1 Simple Random Walk

We consider one of the basic models for random walk, simple random walk on the integer
lattice Z¢. At each time step, a random walker makes a random move of length one in one
of the lattice directions.

1.1 One dimension

We start by studying simple random walk on the integers. At each time unit, a walker flips
a fair coin and moves one step to the right or one step to the left depending on whether the
coin comes up heads or tails. We let S,, denote the position of the walker at time n. If we
assume that the walker starts at x, we can write

Se=z+Xi 4+ X,

where X, X5, ... are independent random variables with P{X, =1} = P{X,} = -1 =1/2.
In this chapter we assume that the walker starts at the origin (z = 0) and investigate
where we expect the walker to be. The main questions are:

e On the average, how far is the walker from the starting point?
e What is the probability distribution for the position of the walker?
e What is the probability that at a particular time the walker is at the origin?

e Does the random walker keep returning to the origin or does the walker eventually
leave forever?

Probabilists use the notation E for expectation (also called expected value, mean, average
value) defined for discrete random variables by

E[X] =) 2P{X =z}.

z

The random walk satisifes E[S,] = 0 since steps of +1 and —1 are equally likely. To compute
the average distance, one might try to compute E[|S,|]. It turns out to be much easier to
compute E[S2],

E[SZ] = E (i&)

= E|> zn:Xij]

Li=1 k=1
= S EXX] =n+ > EX;X4.
j=1 k=1 Jj#k
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This calculation uses an easy (but very important) property of average values: E[X + Y] =
E[X] + E[Y]. If j # k, then X, X} is equally likely to be +1 and —1 and so the expectation
is zero. We therefore get

Var[S,] = E[S?] = n.

The variance of a random variable is defined by
Var[X] =E [(X — EX)?] = E[X?] — (EX)?

(a simple calculation establishes the second equality). Our calculation illustrates an impor-
tant fact about variances of sums: if X,...,X,, are independent, then

Var[ X, + --- + X,)] = Var[X;] + - - - + Var[X,,].

Sum rules like this make it much easier to compute averages of the square of a random
variable than other powers. In many ways, this is just an analogy of the Pythagorean
theorem from geometry: the independence of the random variables is the analogue of the
idea of perpendicular or orthogonal vectors.

The next question is: what is the probability that the walker is at the origin after n steps?
Before computing this very accurately, let us do a heuristic argument. Since E[S?] = n, the
typical distance away from the origin is of order y/n. There are about y/n even integers that
are distance /n from the starting point, so one might guess that the probability for being
at a particular one should decay like n=/2. This is indeed the case as we demonstrate.

In fact, it is easy to give an exact formula for the distribution of the walker after n steps.
It is easy to see that after an odd number of steps the walker is at at odd integer and after
an even number of steps the walker is at an even integer. Therefore, P{S, =z} =0ifn+z
is odd. Let us suppose the walker has taken an even number of steps, 2n. In order for the
walker to be back at the origin at time 2n there need to be exactly n “+1” steps and n “—1”
steps. The number of ways to choose which n steps are +1 is (2:) and each particular choice
of 2n +1s and —1s has probability 272" of occuring. Therfore,

P{S,, = 0} = (25) g2 — 20! oon

nln!

More generally,

I U 5 (R
P =2t = () =

While these formulas are exact, it is not obvious how to use them because they contain ratios
of very large numbers. Trying to understand this quantity leads to studying the behavior of
n! as n gets large. This we discuss in the next section.



1.2 Stirling’s formula

Stirling’s formula states that as n — oo,
nl ~V2rn"tz e,

where ~ means that the ratio of the two sides tends to 1. We will prove this in the next two
subsections. In this subsection we will prove that there is a positive number Cj such that

|
lim b, = Cy, where b, = o (1)

n—0oo nn-i-% e~ " ’

and in Section 1.3 we show that Cy = v/2m. To start, it is easy to check that b, = e and if

n > 2,
1
b, n—1\""2 \" 1\ 2
=e =e(l—— 1—— .
bn—l n n n

Let 6, = (by/bp—1) — 1 so that for n > 2,

b =0 ] bbz =[] 11+ 6l

m=2 m=2

Then (1) can be restated as saying that the infinite product

0o N
e[t +6.) = Nli_r)r;OeH[l + 0,
n=2 n=2

converges to a positive constant that we call Cy. By taking the logarithm of both sides, we
see that convergence to a positive constant is equivalent to

i log[1 + 4,] < oc. (2)

One of the most important tools for determining limits is Taylor’s theorem with remain-
der, a version of which we now recall. Suppose f is a C*! function. Let P(z) denote the
kth order Taylor series polynomial about the origin. Then, for x > 0

|f(2) = Pu(2)] < ar 2™,

where 1
— = max |fE+D
@ (k + 1)! Oétaéx |f (t)|

A similar estimate is derived for negative by considering f(z) = f(—z). The Taylor series

for the logarithm gives

u?  ud

log(1 L
og(l+u) =u 2—|—3 ,



which is valid for |u| < 1. In fact, the Taylor series with remainder tells us that for every
positive integer k
log(1 +u) = Py(u) + O(Jul*""), (3)

where Py(u) = u — (u?/2) + -+ + (=1)*"*(u*/k). The O(Ju|**!) denotes a term that is
bounded by a constant time |u|**! for small u. The Taylor series with remainder implies
that there is a constant ¢; such that for all |u| < 1/2,

[log(1 + u) — Py(u)] < e [u]**, (4)

We will use the O(-) notation as in (3) when doing asymptotics — in all cases this will be
shorthand for a more precise statement as in (4).

By taking the Taylor series, we can see that to prove (2) assuming 1+ d,, > 0 for all n, it
suffices to show that > |d,| < co. We will establish this by showing that 6, = O(n™2), i.e.,
there is a ¢ such that

c
00 < —.
n

To see this consider (1 — 1)™ which we know approaches e~

Taylor series to estimate how fast it converges. We write

as n gets large. We use the

1\" 1 1 1 1
og( n) n og( n) n[ W +0(n™) o +O0(n™7)
1\
og(1--) =— 40>
og( n) 2n+ (n™)

By adding the terms we finish the proof of (1). In fact (see Exercise 6.19) we can show that

nl=Con™ze™ [1+0(nY)]. (5)

1.3 Central limit theorem
Let S, be the position of a simple random walker on the integers assuming Sy = 0. For every

integer 7, ) o
n n.

P{Ss, = 25} = 27 = :

Sn=2= ()" = g

Let us assume that [j| < n/2 . Then plugging into Stirling’s formula and simplifying gives

P{Ss, = 2j} ~ \é—f (1 _ i—i) h (1 + %) B (1 _ %)j (nzL_jQy/z. (6)

In fact (if one uses (5)), there is a ¢ such that the ratio of the two sides is within distance
¢/n of 1 (assuming |j| < n/2).




