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PREFACE TO THE SECOND EDITION

In this edition a large number of errors have been corrected, an occasional
proof has been streamlined, and a number of references are made to recent pro-
gress. These references are to a supplementary bibliography, whose items are
referred to as [S1] through [S26].

A thorough revision was not attempted. The development of the subject in
the last decade would have required a treatment in a much more general con-
text. Itistrue that a number of interesting questions remain open in the concrete
setting of random walk on the integers. (See [S19] for a recentsurvey). Onthe
other hand, much of the material of this book (foundations, fluctuation theory,
renewal theorems) is now available in standard texts, e.g. Feller [S9], Breiman
[S1], Chung [S4] in the more general setting of random walk on the real line.
But the major new development since the first edition occurred in 1969, when
D. Ornstein [S22] and C. J. Stone [S26] succeeded in extending the recurrent
potential theory in Chapters IT and VII from the integers to the reals. By now
there is an extensive and nearly complete potential theory of recurrent random
walk on locally compact groups, Abelian ([S20], [S25]) as well as non-
Abelian ([S17], [S2]). Finally, for the non-specialist there exists now an
unsurpassed brief introduction to probabilistic potential theory, in the context of
simple random walk and Brownian motion, by Dynkin and Yushkevich [S8].

In view of the above mentioned developments it might seem that the intuitive
ideas of the subject have been left far behind and perhaps lost their vitality. For-
tunately this is false. New types of random walk problems are now in the stage
of pioneering work, which were unheard of when the first edition appeared.
This came about because the simple model of a single particle, performing a
random walk with given transition probabilities, may be regarded as a crude
approximation to more elaborate random walk models. In one of these a single
particle moves in a random environment, i.e. the transition probabilities are
themselves random variables. In other models one considers the simultaneous
random walk of a finite or even infinite system of particles, with certain types of
interaction between the particles. But this is an entirely different story.






PREFACE TO THE FIRST EDITION

This book is devoted exclusively to a very special class of random
processes, namely to random walk on the lattice points of ordinary
Euclidean space. I considered this high degree of specialization worth
while, because the theory of such random walks is far more complete
than that of any larger class of Markov chains. Random walk occupies
such a privileged position primarily because of a delicate interplay
between methods from harmonic analysis on one hand, and from
potential theory on the other. The relevance of harmonic analysis to
random walk of course stems from the invariance of the transition
probabilities under translation in the additive group which forms the
state space. It is precisely for this reason that, until recently, the subject
was dominated by the analysis of characteristic functions (Fourier
transforms of the transition probabilities). But if harmonic analysis
were the central theme of this book, then the restriction to random
walk on the integers (rather than on the reals, or on other Abelian
groups) would be quite unforgivable. Indeed it was the need for a self-
contained elementary exposition of the connection of harmonic analysis
with the much more recent developments in potential theory that
dictated the simplest possible setting.

The potential theory associated with Markov processes is currently
being explored in the research literature, but often on such a high
plane of sophistication, and in such a general context that it is hard
for the novice to see what is going on. Potential theory is basically con-
cerned with the probability laws governing the time and position of a
Markov process when it first visits a specified subset of its state space.
These probabilities satisfy equations entirely analogous to those in
classical potential theory, and there is one Markov process, namely
Brownian motion, whose potential theory is exactly the classical one.
Whereas even for Brownian motion the study of absorption probabilities
involves delicate measure theory and topology, these difficulties evap-
orate in the case of random walk. For arbitrary subsets of the space of
lattice points the time and place of absorption are automatically
measurable, and the differential equations encountered in the study of
Brownian motion reduce to difference equations for random walk. In
this sense the study of random walk leads one to potential theory in a
very simple setting.

vil



viii PREFACE TO THE FIRST EDITION

One might ask whether the emphasis on potential theory is a natural
step in the development of probability theory. I shall try to give a
brief but afirmative answer on two different grounds.

(a) After studying the probability laws governing a Markov process
at fixed (non-random) times, one usually introduces the notion of a
stopping time. (We do so in definition 3 of section 3, i.e., in D3.3) A
stopping time T is a random variable such that the event T > depends
only on the past of the process up to time £. From that point on we are
concerned with a new process, which is precisely the original process,
stopped at time T. But unfortunately one cannot say much about
this stopped process unless it happens to be Markovian, with transi-
tion probabilities invariant under translation in time. Hence one is led
to ask: For what stopping times is the stopped process of such a simple
type? This question leads directly to potential theory, for it is easy to
see that the stopped process is Markovian with stationary transition
probabilities if and only the stopping time is of the type: T=time of the
first visit of the process to a specified subset of its state space.

(b) Classical Newtonian potential theory centers around the Green
function (potential kernel) G(x,y)=]|x—y|~!, and in logarithmic
potential theory (in the plane) this kernel is replaced by A(x,y)=
In |x—y|. As we shall see, both these kernels have a counterpart in the
theory of random walk. For transient random walk G(x,y) becomes the
expected number of visits to y, starting at x. For recurrent random
walk there is a kernel A4(x,y) such that A4(x,0)+.4(0,y) — A(x,y) repre-
sents the expected number of visits to y, starting at x, before the first
visit to 0. It is hardly an oversimplification, as we shall see, to describe
the potential theory of random walk as the study of existence, uni-
queness, and other basic properties such as asymptotic behavior, of
these kernels. That raises a natural question: How much can one learn
about a random walk from its potential kernel? The answer is: In prin-
ciple, everything. Just as the characteristic function (Fourier trans-
form of the transition function) uniquely determines the transition
function, and hence the random walk, so we shall find (see problems 13
in Chapter VI and 8 in Chapter VII) that a random walk is completely
determined by its potential kernel.

I am uncertain about the ‘“prerequisites’” for this book, but assume
that it will present no technical difficulties to readers with some solid
experience and interest in analysis, say, in two or three of the following
areas: probability theory, real variables and measure, analytic functions,
Fourier analysis, differential and integral operators. I am painfully
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aware, however, of a less tangible prerequisite, namely the endurance
required by the regrettable length of the book. In view of the recent
vintage of most of the material many examples and extensions of the
general theory seemed sufficiently full of vitality to merit inclusion.
Thus there are almost 100 pages of examples® and problems, set apart
in small print. While many are designed to clarify and illustrate, others
owe their inclusion to a vague feeling that one should be able to go
farther, or deeper, in a certain direction. An interdependence guide
(following the table of contents) is designed to suggest paths of least
resistance to some of the most concrete and intuitive parts of the
théory—such as simple random walk in the plane (section 15), one-
sided absorption problems, often called fluctuation theory (Chapter
IV), two-sided absorption problems (Chapter V), and simple random
walk in three-space (section 26).

