—z|>n
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for some constant ¢, < 0. Using this in (4.20) gives
P, (R > n) < cp(2L +1)%e™" (4.22)

Setting, e.g., c; = (d +2)/c and plugging n = c;logL, the right-hand side is
summable on L and so the event R; > ¢q log L will occur only for finitely many L.
Writing Lo — 1 to denote the largest such L, the claim is proved. O

4.2 Uniqueness of infinite component

Having established non-triviality of the percolation transition on Z% with d > 2,
our next task is count the number of infinite connected component. We will prove
that, if it exists, such a component is unique with probability one. To see this is a
non-trivial fact, note the following;:

Exercise 4.9 Show that on the regular rooted tree T;, with b > 2 there are infinitely
many infinite components with probability one for every p with p. < p < 1.

We will invoke some useful “abstract nonsense” theorems from probability theory.
The first one goes back to Kolmogorov:

Definition 4.10 [Tail Event] Let (7;) be random variables indexed by j € IN. We say
that an event A is a tail event if the following holds: For any y € Aand anyk > 1, any '
such that n; = nj; for j > k obeys 11’ € A.

In other words, A is a tail event if changing any finite random of the random vari-
ables 77; won't affect the containment in A.

Theorem 4.11 [Kolmogorov’s Zero-One Law] Suppose (1;) be i.i.d. Then every tail
event has probability either zero or one.

This law may be deemed responsible for many limit theorems in probability theory.
E.g., itimplies that the event lim,, (X7 + - - - + X;,) /n exists and equals EXj is tail
event and so, for i.i.d. Xj’s, it occurs with probability zero or one.

Exercise 4.12 Verify this statement.

We will use this to conclude an “abstract non-sense” result in percolation theory.
Given a configuration (w,) of bond percolation, let N = N(w) denote the number
of infinite connected components in the graph generated by w. This quantity can
take any value in {0,1,... } U {oo}.

Corollary 4.13 Consider bond percolation on Z® with parameter p € [0,1]. Then
{N=0}, {1<N<oo} and {N =oo} (4.23)

are tail events and so exactly one of them occurs with probability one and the others with
probability zero.
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Proof. Tail events are not affected by a change of any finite number of edges. It is
easy to check that if there is no infinite connected component, then a change of any
finite number of edges will not introduce one. Similarly, if there are infinitely many
infinite components, changing any finite number of edges is not going to destroy
more than a finite number of them. So {N = 0} and {N = oo} are tail events. The
event {1 < N < oo}, being the complement of {N = 0} U {N = oo}, is then a tail
event as well. O

Note that, for different p, a different event may be the one with probability one.
E.g., for p < p. we definitely have P, (N = 0) = 1 while for p > p. wehaveP,(N >
0) = 1. The latter follows because as P(N > 0) has a positive probability, it must
already have probability one.

Our other technical “abstract nonsense” tool will be the Ergodic Theorem. Con-
sider a collection of random variables (77,) indexed by vertices in Z?. We define
the translation by z to be the function T, that acts on the #’s as

(Tef)x = Yz X €Z% (4.24)

In other words, T; shifts # in such a way that the coordinate 7, lands at the origin. If
f(n) is a function of these random variables, then f o T, denotes the function such

that (f o T)(17) = f(Tz(17))-

Definition 4.14 [Shift invariant events] We say that an event A is shift invariant if
foreachn € A,
T.(7) € A holds forall z € Z° (4.25)

Theorem 4.15 [Spatial Ergodic Theorem for Bernoulli] Let (77y) be i.i.d. random
variables indexed by x € Z9 and let f = f(y) be a function thereof. Suppose that
E|f(n)| < oo. Then, with probability one,

1
m oy L feT=Ef(). (4.26)

x:|x|<n
Moreover, every shift invariant event has probability zero or one.

This theorem has a number of proofs all of which go somewhat beyond the scope
of these notes. However, one of the possible lines of attack gets actually very close:

Problem 4.16 Suppose d = 1 for simplicity and let f = f(#) be a function that
depends only on finitely many coordinates. Use the Strong Law of Large Numbers
to show that (4.26) holds. Note: From here Theorem 4.15 follows by approximating
every integrable function by functions of this type.