What does this look like as n tends to infinity? Let us first consider the case j = 0. Then
we get that
V2

~ Conl/?2

We now consider j of order \/n. If we write j = r/n, the right hand side of (6) becomes

a (0 [0 03] ()

As n — oo, this is asymptotic to

\/§ r2 —r2 _p2 \/5 i2/n

——c e e = e’

Co/n Co/n

P{S,, = 0}

For every a < D,

/ 2 .
lim P{CL 2n < 8y, < bv 271} = lim E C\/\;ﬁ 6_]2/71’
n—0oo n—oo 0

where the sum is over all j with av2n < 25 < bv/2n. The right hand side is the Riemann
sum approximation of an integral where the intervals in the sum have length \/2/n. Hence

the limit is
b 1 2 2
/a ?0 e_x / d[lf

This limiting distribution must be a probability distribution, so we can see that

/_OO 606_12/2 de = 1.

This gives the value Cy = /27 (see Exercise 6.21), and hence Stirling’s formula can be
written as

nl =\2rn"tre " [1+0(n )],

where this means that there exists a ¢ such that for all n,

n!

1
V2rnttz e n

—1 <

S|o

1.4 Returns to the origin

We now consider the number of times that the random walker returns to the origin. Let
J, = 1{S,, = 0}. Here we use the indicator function notation: if F is an event, then 1p or



1(E) is the random variable that takes the value 1 if the event occurs and 0 if it does not
occur. The total number of visits to the origin by the random walker is

V == f: Jgn.
n=0

Note that

E[V] =Y E[Ja] =Y P{Sy = 0}.

We know that P{Ss, = 0} ~ ¢/y/n as n — oo. Also, > n~* converges if and only if a > 1.
Therefore,
E[V] = 0.

Let g be the probability that the random walker ever returns to the origin after time 0.
We will show that ¢ = 1 by first assuming ¢ < 1 and deriving a contradiction. Suppose that
q < 1. Then we can give the distribution for V. For example, P{V = 1} = (1 — ¢) since
V =0 if and only if the walker never returns after time zero. More generally,

P{V=Ek}=¢""11-q), k=12,...
This tells us that

E[V]:Zm{vzk}zzmm—q):ﬁ<oo.

But, we know that E[V] = co. Hence it must be the case that ¢ = 1. We have established
the following.

Theorem 1.1. The probability that a (one-dimensional) simple random walker returns to
the origin infinitely often is one.

Note that this also implies that if the random walker starts at « # 0, then the probability
that it will get to the origin is one.

1.5 Several dimensions

We now consider a random walker on the d-dimensional integer grid
7% = {(x1,...,4) : x; integers} .

At each time step, the random walker chooses one of its 2d nearest neighbors, each with
probability 1/2d, and moves to that site. We again let

Sp=2+X1+- -+ X,



denote the position of the particle. Here z, X1, ..., X,,, S, represent points in Z%. If Sy = 0,
then E[S,] = 0. Note that E[X; - X;] =1 and E[X, - X}] = 0if j # k. A calculation as in

the one-dimensional case gives
j=1 j=1

What is the probability that we are at the origin after n steps assuming Sy = 07 This is
zero if n is odd. If n is even, let us give a heuristic argument. The typical distance from the
origin of S, is of order y/n. In d dimensions that number of lattice points with distance y/n
grows like (/n)¢. Hence the probability that we choose a particular point should decay like
a constant times n~%2.

The combinatorics for justifying this is a little more complicated than in the one dimen-
sional case so we will just wave our hands to get the right behavior. In 2n steps, we expect
that approximately 2n/d of them will be taken in each of the d possible directions (e.g., if
d = 2 we expect about n horizontal and n vertical steps). In order to be at the origin, we
need to take an even number of steps in each of the d-directions. The probability of this
(Exercise 6.17) is 27D Given that each of these numbers is even, the probability that
each individual component is at the origin is the probability that a one dimensional walk is
at the origin at time 2n/d (or, more precisely, an even integer very close to 2n/d). Using
this idea we get the asymptotics

EHSnP] =E[S, - So] =E

Cq dd/ 2

P{S2n:0}’“m> Cq = Td/29d—1"

Consider the expected number of returns to the origin. If V' is the number of visits to
the origin,

Euqzziiqu%;:oy

Since P{S,, = 0} ~ ¢/n%?,
< oo, d>3

mw{:mdeQ.

Theorem 1.2. Suppose S, is simple random walk in Z. If d = 1,2, the random walk is
recurrent, i.e., with probability one it returns to the origin infinitely often. If d > 3, the
random walk is transient, i.e., with probability one it returns to the origin only finitely often.
Also,

P{S,, #0 for alln>0]|Sy=0}>0 ifd> 3.



2 Dirichlet problem

2.1 One-dimension: gambler’s ruin

Let us fix a positive integer N and suppose that a random walker on the integers starts at
x € {0,1,...,N}. Let S, denote the position of the walker at time n. We will stop the
walker when the walker reaches 0 or N. To be more precise, we let

T =min{n:S,=0o0r N},

and consider Sn = S, 7. Here n AT means the minimum of n and T". We know that with
probability one 7' < co. Define the function F': {0,..., N} — [0, 1] by

F(z) = P{Sy = N}.

We can give a gambling interpretation to this by viewing S,, as the current winnings of a
gambler who at each time step plays a fair game winning or losing one unit. The gambler
starts with a bankroll of  and plays until he or she has N or has gone bankrupt. The chance
that the gambler does not go bankrupt before attaining N is F(z). Clearly, F'(0) = 0 and
F(N) = 1. Suppose 0 < x < N. After the first game, the bankroll of the gambler is either
x — 1 or x+ 1, and each of these outcomes is equally likely. Therefore,

1 1
F(:L’):§F([L’—|—1)—|—§F([L’—1), r=1,...,N—1 (7)
One function F' that satisfies (7) with the boundary conditions F'(0) = 0, F(N) = 1 is
F(z) = x/N. In fact, this is the only solution as we show now see.

Theorem 2.1. Suppose a,b are real numbers and N is a positive integer. Then the only
function F : {0,...,N} — R satisfying (7) with F(0) = a and F(N) = b is the linear
function
x(b—a)

N

This is a fairly easy theorem to prove. In fact, we will give several proofs. It is often
useful to give different proofs to the same theorem because it gives us a number of different
approaches to trying to prove generalizations. It is immediate that F{ satisfies the conditions;
the real question is one of uniqueness.

Proof 1. Consider the set V of all functions F' : {0,...,N} — R that satisfy (7). It is
easy to check that ) is a vector space, i.e., if f,g € V and ¢y, ¢y are real numbers, then
c1f + cog € V. In fact, we claim that this vector space has dimension two. To see this, we
will give a basis. Let f; be the function defined by f1(0) = 0, f1(1) = 1 and then extended
in the unique way to satisfy (7). In other words, we define fi(z) for x > 1 by

filz) =2fi(x =1) = fi(z - 2).