Since most of my work as a mathematician seems to have found its
way into this book, in one form or another, I have every reason to thank
those of my teachers, Donald Darling, William Feller, and Samuel
Karlin, who introduced me to the theory of stochastic processes. I
also owe thanks to J. L. Doob for his suggestion that I plan a book in
this area, and to the National Science Foundation for enabling me to
spend the year 1960-61 in Princeton, where an outline began to take
form under the stimulating influence of W. Feller, G. Hunt, and D.
Ray. In the fall of 1961 much of the material was presented in a seminar
at Cornell, and I owe a great debt to the ensuing discussions with my
colleagues. It was particularly fortunate that H. Kesten's interest was
aroused by some open problems; it was even possible to incorporate
part of his subsequent work to give the book a “happy ending” in the
form of T32.1 in the last section. (As explained in the last few pages
of Chapter VII this is not really the end. Remarkably enough one
can go further, with the aid of one of the most profound inventions of
P. Lévy, namely the theory of the dispersion function in Lévy’s
Théorie de I’addition des variables aléatoires (1937), which was the
first modern book on the subject of random walk.)

Finally it is a pleasure to thank all those who were kind enough to
comment on the manuscript. In particular, J. L. Doob, H. Kesten,
P. Schmidt, J. Mineka, and W. Whitman spotted a vast number of
serious errors, and my wife helped me in checking and proofreading.

*Throughout the book theorems are labeled T, propositions P, definitions D, and
examples E. Theorem 2 in section 24 will be referred to as T2 in section 24, and as
T24.2 when it is mentioned elsewhere in the text.
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Chapter 1

THE CLASSIFICATION OF RANDOM WALK

1. INTRODUCTION

The simplest definition of random walk is an analytical one. It
has nothing to do with probability theory, except insofar as proba-
bilistic ideas motivate the definition. In other words, probability
theory will “lurk in the background” from the very beginning.
Nevertheless there is a certain challenge in seeing how far one can go
without introducing the formal (and formidable) apparatus of measure
theory which constitutes the mathematical language of probability
theory. Thus we shall introduce measure theory (in section 3) only
when confronted by problems sufficiently complicated that they would
sound contrived if expressed as purely analytic problems, i.e., as
problems concerning the transition function which we are about to
define.

Throughout the book R will denote the space of d-dimensional
integers. In other words R is the set of ordered d-tuples (lattice
points)

x = (21,22, ..., x9), x' = integer for i = 1,2,...,d.

As soon as we have defined what is meant by a random walk, it will be
natural to call R the state space of the random walk.

For each pair x and y in R we define a real number P(x,y), and the
function P(x,y) will be called the transition function of the random
walk. It is required to have the properties
(1) 0 < P(x,y) = P(0,y — x), > POx) = 1.

Z€ER
The most restrictive of these properties perhaps is the spatial homo-
geneity expressed by P(x,y) = P(0,y — x), where, of course, y — x is
1



2 THE CLASSIFICATION OF RANDOM WALK

the point in R with coordinates y' — x!, 1 = 1,2,...,d. It shows
that the transition function is really determined by a single function
p(x) = P(0,x) on R with the properties

0 < p(x), > px) =1
ZER
In other words, specifying a transition function is equivalent to
specifying a probability measure on R (a non-negative function p(x)
whose sum over R is one).

Now we are finished—not in the sense that there is no need for
further definitions, for there is, but in the sense that all further
definitions will be given in terms of P(x,y). We may even say, in-
formally, that the transition function P(x,y) s a random walk. Quite
formally, we define a random walk as a function P(x,y) possessing
property (1) defined for all pairs x,y in a space of lattice points R, and a
random walk is said to be d-dimensional if the dimension of R is d.!

El The so-called simple random walks constitute a particularly im-
portant class of random walks. If R is d-dimensional, let

le - [ (gl (x‘)z] "

denote the Euclidean distance of the point x from the origin. Then
P(0,x) defines d-dimensional simple random walk if

P(0,x) = -Z—Id when |x| = 1,
=0 when |x| # 1.

When d = 1, a somewhat wider class than simple random walk is of
considerable interest. When

P(0,1) = p, P(0,—1) =g, 220, ¢20, p+4g=1,

we shall call P(x,y) the transition function of Bernoulli random walk.
Since P(0,x) corresponds to our intuitive notion of the probability of a
‘“one-step”’ transition from 0 to x, it is tempting to denote by P,(0,x) the
probability of an ‘“‘n-step” transition from 0 to x (the probability that a
‘““particle,” starting at 0, finds itself at x after n transitions governed by
P(x,y)). Suppose that n and x are both even or both odd and that |x| < n
(otherwise P,(0,x) will be zero). Then P,(0,x) should be the probability
of 4(x + n) successes in n Bernoulli (independent) trials, where the proba-
bility of success is p (and of failure g). These considerations suggest that

! This definition will serve us in the first two sections. In D3.2 of section 3
it will be superseded by a more sophisticated version.
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we should define P,(0,x) for arbitrary random walk in such a way that we
get for Bernoulli random walk

(l) P,,(O,x) = P(n+x)12q(n-x)12((” +nx)/2)

when the sum n + x is even and |x| < n, and P,(0,x) = 0 otherwise. It
is easy to check that one gets just this result from the definition in D1
below, according to which

2 POx= 3> 3 - 2  POx)P(x1,%) - Pl 3,%);

Z1€ER 123€R ZIpn - 1€
for if we define the generating function
f(z) = 2 P(0,x)z*, =z complex and not zero,
ZER
for Bernoulli random walk, then
f(z)=pz+§' 3 #0.

But equation (2) implies that P,(0,x) is the coefficient of 2 in the (Laurent)
series for [ f(3)]*, and it is easy to check, using the Binomial Theorem,
that this coefficient is given by (1). Note that this calculation also suggests
P1 (below) to the effect that the coefficient of [ f(2)]**™ is given by the
convolution of the coefficients of [ f(2)]* and [ f(z)]™.

D1 Forallx,yin R, Py(x,y) = 8(x,y) = 1if x = y, 0 otherwise, and

Py(x,y) = P(%y), Pulxy) =
z P(x,%,)P(%y,%5) ... P(%y-1,y), n=2.

2€ER, i=1,.. n—
Here the sum extends, as briefly indicated, over all (n — 1) tuples
X1y X9y <« .y Xq_ Of points in R.
Our first result, based on D1, is

Pl For all x,y in R,
Poin(%y) = D Pux,t)Pu(t,y) for n 2 0, m > 0,
{eR

Z Py(x,y) = 1, Pu(x,y) = Py(0,y — x) for n 2 0.
VER
Proof: The most natural proof results from the interpretation of
definition D1 as the definition of matrix multiplication. To be sure,
P(x,y) is an infinite matrix, but that makes no difference at all as the
sum in D1 converges absolutely. The first result in Pl is easily
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obtained if one writes out the definition of P, , ,(x,y) according to D1.
The resulting sum is then over x;, x5, ..., Xp4n-;. Now (using
absolute convergence) one may perform the summation over all the
variables except x,,. If one then applies D1 to the result, one obtains
precisely the first equation in P1, with x,, taking the place of the variable
of summation t. We leave it to the reader to check the case when
m = 0 or n = 0, where the preceding argument is not strictly correct.