Let us see how bond percolation on Z* fits into the above framework. For each ver-
texz € Z“, we have a collection of d independent random variables Wey(z)r - - - 1 Wey(2)
where ¢1(z),...,e4(z) denote the edges with one endpoint at z that are oriented in
the positive coordinate direction. We then set

Nz = (wel(z), ey wed(z)). (427)
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As each w, appears in exactly one 7., these variables are i.i.d. and they encode the
entire percolation configuration. Going back to the question about the number of
infinite connected components, we can thus draw the following immediate conse-
quence of Theorem 4.15:

Corollary 4.17 Consider bond percolation on Z® with parameter p € [0,1]. Then there
exists k € {0,1,... } U {co} such that P,(N = k) = 1.

Proof. The event {N = k} is translation invariant because shifting the w’s will not
affect the component structure of the resulting random graph. Hence IP,(N = k)
is either zero or one. But the union of these events over k € {0} UINN U {oo} is
everything and so one of these events actually must occur with probability one. [

Again, which k is the “lucky one” depends on the value of p. Next we observe:

Lemma 4.18 Suppose that 0 < p < 1. IfIP,(N = k) > 0 for some k > 2, then we also
have P,(N <k —1) > 0.

Proof. Without loss of generality assume k < co. If the full graph contains k clusters
with positive probability, then there exists 1 such that the box A, = [—n,n]¢ N 24
intersects at least two of them with positive probability. But every configuration
in the box A, has positive probability and, in particular, that where all edges with
both endpoints in A, are occupied does as well. In this configuration, all infinite
components intersecting A, became connected and, as there were at least two such
components, in the new configuration we have one less than originally. It follows
that P, (N < k — 1) > 0 as claimed. O

Corollary 4.19 [Zero, One or Infinity] Consider bond percolation on Z* with param-
eter p. Then exactly one of the events {N = 0}, {N = 1} or {N = oo} has probability
one and others have probability zero.

Proof. The previous lemma showed that if P(N = k) cannot have probability one
for 2 < k < o0. So, by Corollary 4.17, it must have probability zero. O

Finally, we nail things down even further:

Theorem 4.20 [Burton-Keane’s Uniqueness Theorem] Consider bond percolation
on Z% with parameter p. Then P,(N = c0) = 0.

The proof is based on the following definition:

Definition 4.21 [Encounter point] We say that z € Z“ is an encounter point in
configuration w if C,(z) is infinite, z has exactly three adjacent occupied edges and, dis-
connecting these edges, C,,(z) splits into three infinite connected components.

Proof of Theorem 4.20. The first step of the proof is to realize that, if P, (N = c0) =1,
then the origin has a positive probability to be an encounter point. Indeed, for a
sufficiently large box A, we will find at least three distinct infinite clusters that
intersect A, with a positive probability. We can connect these clusters by paths to
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Figure 4.3: An illustration demonstrating the fundamental part of Burton-Keane’s
argument. There are 7 encounter points in two connected components which lead
to at least 7 distinct exit point on the boundary. The number of encounter points in
the box is thus bounded by the size of the boundary.

the origin and set all other edges in A, to vacant. This will make the origin an
encounter point.

Let E(v) be the event that v is an encounter point. The Ergodic Theorem now
implies that if
q:=P,(E(v)) >0 (4.28)

then the box A, will, with probability tending to one, contain at least 7/2|A,| en-
counter points.

We will show that this leads to a contradiction: Label encounter points in A, in
some fashion, say, vy, ..., v, and for each v; define a distinct vertex w;, called an
exit point, on the boundary of A, as follows: For v; pick a vertex in one of the
components meeting at v1. For v, do the same noting that even if v; lies on a path
between v; and wy, the fact that v, is encounter implies the existence of another
vertex on the boundary that is not on this path. This applies for each v; because
even if it lies on a path between some v;, j < i, and wy, k < i, there will always be
another path from v; to the boundary that has not yet been used.

We conclude that, given we have m > (4/2)|A,| encounter points inside A, we can
find as many distinct exit points on dA,. That would imply
|0A,]
Al

> (4.29)

N

which is a contradiction for 1 sufficiently large as [0A,| grows like n?~! while |A, |
grows like n?. Hence we could not have P, (N = c0) > 0 to begin with and so, by
Corollary 4.19 either P,(N =0) =1lorP,(N =1) = 1. O
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Exercise 4.22 Derive a uniform lower bound on the probability that, under the
condition (4.28), the box A, will contain at least 9/2| A,,| encounter points. Use that
the expected number of encounter points in this box is g|Ay]|.