Fo(x) =a+



It is easy to see that f; is the only solution to (7) satisfying f1(0) =0, f1(1) = 1. We define
fo similarly with initial conditions f>(0) = 1, fo(1) = 0. Then ¢ f; + ¢ f2 is the unique
solution to (7) satisfying f1(0) = co, f1(1) = ¢1. The set of functions of the form Fy as a,b
vary form a two dimensional subspace of ¥V and hence must be all of V.

Proof 2. Suppose F'is a solution to (7). Then for each 0 < x < N,
F(z) <max{F(z—1),F(z+1)}.

Using this we can see that the maximum of F' is obtained either at 0 or at N. Similarly, the
minimum of F' is obtained on {0, N}. Suppose F(0) = 0, F(N) = 0. Then the minimum
and the maximum of the function are both 0 which means that F' = 0. Suppose F(0) =
a, F(N) = b and let Fy be the linear function with these same boundary values. Then F — Fj
satisfies (7) with boundary value 0, and hence is identically zero. This implies that F' = Fj.

Proof 3. Consider the equations (7) as N — 1 linear equations in N — 1 unknowns,
F(1),...,F(N —1). We can write this as

Av =w,
where _ - _ -
-1 2 0 0 0 0 —F(0)
-1 L0 0 0 0
a_ |0 i -1 2 0 0 wo | O
0 0 0 0 - -1 3% 0
0 0 0 0 5 —1] | —F(N)]

If we prove that A is invertible, then the unique solution is v.= A~!'w. To prove invertibility
it suffices to show that Av = 0 has a unique solution and this can be done by an argument
as in the previous proof.

Proof 4. Suppose F'is a solution to (7). Let S,, be the random walk starting at x. We claim
that for all n, E[F(S,a7)] = F(z). We will show this by induction. For n =0, F(Sy) = F(z)
and hence E[F(Sy)] = z. To do the inductive step, we use a rule for expectation in terms of
conditional expectations:

N
E[F(S(n—l—l)/\T)] = ZP{SW\T = y}E[F(S(n—l—l)/\T) | Sn/\T = y]-
y=0
If y=0o0ry =N and Syar =y, then S(,11)ar = ¥ and hence E[F(S(,11)ar) | Snar = y] =
F(y). If 0 <y < x and S,rr = y, then

EF(Sqanr) | Sonr = 8] = 5 F(y+ 1)+ 5 Fly = 1) = Fly).



Therefore,

E[F(S(nJrl)AT)] = Z]P){Sn/\T =y} F(y) = E[F(Surr)] = F(2),

y=0
with the last inequality holding by the inductive hypothesis. Therefore,

F(x) = lim E[F(S(,H_QAT)]

n—oo

N
= lim > P{Sur =y} F(y)
y=0

P{Sr =0} F(0) + P{Sr = N} F(N)
1 — P{Sy = N} F(0) + P{Sy = N} F(N).

Considering the case F'(0) = 0, F(N) = 1 gives P{Sy = N | Sy = 2} = x/N and for more
general boundary conditions,

One nice thing about the last proof is that we did not need to have already guessed the
linear functions as solutions. The proof produces these solutions.

2.2 Higher dimensions

We will generalize this result to higher dimensions. We replace the interval {1,..., N} with
an arbitrary finite subset A of Z¢. We let A be the (outer) boundary of A defined by

0A ={z€ 7%\ A:dist(z,A) = 1},

and we let A = AU OA be the “closure™ of A. We define the linear operators Q, £ on
functions by

QFr) = Y Fl).

yeZd,|m—y|=1

L) =(Q-DF@) =0 S [F(y) -~ F)

yEZd,‘ZB—y‘:l

(The term linear operator is often used for a linear function whose domain is a space of
functions. In our case, the domain is the space of functions on the finite set A which
is isomorphic to RX where K = #(A). Hence a linear operator is the same as a linear
transformation from linear algebra. We can think of Q and £ as matrices.) The operator £

IThis terminology may seem strange, but in the continuous analogue, A will be an open set, 94 its
topological boundary and A = A U JA its topological closure.
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is often called the (discrete) Laplacian. We let S, be a simple random walk in Z?. Then we
can write

LF(z) =E[F(S1) — F(Sy) | So = z].
We say that F'is (discrete) harmonic at x if LF(x) = 0; this is an example of a mean-value
property.

Dirichlet problem for harmonic functions. Given a set A C Z% and a function F :
OA — R find an extension of F' to A such that is harmonic in A4, i.e.,

LF(z) =0 for all z € A. (8)
We let T4 = min{n : S,, & A}.

Theorem 2.2. If A C Z% is finite, then for every F : 0A — R, there is a unique extension
of F to A that satisfies (8). It is given by

Fy(z) =E[F(Sr,) | So=2] = Y _ P{Sp, =y | So ==z} F(y).
yEOA

It is not difficult to verify that F{, as defined above is a solution to the Dirichlet problem.
The problem is to show that it is unique. Let us consider the last method of proof in the
previous section. Suppose F' is harmonic on A; Sy =z € A; and let

Mn — F(Sn/\TA)
Then (8) can be rewritten as
E[Mn_;’_l | SO, ey Sn] - F(Sn/\TA) - Mn (9)

A process that satisfies E[M,+1 | So, ..., S, = M, is called a martingale (with respect to the
random walk). It is easy to see that F'(S,ar,) being a martingale is essentially equivalent
to F' being harmonic on A. It is easy to check that martingales satisfy E[M,,| = E[M,], and
hence if Sy = =,
E[M,] =) P{Surr, = y} F(y) = My = F(2).
yeA

An easy argument shows that with probability one Ty < oco. We can take limits and get

F(z) = lim Y P{Sur, =y} Fly) = Y P{Sr, =y} F(y).

yeA yEIA

(There is no problem interchanging the limit and the sum because it is a finite sum.)

Let us consider this from the perspective of linear algebra. Suppose that A has N elements
and 0A has K elements. The solution of the Dirichlet problem can be considered as a linear
function from the set of functions on JA to the set of functions on A (the reader should

11



check that this is a linear transformation). Any such function can be written in terms of an
N x K matrix which we write as

Hy = [Ha(z,y)|scaycon
What we have shown is that
Ha(z,y) =P{Sr, =y | So=x}.

This matrix is often called the Poisson kernel. For a given set A, we can solve the Dirichlet
problem for any boundary function in terms of the Poisson kernel.