The last two statements of P1 (which incidentally amount to the
assertion that P,(x,y) is again a transition function of a random walk)
are also easy to prove. One simply performs the indicated summation
(over n) or translation (by —x) in D1.

The probability interpretation of P,(x,y) is evident. It represents
the probability that a “particle,” executing the random walk, and
starting at the point x at time 0, will be at the point y at time n. The
next definition concerns a function of the same type: the probability,
again starting at the point x at time 0, that the firs? visit to the point y
should occur at time n. This function (unlike P,(x,y) it is not a
transition function) will be called F,(x,y). In D2 we shall write {y}
to denote the subset of R consisting of the element y, and R — {y} will
denote the state space R with the point y excluded.

D2 Fy(x,y) = 0, Fy(x,y) = P(x,y),
Fu(x,y) = Z P(x,x,)P(xy,%3) . . . P(%y-1,%), nx2,

for all x,y in R.
The most important properties of F,(x,y) are

P2 (a) F,,(x,y) = F,,(O,y - x)v
(b) S Fyxy) < 1,
k=1
(©) Py(xy) = 2 F(%5)Pa_i(3:9)

for n > 1 and arbitrary x,y in R.

Proof: The truth of part (a) is immediate from D2, using only the
spatial homogeneity of P(x,y). The proof of part (b) is considerably
more delicate. The statement (b) is ‘' probabilistically obvious’ as
the sum in part (b) represents a probability—the probability that the
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first visit to y, starting at x, occurs before or at time n. Fortunately
it is not hard to base an elementary proof on this idea. (The skeptical
reader will observe that we are indeed about to introduce the notion
of measure—but measure of a very simple sort, the total number of
elementary events being countably infinite.)

Let us define as the set of ‘“‘elementary events” the set of sequences
w of the form w = {x,, x, x,, ..., X,_, x,} where x; = x, and where
Xy, X3, ..., X, may assume any value in R. Since R is countable,
this set of sequences, which we denote ,, is also countable. With
each w in ), we associate the measure

p(w) = P(x,%))P(x),x;). . . P(xp . 1,%,).
It follows from D1 and P1 that
pw) = Py (x,y), Z Hw) = Z Pn(x’y) = 1.
(W) weEQE.2x = V] WENy ¥ER
On the other hand, if

Ay =[w]weQuxy #Y, X # Y, .., %1 # 3 % = Y],
1 <ks<n,

then the sets A, are disjoint subsets of Q,, and it is obvious from D2
that

Fi(xy) = Z pw), l<sks<sn

QEAX
The A, being disjoint, one obtains

n

D Fuxy) = D pluw) =1

k=1l WEQy

Part (c) can be proved in a similar fashion, but we shall use mathe-
matical induction instead. Suppose that (c) holds when n = j.
Then one can write, using P1 and the induction hypothesis,

teR

1
Py \(xy) = Z P(x,t)P(t,y) = ZRP(""‘) kzl Fu(t,y)P;_i(y,y)-
te =
However, D2 shows that

2 PxF(ty) = > P(x0F(ty) + P(xy)F(y.y)

teR teR~(y)

= Fio1(%y) + P(x,y)F(y.y).
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It follows, using the induction hypothesis again, that

J ]
Py (%) = gl Fiir(%3)P;_i(3:y) + gl P(x,9)F(3,9)P; - «(,7)

j+1

= Zz F,,,(x,y)P,“_m(y,y) + Fl(xvy)P/(y’y)

j+1

> Fu(%3)P;s1-n(3y)-

m=]1

That completes the induction, and also the proof, since (c) is evidently
correct when n = 1.

Next we define, in D3 below, the function G,(x,y) to correspond to
the expected number of visits of the random walk, starting at x, to the
point y within time n. (As soon as we develop the simplest proba-
bilistic apparatus, this function will of course be an expectation, being
defined as a sum of probabilities.) Then we prove, in P3, a result
comparing G,(x,y) to the expected number of visits to the starting
point of the random walk.

D3

n

G(xy) = z Py(x,y), n=0,1...,xyeR.

K=0
P3
G,(x,y) < G,(0,0) for n > 0 and all x,y in R.

Proof: As G,(x,y) = Gn(x — »,0) in view of P1, it suffices to prove
P3 in the case y = 0 and x # 0. Using part (c) of P2 we have

n n k
Gn(x,O) = z P,‘(x,O) = z z Fk_,(x,O)P,(0,0)

k=1 k=1 §=0

and a simple interchange of the order of summation gives
n n-4

Gn(x’o) = z P,(0,0) z F,(x,O).
§=0 =0
Using part (b) of P2,

G(x0) < > P0,0) = G,(0,0).
=0
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The stage is now set for the most important classification of random
walks, according to whether they are recurrent? or transient (non-
recurrent). The basic idea is that the sum J%., F;(0,0) represents
the probability of a return to the starting point before or at time n.
The sequence of the sums >7., F;(0,0) is nondecreasing as n in-
creases, and by P2 they are bounded by one. Hence they have a
limit, which we shall call F, and F < 1. Therefore it is reasonable to
call the random walk recurrent if F = 1 and transient if F < 1.

Actually it turns out that there is another, equivalent, classification,
based on the number G, the limit of the monotone sequence G,(0,0).
G may be finite or infinite (in which case we write G = + o0) and it
will be shown (in P4) that G < oo when F < 1and G = + oo when
F = 1. But first we make two more definitions designed mainly to
simplify the notation.

D4

Cxs) = 3 Psy)s @i Fwp)= 3, Fass) <1

n=0

G,(0,0) = G,, G(0,0) = G; F,(0,0) = F,, F(0,0) = F.

DS The random walk defined by the transition function P is said to be
recurrent if F = 1 and transient if F < 1.

P4 G = _—l_ﬁ" with the interpretation that G = + o when F = 1

and F = 1 when G = + oo.

Proof: It would perhaps be natural to use the method of generating
functions, applied to the convolution equation

) P(00) = 3 FP,_(00), n=z1,
k=0

which is a direct consequence of P2 (part (c)) and the notation intro-
duced in D4. But P4 can also be obtained directly, as follows.