What happens if we allow A to be an infinite set? In this case it is not always true that the
solution is unique. Let us consider the one-dimensional example with A = {1,2,3,...} and
0A = {0}. Then for every ¢ € R, the function F(x) = cx is harmonic in A with boundary
value 0 at the origin. Where does our proof break down? This depends on which proof we
consider (they all break down!), but let us consider the martingale version. Suppose F is
harmonic on A with F'(0) = 0 and suppose S, is a simple random walk starting at positive
integer x. As before, we let T'= min{n : S, = 0} and M, = F(S,ar). The same argument
shows that M, is a martingale and

F(z) =E[M,] =) F(y)P{Surr = y}-

We have shown in a previous chapter that with probability one T' < co. This implies

lim ZIP’{SMT =y} =0.

n—oo
y>0

However, if F' is unbounded, we cannot conclude from this that

lim »  F(y) P{Sunr =y} =0.

y>0

However, we do see from this that there is only one bounded function that is harmonic on A
with a given boundary value at 0.

3 Heat equation

We will now introduce the discrete heat equation which is a model for heat flow. Let A be
a finite subset of Z? with boundary 0A. Suppose we set the temperature at the boundary
to be zero. Consider the temperature in A to be controlled by a very large number of “heat
particles”. These particles perform random walks on A until they leave A at which time

12



they are killed. The temperature at x at time n, p,(z) is given by the density of particles
at . The random walk rule gives the relation

1
pn+1($) =57 Z pn(y)
2d
ly—z|=1
If we introduce the notation 0,p,(x) = pur1(x) — pu(x), we get the heat equation
Onpn(x) = Lpp(x), x € A. (10)

The initial temperature is given as an initial condition

po(z) = f(x), z€ A (11)
The boundary condition is
po(x) =0, € dA. (12)
If x € A and the initial condition is f(x) =1 and f(z) = 0 for z # z, then

pn(y) = P{Sn/\TA =y | So = IL”}

Given any initial condition f, it is easy to see that there is a unique function p, satisfing
(10)—(12). Indeed, we just set po(z) = f(z),z € A and for n > 0, we define p,(x),z € A
recursively by (10). This tells us that set of functions satisfying (10) and (12) is a vector
space of dimension #(A). In fact, {p,(z) : € A} is the vector Q"f.

Once we have existence and uniqueness, the problem remains to find the function. For
a bounded set A, this is a problem in linear algebra and essentially becomes the question of
diagonalizing the matrix Q. We will state an important fact from linear algebra.

Theorem 3.1. Suppose A is a k x k symmetric matriz. Then we can find k (not necessarily
distinct) real eigenvalues
A S A1 <o <Ay,

and k orthogonal vectors vy, ...,V that are eigenvectors,
AVj = )‘j Vj.

Example Let us compute the function p, in the case d =1, A = {1,..., N — 1}. We start
by looking for functions satisfying (10) of the form

Pn(x) = A" ¢(x). (13)

If p, is of this form, then
Onpn() = (A = 1) ().

This leads us to look for eigenvalues and eigenfunctions of Q, i.e., to find A, ¢ such that
Qo(x) = Ao(), (14)
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with ¢ =0 on 0A. The sum rule for sine
sin((x 4+ 1)0) = sin(x0) cos(0) £ cos(xf) sin(6),

tells us that
Q[sin(fz)] = Ag sin(fx), Ay = cosb.

If we choose ¢;(x) = sin(mjz/N), then we satisfy the boundary condition ¢;(0) = ¢;(z) = 0.
Since these are eigenvectors with different eigenvalues, we know that they are orthogonal,
and hence linearly independent. Hence every function f on A can be written in a unique
way as a finite Fourier series

N-1 .
flx) = ; ¢; sin (%) , (15)
and the solution to the heat equation with initial condition f is
N-1 . n
paly) = ; ¢ {COS (%)} 9;(y).

It is not difficult to check that

S in (T8 i (TRE) (55 M=k
sin { — ) sin{ —— ) =19 § if £k
(For 7 # k this is orthogonality of different eigenvectors. For j = k one can show that the

sum is the same if we replace sin wth cos and we can add the sums.) In particular, if we
choose the solution with initial condition f(z) =1; f(2) =0,z # z is

P{Suna, =y | S = 1) s §¢j<x> s (55)] aw

As n — oo, this sum is dominated by the j = 1 and j = N — 1 terms for which the eigenvalue
has maximal absolute value. These two terms give

o () i G s () (52 ()]

One can check that ( D
. (am(N — . . (TT
sin (7]\7 ) = (—1)% sin <_N> :

and hence if z,y € {1,..., N — 1}, as n — o0,

4 27 L o/mT\ . /T
P{Surry =y | So =2} ~ N1 cos” (W) (—1)""* sin (W) sin (%) .
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The technique of finding solutions of the form (13) goes under the name of separation of
variables. In the case of finite A this is essentially the same as computing powers of a matrix
by diagonalization. We summarize here.

Theorem 3.2. If A is a finite subset of Z¢ with N elements, then we can find N linearly
independent functions ¢1,...,¢n that satisfy (14) with real eigenvalues Ay, ..., Ay. The
solution to (10)—(12) is given by

N
) =D e A} ¢5(x)
j=1
where c; are chosen so that
N
T) = ¢ ¢()
j=1

In fact, the ¢; can be chosen to be orthonormal,

¢ja¢k = Z¢] = (k_j)

€A

Here we have introduced the delta function notation, 6(z) = 1 if z = 0 and §(z) = 0 if
z # 0. Since p,(z) — 0 as n — oo, we know that the eigenvalues have absolute value strictly
less than one. We can order the egienvalues

1>)\12)\22"'2)\N>—1.

We will write p(x,y; A) to be the solution of the heat equation with initial condition equal
to one at  and 0 otherwise. In other words,

po(x,y; A) =P{S, =y, Ta>n|So=z}, z,y€A
Then if #(A) = N,
(x,y; A Zc] ) AT 05(y)

where ¢;(z) have been chosen so that

> ei(@)d;(y) = d(y — ).

In fact, this tells us that ¢;(z) = ¢;(z). Hence

N

palz, s A) = N 65(x) 65(y).

j=1
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Note that the quantity on the right is symmetric in x,y. One can check that the symmetry
also follows from the defintion of p,(z,y; A).

The largest eigenvalue A; is often denoted 4. We can give a
A4 as follows.

Theorem 3.3. If A is a finite subset of Z%, then \a is given by

(Qf, f)
(f: 1)

where the supremum is over all functions f on A, and (-,-) denotes inner product

= fl@)glx)

z€A

[13

variational” definition of

Aa —sup

The proof of this is easy. First, if ¢ is an eigenvector with eigenvalue \;, then Q¢ = \1¢
and plugging in ¢ shows that the supremum is at least as large as ;. Conversely, there is
an orthogonal basis of eigenfunctions ¢, ..., ¢y and we can write any f as

N
f = Z Cj (bj.
j=1

Then

N N N N
Qf. f)= <Qch¢j,ch¢j> = <ZCjQ¢j>ZCj¢j>
j=1 g=1

J=1 J=1

= ZC] (¢, 05)

< )\1 Y i {sd5) = M (S, ).
j=1
The reader should check that the computation above uses the orthogonality of the eigen-
functions and also the fact that (¢;, ¢;) > 0.