2 In the general theory of Markov chains it is possible that the probability of
return to the starting point is one for some, but not all, points of the state
space. Such points are then called recurrent or persistent, and the points with
return probability less than one are transient, cf. [31], Vol. 1, p. 353, and [9],
p. 19. As every random walk has the property that either all states are re-
current or all are transient, we shall apply these adjectives directly to the
random walk rather than to its states.
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Summing the convolution equation (1) over n = 1,2,...,m, and
adding Py(0,0) = 1 on each side, gives

m
) Gn= D FGn_x+1, m2z1
k=0
Letting m — oo,
m N
G=1+lim > FG, 21+ G F,
m=® =0 K=0
for every integer N, and therefore
G=>1+ GF.

This proves, by the way, that G = + o0 when F = 1, since the in-
equality G > 1 + G has no finite solutions.
On the other hand, equation (2) gives

m m
(3) 1=G, - Z GiFpn_i 2 Gp — Gy Z Fpn_ 2 Gy(1 — F),
k=0 k=0

so that 1 > G(1 — F), which shows that G < oo when F < 1. That
completes the proof of the identity G(1 — F) = 1, and hence of P4.

E2 Consider Bernoulli random walk with P(0,1) = p, P(0,—1) = g.
An easy calculation (see E1) gives P,(0,0) = 0 when n is an odd integer,
and

n 2" n, n —!/2
0 Pu00) = ooy (7) = (=1rtapar( %)
Since p and g are not arbitrary, but 0 < p = 1 — g, it follows that 4pg < 1.
Thus the Binomial Theorem yields the power series (generating function)

@ S 1P,y (0,0) = (1 — 4pgt)-12

valid for all complex ¢ in the unit disc |t| < 1. Letting ¢ approach one
through the real numbers less than one (we shall habitually write “¢t » 1
for this type of limit), it is clear that

(3) !';71‘ uzo t"P,,(0,0) = n

Pg,(0,0)

Ms M8

P,(0,0) = G < oo.

n=0
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It follows from (2), compared to (3), that

@) _Ja- 4pg)~1% < © when p # ¢
+ o0 when p = ¢ =/,
In view of P4, we have shown that Bernowlli random walk in one-dimension
is recurrent if and only if p = q = */,, i.e., simple random walk is the only
recurrent Bernoulli random walk.
For the sake of completeness, let us repeat the above argument, working
with F instead of with G. Setting x = y = 0 in part (c) of P2,

Pi0,0) = S P._4(0,0)F,(0,0) for n > 1,
k=0
or
P,(0,0) = 5 P,_,(0,0)F,(0,0) + 8(n,0) for n > 0.
k=0

That gives

S mP00)= 3 mP00) S rF00) +1, 0st<l
n=0 n=0 n=1

Replacing ¢ by V1, one concludes from equation (2) that

@

(5) 20 t"F,(00)=1—- V1 —4pqt, 0<t<l.

n=
Again one arrives at the conclusion that

F = lim 2 t"F3,(00) =1 - VI —4pg=1

t”1
/a.

if and only if 4pg = 1, which happens when p = ¢ =

In the unsymmetric case (when P # q) we know from P3 that G(0,x) <
G(0,0) = G < oo for all x in R. For convenience we shall assume that
p > ¢, and proceed to calculate G(0,x), by deriving, and then solving, a
difference equation satisfied by G(0,x). From P1 one obtains

Pn+1(01x) 2 P(O,y)P,,(y,x) PPn(l»x) + an("‘ l»x)
= pP(Ox— 1) + ¢P,(0,x + 1),

for allm > 0 and all xin R. Summation over n > 0 yields
(6) G(0,x) — &(x,0) = pG(0,x — 1) + ¢G(0,x + 1), x€R.

It is not difficult to solve (6). The associated homogeneous difference
equation

fx) =pf(x = 1) + ¢f(x + 1)

has the solutions
(7) f(x) = Ary* + Bry?
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where 7, = p[g, 7, = 1 are the zeros of the polynomial gt2 — t + p. Now
we need a ‘““particular” solution ¢(x) of the nonhomogeneous equation

(8) o(x) — 8(x,0) = pp(x — 1) + gp(x + 1).

Let us choose ¢(0) = ¢(1) = 0. Then the function ¢(x) has a unique
extension to R which satisfies (8), and it is simple to calculate, recursively,
that

9) ox) =0 for x>0, o(x) = (p — q)“[(g)x —1] for x < 0.

It follows from the elementary theory of difference equations that G(0,x)
must be obtainable by superposition of functions in (7) and (9), i.e.,

(10) G0,%) = plx) + A(%): + B.

Observe now that the function ¢(x) in (9) is bounded (since we are assuming
that p > ¢g). According to P3 we have G(0,x) < G < oo which implies
that 4 = 0. Thus it remains only to evaluate the constant B, using
equation (4), to the effect that

1
G(0,0) = (1 — U=
(0,0) = (1 — 4p9) 7= q
From (9) and (10) one therefore obtains the result that B = (p — ¢)~?, and
we have proved that for Bernoulli random walk with p > q,

-9 for x> 0

One last result, easily within reach of the elementary methods of
this section, is the ‘‘ weak "’ ratio ergodic theorem (a ‘‘strong’’ version of
which is proved in T5.1 (Theorem 1 of section 5)).

PS5 For every random walk

) Go(x,y)
lim  5.0.0)

Remark: Although the statement of P5 makes no distinction
between recurrent and transient random walk, such a distinction will
nevertheless arise in the proof. The result of P5 is correct in both
cases, but for entirely different reasons! The proof will show further
that in the transient case PS5 is false, as it stands, when x = y, whereas
it is obviously correct for recurrent random walk, even when x = y.

= F(x,y) whenever x # y.
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Proof: First we observe that it suffices to prove PS5 in the special
case when y = 0. Thus we may use part (c) of P2 in the form

G,(x,0) = &(x,0) + i P,(x,0)
K=1
= 5x0) + 3 P0.0)S Fux0),
=0 k=1
so that
n n-jJ
PO, F(x,0
G,(x,0) — 5(x,0) + ;=zo (0.0) kZO o ), xeR.
Ga(0,0) ;-zo P,0,0) ,Z’ P,0,0)

In the transient case the denominators have a finite limit, so that one
obtains
. G.(x,0) _ 8(x,0)
lim .00~ G
for all x in R, and in particular the limit F(x,0) when x # 0.
To obtain a proof when the random walk is recurrent, let

+ F(x,0)

a, = > Fy(x0), b, = P00, =nz0.

K=0
The problem is then to show that

bsa,_,
lim 22— = lim a, = F(x,0).
n— @®© b n-— ®
25

For every positive integer N one can decompose

n
z bsa,
r-o,l —a
o
k=0
n-N n n
Z bl(an—l - (!) z bian-l z b}
= 1=0 _ + /=n-~n+x — ql=noNe1

3 b, > b, > b

k=0 k=0 k=0
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This decomposition is valid for all # > N and for every real «, but
we shall of course set « = F(x,0). Since b, is a bounded sequence
such that the series 5 b, diverges, it is clear that the last two terms
tend to zero as n— oo, for each fixed N. We can now choose
N = N(e) so that |a, — | < € when n > N. With this choice of
N one obtains

n

z ba,_,

fim | E%—— - F(x,0) | < €
[ Y- - Z bk
k=0

and as e is an arbitrary positive number, the proof of PS5 is complete.