Using this variational formulation, we can see that the eigenfunction for A\; can be chosen
so that ¢y (z) > 0 for each x (since if ¢; took on both positive and negative values, we would
have (Q|¢1], |#1]) > (@1, $1)). The eigenfunction is unique, i.e., Ay < A, provided we put
an additional condition on A. We say that a subset A on Z¢ is connected if any two points
in A are connected by a nearest neighbor path that stays entirely in A. Equivalently, A is
connected if for each =,y € A there exists an n such that p,(z,y; A) > 0. We leave it as
Exercise 6.23 to show that this implies that A\ > As.

Before stating the final theorem, we need to discuss some parity (even/odd) issues. If
v = (21,...,74) € Z% we let e(z) = (—1)*1++% We call x even if e(z) = 1 and otherwise
x is odd. If n is a nonnegative integer, then

Pz, y; A) =0 if (=1)"e(z +y) = —1.
If Qo = A\, then Qlep] = —Aeg.

16



Theorem 3.4. Suppose A is a finite connected subset of Z¢ with at least two points. Then
A1 > Ao, Ay = —A1 < Ay_1. The eigenfunction ¢1 can be chosen so that ¢1(x) > 0 for all
r € A.

Hm A" pu(x,y; A) = [14 (=1)" e(z + y)] d1(x) d1(y).

n—oo

Example One set in Z? for which we can compute the eigenfunctions and eigenvalues exactly
is a d-dimensional rectangle

A:{(:L’l,...,xd)eZdzlngSNj—l}.

The eigenfunctions are indexed by k = (ki,. .., kq) € A,

iz xq) = sin famy sin Fames .. sin Fama
k\L1ly---ydd Nl N2 Nd ;

with eigenvalue
)\ 1 kym kqm
F= g |cos N + .-+ cos ~ )|

4 Expected time to escape

4.1 One dimension

Let S,, denote the position of a one-dimensional random walk starting at z € {0,..., N} and
let T be the first time that the walker reaches {0, N}. Here we study the expected time to
reach 0 or N,

e(x) =E[T | Sy = z].

Clearly e(0) = ¢(N) = 0. Now suppose = € {1,..., N — 1}. Then the walker takes one step
which goes to either x — 1 to x + 1. Using this we get the relation
o(x) = 1+% le(z+1) +e(x—1)].
Hence e satisfies
e(0)=¢e(N)=0, Le(lx)=-1, z=1,....N—1 (16)

A simple calculation shows that if f(x) = 22, then Lf(z) = 1. Using this we can see that
one solution to (16) is
e(r) =x (N —x).

In fact it is the unique solution. To see this, assume that e; were another solution. Then
e — ey is harmonic on {1,..., N — 1} and vanishes at 0 and N which implies that e —e; = 0.
Suppose N = 2m is even. Then we get

e(m) = N*/4 = m?.

17



In other words, the expected time for a random walker to go distance m is ezactly m?. Note
that the expected time starting at = 1 to leave the interval is N. While this is an expected
value, it is not necessarily a “typical” value. Most of the time the random walker will leave
quickly. However, there is a probability of 1/m that the random walker will reach m before
leaving the interval. If that happens then the walker will still have on the order of N? steps
before leaving.

One other interesting fact concerns the time until a walker starting at 1 reaches the origin.
Let Ty be the first n such that S, = 0. If Sy = 1, we know that T, < oo with probability
one. However, the amount of time to reach 0 is at least as large as the amount of time to
reach 0 or N. Therefore E[Tj] > N. Since this is true for every N, we must have E[Tj] = co.
In other words, while it is guaranteed that a random walker will return to the origin the
expected amount of time until it happens is infinite!

4.2 Several dimensions

Let A be a finite subset of Z¢; S, a simple random walker starting at z € A; and T4 the
first time that the walker is not in A. Let

ealx) =E[Ty | So = .
Then just as in the one-dimensional case we can see that f(z) = ea(x) satisfies
f(x)=0, x€0dA (17)
Lf(z)=-1, =ze€A. (18)

We can argue in the same as in the one-dimensional case that there is at most one function
satisfying these equations.
Let f(z) = d|x]* = d(z3 + -+ -+ 22). Then a simple calculation shows that L£f(z) = 1.
Let us consider the process
Mn = dS?L/\TA — (TL N TA)

Then, we can see that
E[Mn+1 | 507 ) Sn] = Mna

and hence M, is a martingale. This implies
E[M,] = E[Mo] = d|Sol*, E[n ATa] = d [E[|Surr,]*] = |So]*] -
In fact, we claim we can take the limit to assert
E[T4] = d [E[|Sr,]?] — [So]*] -

To prove this we use the monotone convergence theorem, see Exercise 6.6. This justifies the
step
lim [E[|STA\2 Ty < n}] = E[|Sr,|*].

n—oo
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Also,
[E[|S7, > 1{T4 > n}] <P{T4 >n} {rggj{m?} — 0.
This is a generalization of the formula we derived in the one-dimensional case. If d =1 and
A={1,...,N—1}, and
E[|Sr,[*] = N*P{Sr, = N | Sp =2} = Nz,
E[T4] = E[|Sr, 2] — 2° = 2 (N — z).
Example Suppose that A is the “discrete ball” of radius r about the origin,
A={x ez |z| <r}.

Then for every y € 0A satisfies r < |y| < r + 1. Suppose we start the random walk at the
origin.
dr* <E[Ty] < d(r+1)%

For any y € A, let V,, denote the number of visits to y before leaving A,

Ta—1 o)
V=Y USu=y}t=> 1S, =y Ta>n}
n=0 n=0

Here we again use the indicator function notation. Note that

ElV, | So=a]=> P{S, =y, Ta>n|S =a} =) palz,y; A).
n=0

n=0

This quantity is of sufficient interest that it is given a name. The Green’s function G s(x,y)
is the function on A x A given by

GA(ZIT,'!/) = E[% | SO - [L’] = an(x,%A)
n=0

We define Ga(z,y) =0ifz &€ Aory ¢ A. The Green’s function satisfies G 4(x,y) = Ga(y, x).
This is not immediately obvious from the first equality but follows from the symmetry of

pn(x,y; A). If we fix y € A, then the function f(z) = Ga(z,y) satisfies the following:
£f<y> = _17

Lf(z) =0, =eA\{y},
f(z)=0, xe€0dA.