E3 Let us now apply P5 to Bernoulli random walk. When p > ¢, P5
tells us that F(0,x) = 1 for every x > 0, since

G(0,x)
G(0,0)

and G(0,x) = (p — ¢)~!, for every x > 0, according to E2. Inasmuch as
F(0,x) represents the probability that the first visit to x occurs at some
finite time (i.e., that x is visited at all), it was of course to be expected that
F(0,x) = 1 for all positive x when p > ¢. In this case one would also
expect that F(0,x) < 1 when x < 1, and E2 together with PS5 actually
shows that F(0,x) goes to zero geometrically as x - —co. One obtains

F(0,x) =

F0,x) = (%): when x < 0.

Finally, consider the simple random walk, with p = ¢ = /,. According
to PS5,

. G (0,x)

212 G,00)

for every x, but it still remains to evaluate the limit function F(0,x). We
know only that F(0,0) = 1, but it would indeed be surprising if there were
a point x, such that F(0,x,) < 1.

In fact, one could argue that F(0,x) = 1 on the following intuitive
grounds. Return to 0 is certain (since F(0,0) = 1). However, a visit to
x, before the first return to 0 is certainly possible, in fact it has a probability
p{(xo) = 2-t=t.  But once the random walk has reached x,, the proba-
bility that it will ever return to 0 is F(x,,0) = F(0,—x,), and by symmetry
F(0,—x,) = F(0,x,). Hence we seem to have shown that

1= F(0,0) < 1 - p(xo) + p(*0)F(0,%0) = 1 — p(0)[1 — F(0,x,)]
which implies that F(0,x,) = 1.

= F(0,x)
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The only trouble is that we used certain intuitively plausible facts about
properties of the probability measures induced by the transition function
P(x,y), before having described the method by which probability measures are
to be assigned. In particular we argued that if p(x,) is the probability of
visiting x, before the first return to 0, then the probability of visiting x,
before 0, and then 0, is p(x4)F(x,,0). This relation of independence is
indeed a property of any reasonable assignment of probability measure
under which P,(x,y) retains the obvious interpretation as n-step transition
probabilities, but the proof must wait until section 3.

It is, however, of some interest to see if one can show analytically that
FO,x) =1 when p = ¢, and we offer the following three alternative
methods of proof.

(a) From Stirling’s formula

n! ~ V2nn e "n
(here and in the sequel a, ~ b, means that the ratio a,/b, — 1 as n— ),

one obtains

Pul00) = (=1 7,2} ~ o1

n
It is equally easy to show that

P, (0,x) ~ (7n)~12 when x is an even integer,
Py, 1(0,x) ~ (7n)~172 when x is odd.

Finally, summing on #n yields, for every x,

n "k -1/2 n 112
cuom~1 3 (37" (3)"
so that

e Ga(0x)

FOx) = lim 2450 =

(b) A more careful study of the transition functions P,(x,y) (casy for

instance by the methods of Fourier analysis in Chapter II) shows that one

can dispense with Stirling’s formula and in fact prove a much stronger
result, namely

1.

S [P0,0) — PL05)] = lim [G,(00) — G,(0,%)] = |,
n=0 LEX

Clearly it follows that

. Gy(0,x) _
,,l‘..'?,, m = F(O,x) =1, xeR.
(c) In view of P3

Gu(0) _ |

“*oon ="
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Furthermore P1 and D3 give

b3 p(x.o-g;(%; - ﬁo—) [Ga(%.9) + Pars(%,3) = 8x.3)].

Now we let n tend to infinity. The left-hand side of the above equation
then tends to

3 PxF(t3).

The right-hand side goes to F(x, y) since G,(0,0) — oo and | P, , (x,y)] < 1.
Hence

tgt P(x,t)F(t,y) = F(x,y),
and specializing by setting y = 0, we find that
> P(x,t)F(1,0) = $F(x + 1,0) + }F(x — 1,0) = F(,0).
teR

But this equation has solutions only of the form F(x,0) = ax + b. Since
05 F(0,x) < 1 and F(0,0) = 1, we conclude again that simple random
walk in one dimension has the property that F(0,x) = 1 for all x.

2. PERIODICITY AND RECURRENCE BEHAVIOR

We saw in section 1 that recurrence of a random walk manifests
itself in the limiting behavior of G,(0,0) as well as of F,(0,0). But so
far it is not clear exactly how G,(0,x), the expected number of visits of
the random walk to x in time n, depends on the recurrence of the
random walk. The same question of course applies to F,(0,x) and to
F(0,x) which is the probability of a visit (at some finite time) to the
point x.

Certain results are obvious. For example, since G(0,x) < G(0,0) <
oo for every x, it is clear that G(0,x) < oo for all x if the random walk
is transient. But suppose that the random walk is recurrent, so that
G(0,0) = o©. Does it follow that G(0,x) = o for every x in R?
The answer is no; it is indeed possible to find a recurrent random
walk such that G(0,x;) < oo for some x,€ R. The most trivial
example of this type is the random walk which “stands still,” i.e.,
with P(0,0) = 1. According to our definitions it is recurrent, as
G,0,0) =n+ 1—>o00 as n— 0. But clearly G(0,x) = 0 for all
x # 0. Note that we have not even bothered to specify the dimension
of the state space R. It is immaterial as the random walk would not
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“know the difference.” It takes place on the state space consisting
of the origin alone.

Given a state space R of dimension d > 1 and a point x, in R, we
can define a recurrent random walk on R such that G(0,x,) = 0. For
example, let

P(0,2x,) = P(0,-2x,) = '/,
P(0,x) = 0 for all other x in R.

This random walk is nothing but simple symmetric one-dimensional
random walk, no matter what the dimension of R. Therefore it is
recurrent, but again it is clear that G(0,x,) = 0. The reason is of
course again that the random walk takes place on a subset (a subgroup,
as it happens) of R which does not contain the point x,.

There is no need to look for other types of examples where G(0,0) =
o but G(0,x) < 20 for some x, because there are none. Instead we
shall begin by formalizing the ideas suggested by the preceding
examples, and then proceed to explain the crucial role of that subset
of the state space R which is actually visited by the random walk.
Given a random walk, i.e., a transition function P(x,y) defined for
x, y in R, we define three subsets of R, called £, R*, and R

D1

[x]| P(0,x) > 0],

[x] Pn(0,x) > O for some n > 0],

[x|x =y — =z, for some ye R* and z€ R*].

I

z
+
R
Pl R~ is the set of all finite sums from X including the origin O (the

empty sum). It is also the smallest additive semigroup containing . R
on the other hand is the smallest additive subgroup of R which contains R* .

Proof: There is not much to verify apart from the group (semi-
group) axioms. (A semigroup is supposed to be closed under addition
like a group, but not under subtraction, and although it has an
identity (the origin), no other elements in it need have an inverse.)

The origin is in R* by definition. If xis in R*, and x # 0, then
it follows from P,(0,x) > O that there is a finite sequence x,, x,, . . .,
x,_; in R such that

P,(0,x) = P(0,x,)P(x,,x5)...P(xy_4,x) > 0.

But then P(0,x,) > 0, P(0,x, — x;) > 0, and so on, so that x,,x, —
x;, etc. are in X. Therefore x = x; + (x3 — x,) + -+« + (x —
X,_1), 1S a representation of x as a finite sum of elements of Z.
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Conversely, if x =y, + yo +:- - + y,, withy,eZfori =1,...,n,
then P(0,y,) = P(y1 + -+ -1 01+ -+ ) >0, k=12,
..., n, so that

P,(0,x) = P,(0,y, + --- + y,)
2 P(0,y,)P(y151 + y2)-- -P(y1 + -+ + Ya-1%) > 0.

This proves that R* is really the set of all finite sums of elements of Z.

If we use either the characterization of R* just obtained or the one
in D1, it is clear that R* is closed under addition. Hence R* is a
semigroup. There can be no smaller semigroups containing X, since
any such semigroup must contain all finite sums from Z, and R* is
just the set of such sums.

R is a group since it is closed under differences, by D1. It con-
tains R* by definition, and there can obviously be no smaller group
than R with these two properties.

The ideas that led to the definition of the sets R* and R enable
us to understand the difference between transient and recurrent
random walk a little better than in section 1.  First consider transient
random walk, which offers very little difficulty.

P2 If P(x,y) is the transition function of a transient random walk
with state space R, then

G(0,x) < o0 on R
and
G(0,x) = F(0,x) = 0 on R — R*.

Proof: By P1.3,
G(0,x) = lim G,(0,x) < lim G,(0,0) = G < oo,

which proves the first statement. To prove the second one, assume
that the set R — R* is nonempty (otherwise the second statement of
P2 is vacuous). In that case, P,(0,x) = O for xe R — R* for every
n > 0. But then

G(0,x) = > Py(0,x) =0, xeR - R*,

n=0

F(0,x) = i F(0,x) < G0,x) =0, xeR — R*.

nm]

The last inequality came from D1.2 which implies that
F,(0,x) < P,(0,x), xeR, n>0.
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In the recurrent case we first prove a few lemmas (P3, P4, P5) of
independent interest, which will later be combined with P2 to give a
complete description (T1) of the basic differences between recurrent
and transient random walk.

P3 If a random walk is recurrent and x € R*, then

G(0,x) = oo.

Proof: If x € R*, we may assume that x # 0 and choose m > 1 so
that P,(0,x) > 0. Then, using P1.1,

Po(0,x)Py(x,x) < D Pp(0,8)Py(t,x) = Py, a(0,x).
teR

Summing on n from zero to &, one obtains

Po(0,5)Gu(%) = Po05)Gu(0,0) S 5 Paun(0,3)
=X Py =S Py
n=0 n=0

= Gp4i(0,x) — Gp_1(0,x).
Letting k — + o0, one finds that
P,(0,x)-G < lim G,,\(0,x) — Gn_4(0,x).
Kk~ o

But by P1.4, we know that G = + oo, which proves that
lim G, ,(0,x) = G(0,x) = + 0.
| X

The next step, still for recurrent random walk, is the investigation
of F(0,x). The obvious probability interpretation of F(0,x) as the
probability of a visit to x, starting at 0, in a finite time is very helpful.
It suggests that F(0,x) = 1 for all x in R*. Actually considerable
work is required to translate this suggestion into mathematical
certainty, and here too the probability interpretation is useful in
suggesting what to do. The probabilistic arguments that follow can
be made rigorous by careful use of certain measure theoretic facts to
be introduced in section 3.

We assume that xe R*, and also (for the moment) that —x¢€
R — R*. Then the random walk can go from 0 to x with positive
probability. But once at x it can never return to zero, since a transi-
tion from x to 0 is impossible, being equivalent to one from 0 to —x.
Hence it is possible to leave 0 and never to return. This contradicts
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the hypothesis that the random walk is recurrent. Therefore we have
“demonstrated’ the impossibility of having xe€ R* while —x€
R — R*. In other words, recurrent random walk has the property
that x € R* implies —x € R*. But R* is a semigroup, and a semi-
group which contains the inverse (negative) of each element is a
group. Hence R* = R. Now it is easy to go further, and to
conclude that F(0,x) = 1 not only when x € R*, but for all xe R.

We shall choose to disregard this interesting argument, which is
due to Feller [12],* 1951, to obtain the same result by the more
elementary methods of this and the last section.

P4 For arbitrary random walk, x,y € R and n > 0

(a) ‘ZR P(x,0)Gn(t,y) = Gnir(xy) — 8(x,y),
and for recurrent random walk
(b) 2 P(xt)F(t,y) = F(x,y).

teR
Proof: Part (a) follows by computation from Pl.1 and D1.3 since

n

‘ZR P(x,0)G,(t,y) = Z > P(x,t)Py(t.y)

Ote

=S Pysy) = Guaurle) — 8(53).

k=1

Dividing equation (a) by G,(0,0) (which is positive), one finds
Ga(t, Ga(x, Py y(x, 8(x,

{0.0) ~ Gi(00) T TG,(00) ~ G,(0.0)
Now let n— + o0 in (1). Since G,(0,0) > G = oo, the last two
terms on the right-hand side in (1) tend to zero. Next we observe
that

Gu(x.y) Gu(x,y) ,
0<5.00 =" lim &0.0) = P

the inequality being due to P1.3, and the limit due to P1.5.
The boundedness of the ratios G,(x,y)/Gn(0,0) implies, by a
dominated convergence argument, that

i 3P0 B8 - 3 e i 243

®* Numerals in brackets refer to the Bibliography at the end of the book.
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so that one may conclude, by letting n tend to infinity in (1), that
part (b) of P4 is true.