Ta=>_V,

yeA

Note that

and hence

E[Ts | Sy =2x] = ZGA(x,y).

yeA
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Theorem 4.1. Suppose A is a bounded subset of Z%: and g : A — R is a given function.
Then the unique function F': A — R satisfying

F(x)=0, x€0A,
LF(x)=—g(x), x€A,

18

F(z)=E Z( |50—£E] > 9(y) Galx,y). (19)
7=0 yeA

We have essentially already proved this. Uniqueness follows from the fact that if F, F}
are both solutions, then F' — F} is harmonic in A with boundary value 0 and hence equals 0
everywhere. Linearity of £ shows that

LY 9y GA:vy] > ay) LGa(x,y) = —g(x). (20)

yeA yeA

The second equality in (19) follows by writing

9 =Y 9w USi=u}=> gw) D HSi=y}=> 9wV
7=0 j=0 yeA yeA j=0 yeA

We can consider the Green’s function as a matrix or operator,

Gag(x) =Y Galz,y)g
z€A
Then (20) can be written as
—LGag(r) = g(2),

or G4 = [—L]7! For this reason the Green’s function is often referred to as the inverse of
(the negative of ) the Laplacian.

If d > 3, then the expected number of visits to a point is finite and we can define the
(whole space) Green’s function

G(z,y) :}‘i%}iGA(zay) =E|) YSa=y}|So=z| =) P{S,=y|S =uz}.
n=0 n=0

It is a bounded function. In fact, if 7, denotes the smallest n > 0 such that S,, =y, then
G(z,y) =P{r, < oo | Sy =2}G(y,y) =P{r, < oo | Sop =2} G(0,0) < G(0,0) < oo.

The function G is symmetric and satisfies a translation invariance property: G(x,y) =
G(0,y — z). for fixed y, f(x) = G(z,y) satisfies

Lfy)=-1, Lfx)=0,z#y, flx)—0asz— ox.
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5 Space of harmonic functions

If A is a finite subset of Z¢, then the space of functions on A that are harmonic on A has
dimension #(0A). In fact, as we have seen, there is a linear isomorphism between this space
and the set of all functions on #(9A). One standard basis for the space is the Poisson kernel,
i.e., for each z € 0A, we consdier the function

H.(x) = Hy(z,y) =P{Sr, = 2| So = z}.
Sometimes other bases are useful.
Example Let A be the rectangle in Z2,
A={(x1,20) 1 2;=1,...,N —1}.

We will find a basis for the space of harmonic functions by another form of “separation
of variables”. We can write 0A = 019 U 01y U 029 U Oy 5y where 019 = {(0,22) : 2o =
1,...,N — 1}, etc. Consider the function

h;(z) = hji1 n(z) = sinh (5;;1) sin (ﬁ;\?) :

Using the sum formulas for sinh and sin we get

Chy(x) = B cosh (%) + 5 cos (%) _ 1} h().

Since cosh(0) = 1 and cosh(z) increases to infinity for 0 < x < oo, we can see that there is
a unique number which we call 3; such that

cosh (%) + cos (%) =2,

When we choose this ;, h; is a harmonic function. Note that h; vanishes on three of the
four parts of the boundary and

h;(N,y) = sinh(f;) sin <j%) :

If we choose y € {1,..., N — 1} and find constants ¢, ..., cy_1 such that
N-1 ok
Z ¢; sinh(3;) sin <]W) =d(y — k),
j=1

Then,

N-1
Hivgy (@) = ) ¢ hy(a).
j=1
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But we have already seen that the correct choice is

Therefore,

N-1 . .
2 1 iy o (Bjr\ . [T
Hny (@1, 22) = N1 ;21 S0 (3,) s1n< N ) smh< JN ) sm( N | (21)

The formula (21) is somewhat complicated, but there are some nice things that can be
proved using this formula. Let Ay denote the rectangle and let

- N N

Note that AN is a cube of half the side length of Ay in the middle of Ay. Lety € {1,..., N—
1} and consider Hy,). In Exercise 6.13 you are asked to show the following: there exist

¢, c1 < oo such that the following is true for every N and every y and every z,7 € Ay:

c ' N7t sin(ry/N) < Hyy(z) < ¢ N~'sin(my/N). (22)
In particular,
Hy,(z) < 2c Hy (). (23)
° ~ ~
- rT—x r—x .
|Hyy(z) — Hyy(2)] < | N | H,,(z) < ¢ c% N~! sin(my/N). (24)

The argument uses the explicit formula that we derive for the rectangle. Although we cannot
get such a nice formula in general, we can derive two important facts. Suppose A is a finite
subset of Z? containing Ayx. Then for x € Ay, z € A,

Ha(z,2) = ) Hay(z,y) Haly, ).

YyEDAN
Using this and (23) we get for z, T € An,

Hy(x,z) <2cHa(Z, 2),

|HA(LE‘, Z) - HA(ia Z)‘ < C1 T
We can extend this to harmonic functions.
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Theorem 5.1 (Difference estimates). There is a ¢ < oo such that if A is a finite subset of
7% and F : A — [—M, M] is harmonic on A, then if v,z € A with |z — x| =1,

cM

(25)

Theorem 5.2 (Harnack principle). . Suppose K is a compact subset of R and U is an
open set containing K. There is a ¢ = ¢(K,U) < 0o such that the following holds. Suppose
N s a positive integer; A is a finite subset of Z contained in NU = {z € R%: z/N € U};
and A is a subset of A contained in NK. Suppose F : A — [0,00) is a harmonic function.
Then for all x,z € A,

F(z) <cF(2).

As an application of this, let us show that that: the only bounded functions on Z% that
are harmonic everywhere are constants. For d = 1, this is immediate from the fact that
the only harmonic functions are the linear functions. For d > 2, we suppose that F' is a
harmonic function on Z? with |F(2)| < M for all 2. If # € Z? and Ap is a bounded subset
of Z% containing all the points within distance R of the origin, then (25) shows that

2]
R — x|

|F(z) = FO)] <eM

(Although (25) gives this only for |z| = 1, we can apply the estimate O(|z|) times to get this
estimate.) By letting R — oo we see that F'(z) = F(0). Since this is true for every F, F
must be constant.

5.1 Exterior Dirichlet problem

We consider the following question. Suppose A is a cofinite subset of Z¢, i.e., a subset such
that Z¢\ A is finite. Suppose F': Z?\ A — R is given. Find all bounded functions on Z¢
that are harmonic on A and take on the boundary value F on Z¢\ A. If A = Z% then this
was answered at the end of the last section; the only possible functions are constants. For
the remainder of this section we assume that A is nontrivial, i.e., Z? \ A is nonempty.

For d = 1,2, there is, in fact, only a single solution. Suppose F' is such a function with
L = sup |F(z)] < co. Let S, be a simple random walk starting at x € Z%, and let T = T}y
be the first time n with S,, € A. If d < 2, we know that the random walk is recurrent and
hence T' < oo with probability one. As done before, we can see that M, = F(S,ar) is a
martingale and hence

Flx) = My = E[M,) = E[F(S7) {T < n}] + E[F(S,) {T > n}].
The monotone convergence theorem tells us that

lim E[F(Sy) 1{T < n}] = E[F(Sy)].

n—oo
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Also
lim [E[F(S,) {T > n}|| < lim LP{T >n} =0.

n—oo

Therefore,
F(z) =E[F(57) | So = 2],

which is exactly the same solution as we had for bounded A.
If d > 3, there is more than one solution. In fact,

f(x) =P{Ta = o0 | S = x},

is a bounded function that is harmonic in A and equals zero on Z¢\ A. The next theorem
shows that this is essentially the only new function that we get. We can interpret the theorem
as saying that the boundary value determines the function if we include oo as a boundary
point.

Theorem 5.3. If A is a nontrivial cofinite subset of Z¢, then the only bounded functions on
72 that vanish on Z2\ A and are harmonic on A are of the form

Fz)=rP{Ty=00| Sy =2z}, reR. (26)

We will first consider the case A = Z?\ {0} and assume that F' : Z — [-M, M] is a
function satisfying LF(x) = 0 for x # 0. Let « = LF(0) and let

f(z) = F(z) — aG(z,0).

Then f is a bounded harmonic function and hence must be equal to a constant, say C. Since
G(z,0) — 0 as © — 00, the constant must be r and hence

Flz)=r—aG(z,0)=rP{ry=00| Sy =} +P{1mg < 00 | So = z}[r — aG(0,0)].

Since F(0) =0 and P{my = o0 | Sop = 0} = 0, we know that » — aG(0,0) = 0 and hence F is
of the form (26).
For other cofinite A, assume F' is such a function with |F| < 1. Then F satisfies

LF(zx)=—g(x), €A

for some function g that vanishes on A. In particular,

flz)=F(z)+ Y Glx,y) g(x),

y€ZI\ A

is a bounded harmonic function (why is it bounded?) and hence constant. This tells us that

there is an r such that
F(z)=r— Y  Glz,y)g(x),

yeZNA
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which implies, in particular, that F(z) — r as r — oo. Also, if x € Z¢\ A, F(z) = 0 which

implies
Y Gla,y)glx)=r.
yEZI\ A

If we show that G(z,y) is invertible on Z¢ \ A, then we know there is a unique solution to
this equation, which would determine g, and hence F'.

To do this, assume #(Z?\ A) = K; let Ty = min{n >1: S, &€ A}; and for z,y € Z¢\ A,
we define .

J(z,y) =P{Ta < 00,57, =y | So =z}

then J is a K x K matrix. In fact (Exercise 6.25),

(J-1)G=—-1I. (27)
In particular, G is invertible.
6 Exercises
Exercise 6.1. Suppose that X1, X, ... are independent, identically distributed random vari-

ables such that
E[X;] =0, Var[X;]=E[X;]=0 P{|X;|>K}=0,
for some K < o0.

o Let M(t) = E[e"*i] denote the moment generating function of X;. Show that for every
t>0,e>0,
P{X;+ -+ X, >en} < [M(t)e ™"

e Show that for each ¢ > 0, there is a t > 0 such that M(t)e~* < 1. Conclude the
following: for every e > 0, there is a p = p(€) < 1 such that for all n

P{Xi+ -+ X,| >en} <2p".

e Show that we can prove the last result with the boundedness assumption replaced by the
following: there exists a § > 0 such that for all |t| < §, E[e!] < oo.

Exercise 6.2. Prove the following: there is a constant 7y (called Euler’s constant) and a
¢ < 0o such that for all positive integers n,

J=1

c
< -
n
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Hint: write

1 1 nt3 ]
1 ) —log () = -
og <n+ 2) og (2) /% xda:,

and estimate

1
2

Exercise 6.3. Show that there is a ¢ > 0 such that the following is true. For every real
number r and every integer n,

e—cr2/n < e’ (1 . C) < ecr2/n' (28)
n
Exercise 6.4. Find constants a1, ao such that the following is true as n — oo,

" a;  a _
(1——) — et [1+#+n—2+0(n 3)]

n

Exercise 6.5. Let S, be a one-dimensional simple random walk and let

o Show that
2n+1

n = Pn s 29
Pt = Pug s (29)

and hence
1-3:5---(2n—1)

2.4-6---(2n)

DPn =
o Use the relation (29) to give another proof that there is a ¢ such that as n — oo

pnN%-

(Our work in this chapter shows in fact that ¢ = 1//m, but you do not need to prove this
here.)

Exercise 6.6.

e Show that if X is a nonnegative random variable, then

lim E[X 1{X <n}| = lim E[X An] =E[X].

n—oo n—oo

e (Monotone Convergence Theorem] Show that if 0 < X7 < Xy < --- | then

E [lim Xn} — lim E[X,].

n—oo n—~o0
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In both parts, the limits and the expectations are allowed to take on the value infinity.

Exercise 6.7. Suppose X1, Xs,... are independent random variables each of whose distri-
bution is symmetric about 0. Show that for every a > 0,

P{maxX1+~-~+Xj2a} <2P{X, > a}.
1<j<n

(Hint: Let K be the smallest j with X1 +---+ X; > a and consider
P{Xi+ - +X,>a| K=j}.)
Exercise 6.8. Suppose X is a random variable taking values in Z. Let

(t) = E[e"] = E[cos(tX)] + i E[sin(tX)] = ) " P{X =z},
TEL
be its characteristic function. Prove the following facts.
e »(0)=1,|6(t)| <1 forallt and ¢(t+ 2m) = ¢(t).

o [f the distribution of X is symmetric about the origin, then ¢(t) € R for all t.

For all integers x,

1 [7 ,
P{X =z} = %/_ B(t) e "™ dt.

Let k be the greatest common divisor of the set of all integers n with P{|X| =n} > 0.
Show that ¢(t + (27 /k)) = ¢(t) and |p(t)] < 1 for 0 <t < (27w /k).

Show that ¢ is a continuous (in fact, uniformly continuous) function of t. Hint: use

e — | < min{2, |0 — ¢'|}.

Exercise 6.9. Suppose X1, X, ... are independent, identically distributed random variables
taking values in the integers with characteristic function ¢. Suppose that the distribution of
X; is symmetric about the origin, Var[X;] = E[X7] = 7, E[|X;|’] < co. Also assume,

]P){X] = 0} > 0, P{XJ = 1} > 0.
The goal of this exercise is to prove

lim v2ro?nP{S, =0} = 1.

n—oo

Prove the following facts.

e The characteristic function of X1+ -+ X,, is ¢".
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o For every 0 < e < there is a p < 1 such that |p(t)| < p for e <|t| <.
[ ]
1 s
P{S, =0} = — t o(t
(5= 0y =g [ o= [ oty
e There is a ¢ such that for |t| <,

o2 t?