Now we shall see that P4 very quickly leads to
PS5 If a random walk is recurrent and x € R*, then also —x € R*.
Further R* = R and
F(0,x) = 1 for all xe R,
F(0,x) = 0 forall xe R — R.
Proof: We shall work with the special case

> P(xt)F(t,0) = F(x0), xeR

teR

of P4(b). It follows that
> Py(x,t)F(t,0) = > P(x,t)F(t,0),
teR teR

and by further iterations of the transition operator P(x,y)

> P (xt)F(t,0) = F(x,0, m=0, xeR.
teR

Now we take a fixed x,€ R*, in order to prove that F(x,0) = 1.
This is done by setting x = 0 in the last equation, giving
> P,(0,t)F(1,0) = F(0,0) = F = 1.

teR

Since x,€ R*, we may select m, = 0 such that P, (0,x,) > 0.
Then

1 = P, (0,x)F(x0,0) + > P, (0,t)F(2,0)

< Ppy(0,50)F(x0,0) + > P, (0,2)

t# 2o

=1 + Py (0,x0)[F(x,0) — 1],

which proves that F(x,,0) = 1.
Furthermore

1 = F(x,0) = F(0, - xy),

and F(0, - x,) would be zero if —x, were not in R*. Hence —x, is
in R* along with x,, so that R* = R. But then the previous argu-
ments show that F(0,x,) = 1, and it is of course clear that F(0,x) = 0
when x € R — R, if this set has any elements at all. Thus the proof
of P5 is complete.
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Before summarizing the results of P2 through PS5, it is convenient
to simplify matters by focusing attention on the set R. If R = R,
then the statement in P5 that R* = Rreducesto R* = R. Buteven
in the transient case that part of R which is not in R is quite irrelevant
in the following sense. One could always imbed R in a larger group
of dimension d + 1 without affecting the random walk in the least.
So we shall make the definition?

D2 A random walk P(x,y) defined on R is aperiodic if R = R.

If a random walk is periodic (i.e., not aperiodic), then the problem
is badly posed. In other words, if R # R, then the random walk is
defined on the wrong group, or on a coset of the wrong group if it
starts at a point x not in R. It will always be possible to reduce
problems where R # R to the aperiodic case, for the simple reason
that in every case R happens to be group theoretically isomorphic to
R of some dimension d > 0. (See Chapter II, section 7, for a more
detailed discussion of such considerations.)

As a good example of the simplifications due to aperiodicity we
have

P6 For aperiodic recurrent random walk
_G,(0%) _
L G00)

Proof: By P1.5, the limit is F(0,x). But by P5, F(0,x) = 1 for
all x in R* = R, and as the random walk is aperiodic this gives
F(0,x) = 1 in all of R.

Finally we summarize the results of P2 through PS5 as

1, x € R.

T1 Let P(x,y) be the transition function of aperiodic random walk.
Then there are only two possibilities
(a) (Transient case)

G(0,x) < o© on R, F(0,0) <1, F(0,x)=0o0on R—- R",
(b) (Recurrent case)
G(0,x) = © on R, F(0,x) =1 on R.
There is nothing to prove, all the statements being immediate from
D2 applied to P2and P5. Instead we mention aninteresting extension

3 Here again our terminology differs from the conventional one in the theory
of Markov chains in [9) and [31]). Our notion of strongly aperiodic random
walk, to be introduced in DS5.1, i1s far closer to aperiodicity in Markov chains
than the present definition of an aperiodic random walk.
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of T1, which, at this point, we do not have the resources to prove.
It is proved in P24.9 of Chapter VI, and completes the result of T1
for the transient case. It concerns transient random walk only and
asserts that F(0,x) < 1 in the transient case for all x, unless the
random walk is of a very special type which we shall now define.

D3 A random walk ts called left continuous if it is one dimensional

and if
PO,-1) > 0 and P(0,x) = 0 for x < — 2.
Similarly it is called right continuous if
P(0,1) > 0 and P(0,x) = 0 for x > 2.

Note that Bernoulli random walk, with0 < p = 1 — ¢ < 1 is both
left and right continuous, even when modified so that also P(0,0) > 0.
The extension of T1, which will be accomplished when we prove P24.9
in Chapter VI, is

Aperiodic transient random walk has F(0,x) < 1 for all x in R
unless it is
(a) left continuous, with the additional property that

—0 < z xP(0,x) < 0,
I= -
tn which case F(0,x) = 1 for all x < 0 and F(0,x) < 1 for all x > 0; or
(b) right continuous with the additional property that

0 < Z xP(0,x) < o0,

Zm ~®

in which case F(0,x) = 1 for x > 0, F(0,x) < 1 for x < 0.

At the present stage of development of the theory it is not even
quite obvious that the random walk of type (a) or (b) above is transient.
This matter will be settled in T3.1, where some simple sufficient
conditions are obtained for a random walk to be transient. Now we
turn instead to the task of finding a sufficient condition for recurrence.

Restricting attention to one-dimensional random walk let

@

D4 m= z |x|P(0,x) < oo,

= -

and, in case m < o0
@

p = z xP(0,x).

Im—x
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We saw in E1.2 that Bernoulli random walk, where p turns out to
have the value p — g, is recurrent if and only if p = 0. We will
eventually show that every one-dimensional random walk, with
m < oo, has the same property: it is recurrent if u = 0 and transient
otherwise. Intuitively the conclusion that random walks with p # 0
are transient seems quite plausible if not obvious. But it turns out
that this part of the result is the harder one to prove, and so we shall
now consider only the case when p = 0.

The first step of the proof is nothing but the classical weak law of
large numbers for sums of identically distributed random variables.
Clearly P(0,x) can be taken to be the probability measure of an
integer valued random variable. Calling P(0,x) = p(x), one observes
that

P,(0,x) = “Zn plx — y)p(y)

is the convolution of two such measures, and similarly P,(0,x) is the
convolution of the measure p(x) with itself n times. If P(0,x) has
mean p according to D4 (and m < o) the usual statement of the weak
law becomes

P7 lim z P,(0,x) = O for every ¢ > 0.

— Q0 z
(:ll; -u' »e)

We shall not give a proof of this remarkable theorem which is due
to Khinchin [62], 1929, but only point out that no measure theory is
involved as the usual proof* proceeds by elementary careful estimation
of the values of P,(0,x) for large n and |x|. The first step of the
proof of course consists in verifying P7 for the case when P(0,x)
satisfies the additional assumption of finite variance o2, i.e.,

o? = > |x — p|?P(0,x) < 0.

2€R

In that case

z P,(0,x) < %—, Z [x — np|2P,(0,x)

z z
xl.- > S - ul>
[¢4] ] II €) ull Ml €)

1 o?
< vy 2’; |x — np|?P,(0,x) = F—»O,

as n— 0.