‘gb(t)—l— <ct®.

NG

lim o(t//n)" dt = / ¢TI gt =

n—oo —W\/ﬁ

\/ﬁ

g

Hint: you will probably want to use (28).

Exercise 6.10. Suppose A is a bounded subset of Z* and
F:0A—-R, g¢g:A—-R

are given functions. Show that there is a unique extension of F to A such that
LF(x)=—g(x), z€A.

Give a formula for F.

Exercise 6.11. Suppose A is a bounded subset of Z¢ and
F:0A—-R, f:A—-R

are given functions. Show that there is a unique function p,(z),n =0,1,2...,2 € A satis-
fying the following:
pu(z) = F(x), x€0A,

Opn(x) = LF(z), xz€ A
Show that p(x) = lim,,_.. p,(x) exists and describe the limit function p.

Exercise 6.12. Consider 3(j,N),j = 1,...,N — 1 where 3(j, N) is the unique positive

number satisfying
N 4
cosh (%) + cos <‘%) = 2.

Prove the following estimates. The constants ¢y, ca, c3 are positive constants independent of
N and the estimates should hold for all N and all j =1,...,N — 1.

B(1,N) < B(2,N) <--- < B(N —1,N) < N cosh™'(2).
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o There is a ¢y such that

o There is a ¢y such that

o There is a cg such that

Exercise 6.13. Prove (22) and (24).

Exercise 6.14. Find the analogue of the formula (21) for the d-dimensional cube
A={(v1,...,09) €2 :2;=1,...,N — 1}

Exercise 6.15. Suppose F is a harmonic function on Z¢ such that

Show that F is constant.

Exercise 6.16. The relaxation method for solving the Dirichlet problem is the following.
Suppose A is a bounded subset of 7% and F : OA — R is a given function. Define the
functions F,(z),z € A as follows.

F.(z) = F(x) for alln if v € 0A.

Fyo(x),z € A, is defined arbitrarily

and forn >0,
Fo(z)= Y F.y), =z€A

lz—y|=1
Show that for any choice of initial function Fy on A,

lim F,(x) = F(z), x€ A,

n—oo

where F' is the solution to the Dirichlet problem with the given boundary value. (Hint:
compare this to Ezercise 6.11.)

Exercise 6.17. Let S, denote a d-dimensional simple random walk and let R, ..., R denote
the number of steps taken in each of the d-directions. Show that for all n > 0, the probability

that RS, ..., R are all even is 27471,

29



Exercise 6.18. Suppose that S,, is a biased one-dimensional random walker. To be more
specific, let p > 1/2 and
Su=Xi+ o+ Xa,

where X1, ..., X, are independent with
P{X;, =1} =1-P{X; = -1} =p.
Show that there is a p < 1 such that as n — o0,
1
\/ﬁ

Find p explicitly. Use this to show that with probability one the random walk does not return
to the origin infinitely often.

Exercise 6.19. Suppose 0, is a sequence of real numbers with |6,| < 1 and such that

f:km < 0.
j=1
Let .
H (1+6))

Show that the limit soo = lim,,_,o S, €TIStS and 18 strictly positive. Moreover, there exists an
N such that for alln > N,
‘ <2 Z |6;].

j=n+1
Exercise 6.20. Find the number t such that

t
nl =V2rn*tre™" [1 + -+ O(n_z)} .
n

Exercise 6.21. Prove that

/ e 2 dy = V2.

(Hint: there are many ways to do this but direct antidifferentiation is not one of them. One
approach is to consider the square of the left hand side, write it as a double (iterated) integral,
and then use polar coordinates.)

Exercise 6.22. Suppose S, is a simple random walk in Z% and A C Z% is finite with N
points. Let T be the smallest n such that S, & A. Show that

1 k
< - .
P{Ty > kN} < (1 2d)
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Exercise 6.23. Finish the proof of Theorem 3.4 by doing the following.

e Use connectedness of A to show that any nonzero eigenfunction ¢ with every component
nonnegative must actually have every component strictly positive.

e Give an example of a nonconnected A such that A1 has multiplicity greater than one.

e Given an example of a disconnected A such that \y has multiplicity one. Does Theorem
3.4 hold in this case?

Exercise 6.24. Suppose A is a bounded subset oni. We call {x,y} anedge of A if v,y € A,
|x —y| =1 and at least one of z,y is in A. If F : A — R is a function, we define its energy

by
E(f) = [f@) = fw),

where the sum is over the edges of A. For any F: 0A — R, define E(F') to be the infimum
of E(f) where the infimum is over all f on A that agree with F' on 0A. Show that if f agrees
with F' on 0A, then E(f) = E(F) if and only if f is harmonic in A.

Exercise 6.25. Verify (27).

Exercise 6.26. We will construct a “tree” each of whose vertices has three neighbors. We
start by constructing Ty as follows: the vertices of T, are the “empty word”, denoted by o, and
all finite sequences of the letters a,b, i.e., “words” ..., x, where x1,xs,...,x, € {a,b}.
Both words of one letter are adjacent to o. We say that a word of length n — 1 and of length
n are adjacent if they have the exact same letters, in order, in the first n — 1 positions.
Note that each word of positive length is adjacent to three words and the root is adjacent
to only two words. We construct another tree Iy similarly, calling the root 6 and using the
letters a,b. Finally we make a tree T by taking the union of Ty and T3 and adding one more
connection: we say that o and o are adjacent.

o Convince yourself that T is a connected tree, i.e., between any two points of T there
s a unique path in the tree that does not go through any point more than once.

e Let S, denote simple random walk on the tree, i.e., the process that at each step chooses
one of the three nearest neighbors at random, each with probability 1/3, with the choice
being independent of all the previous moves. Show that S, is transient, i.e., with
probability one S, wvisits the origin only finitely often. (Hint: Ezercise 6.18 could be

helpful.)

e Show that with probability one the random walk does one of the two following things:
either the random walk visits T; only finitely oftern or it visits 7o only finitely often.
Let f(x) be the probability that the walk visits Ty finitely often. Show that f is a
nonconstant bounded harmonic function. (A function f on T is harmonic if for every
x €T f(x) equals the average value of f on the nearest neighbors of x.)

31



e Consider the space of bounded harmonic functions on T . Show that this is an infinite
dimensional vector space.

Exercise 6.27. Show that if A C A, are two subsets of Z2, then A4 < A4, . Show that if Ay
s connected and A # Ay, then Ay < \a,. Give an example with Ay disconnected and A a
strict subset of Ay for which Ay = Ay, .
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