¢ To be found in any good introductory text, such as [31), [34], [84].
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Using nothing but P7, Chung and Ornstein [13]}, 1962, succeeded
in showing that every one-dimensional random walk with m < o
and p = 0 is recurrent (earlier proofs used the Fourier analytical
methods developed in the next chapter). Let us therefore suppose
that P(x,y) is a one-dimensional transition function (i.e., R is the set
of integers) with m < oo, p = 0. For every integer N we can assert,
using P1.3, that

1

(1) Gy(0,0) 2 53— MZM Gx(0,x)
for every positive number M. Furthermore
N N
(2) D Gy0x)=> > P0x)z=> > Py0x).
lzisM k=0 JzisM k=0 mlils%)

Choosing M = aN, a > 0, we may combine (1) and (2) to obtain

1 N
3 Gx(0,0) > ——— P,(0,x).
( ) N( ) 2aN + 1 kZo Izlgm k( )
From P7 we know, since o = 0 and 3,z P,(0,x) = 1, that
lim Z P(0,x) =1, when a > 0,

k—=® |z|5ka
and one may conclude from (3) that

. 1
“) lim Gy(0,0) 2 -

N—-~x®

Since a may be taken arbitrarily small, (4) implies
G = lim G4(0,0) = > P(0,0) = <.
N-ow k=0

Thus we have proved

P8 If P(x,y) is one dimensional, m = 3 |x|P(0,x) < o, and
p = 2 xP(0,x) = 0, then the random walk is recurrent.

Proposition P8 has the partial converse that a random walk with
m < o, p # 0 is transient. As no direct analytic proof seems to be
known, we shall use this difficulty as a motivation for developing the
correct measure theoretical formulation of the theory of random walk
in the next section. One of the most frequently useful measure
theoretical results will be the strong law of large numbers (P3.4),
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Kolmogorov’s [66] (1933) sharpened version of the weak law (P7).
In particular, the strong law (P3.4) will make it quite evident that
every random walk on the line with m < co, u # 0 is transient.

3. SOME MEASURE THEORY

First we define what is meant by an arbitrary probability space, and
then we shall specialize to those probability spaces which are useful
in the measure theoretical formulation of random walk problems.
A probability space is a triple (QQ, F, P) where

(a) Q is an arbitrary space (collection of *‘points” w € Q);

(b) & is a so-called o-field, i.e., a collection of subsets 4, B, C,...
of Q which is closed under the operations of countable unions,
intersections, and complementation; in particular the empty set and
the whole space Q are elements of % ;

(c) P is a non-negative set function, defined on %, with the
properties that P[Q] = 1 and 7., P[4,] = P[UZ., 4,), when 4,
is a sequence of pairwise disjoint sets in & (i.e., P[-] is a countably
additive probability measure). We shall feel free to use (but actually
we shall rarely need to do so) a few standard notions and theorems
from measure theory> which apply to an arbitrary probability space:

(1) If A4, is a monotone sequence of sets in &, i.e., if 4, D 4,4,
for every k = 1, then

im B[ A 4] =P A 4
n—® k=1 k=1

(2) A real valued function f(w) on Q (which may also assume the
“values” + 00 and — o) is called measurable if the set [w | f(w) < 1]
is in & for every real number £. A measurable function which
assumes only a finite number of distinct values is called simple. A
sequence of measurable functions f,(w) is said to converge a.e.
(almost everywhere, or with probability one) if [w |lim,. . fi(w)
exists] is a set of measure one. Using this terminology, every
measurable function can be represented as the a.e. limit of a sequence
of simple functions. And if a sequence of measurable functions con-
verges a.e., then its limit is also measurable.

5 To be found in [37], [73), or [78).
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(3) If ¢{w) is a simple function, assuming finite values a, on the
sets A, e F,k = 1,...,n, its integral is defined as

L #(w) dP(w) = zl a P[4,

An arbitrary measurable function f(w) is called integrable if

sup [ Jp(w)] dP(w) < e,

the supremum being taken over all simple functions such that
¢{w)| < | f(w)| almost everywhere. If f(w) is integrable, then

[ s @) = tim [ gufa) dP(@)

exists and has the same value for every sequence ¢,(w) of simple
functions such that |g,(w)| < | f(w)| and ¢,(w) converges to f(w)
almost everywhere.

(4) The usual properties of the Lebesgue integral on a finite
interval, such as the Lebesgue dominated convergence theorem,
apply to the integral defined in (3). Of particular importance is the
following special case of Fubini’s theorem. Two integrable functions
f(w) and g(w) are said to be independent if

Plo [ f(w) < 4,8(w) < 8] = Pl | f(w) <a]P[w | g(w) < b]

for all real numbers a and b. If so, then

[ f@k) dP@) = [ fl) dP@) [ gla) dP(w).
Now we are ready to specialize to a particular probability space,
where Q will be the set of infinite sequences
w = (w, w,y,...), with each w, € R.

Here R is the state space of a given random walk. The o-field & is
defined as follows. First we require % to contain all cylinder sets,
i.e., sets A, of the form

Ap=[w|w,=a, k=12 ...,n1], n>0.

where a, € R for each 2 = 1,..., n, and then we define # to be the
smallest o-field which contains every cylinder set. Finally, in order to
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define the probability measure (in terms of the transition function
P(x,y) of a given random walk), we stipulate that
P[4,] = P(0,a,)P(0,a;). . .P(0,a,), n>0

for every cylinder set (the empty product, when n = 0, is of course
defined to have the value one). It is not difficult to prove the extension
theorem®—that there exists one and only one countably additive
probability measure P[-] defined on the whole of &, which has the
desired values on the cylinder sets. That completes the definition
of a probability space (Q, ¥, P) corresponding to a given random
walk with transition function P(x,y) and state space R. To this
definition we now add a list of frequently used probabilistic terminol-

ogy.

D1 Measurable functions on the above probability space are called
random variables. In particular we denote the random variables w, by

we=X(w)=X,, k=12...,
and thetr sums by
So=0, S, =X, +--+X,, nzl
If f(w) = f is a random variable, we write for each x € R
P[f = x] = Plw | flw) = ]
and if f(w) = £ is in addition integrable, then

| @) apte) = B

1s called its expectation (expected value). Finally, when A € F, the
symbol E[f; A] will denote the expectation E[f(w)p (w)] where ¢ (w) = 1
for w € A and zero otherwise.

The two most frequently useful corollaries of D1 and of the general
theory of measure and integration preceding it are summarized in
Pl (a) If f(w) = F(S,,S,,...,8,) is any integrable function of
S,, ..., S,, then its expected value is
E[f] = Z F(xy,x3,...,%,)P[S; = %,,8; = x5,...,
2E€RI=1,2,....n sn - x‘]
- z F(xy, ..., x,)P(0,%,)P(%,,%3). . . P(%5_1,%,)-
€RiI=1, 2,...,n

8 See [37), p. 157.
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In particular, let f(w) = 11if S, = x€ R, and 0 otherwise. Then

E[f] = P[S, = x] = P,(0,%).

(b) The random variables w, = X, are pairwise independent func-
tions. More generally, let I and J be two disjoint subsets of the natural
numbers. Let &, denote the smallest sub-o-field which contains all sets
of the form [w | w, = x] for k€ I and x € R, and define F , in a similar
way. Suppose now that f(w) and g(w) are integruble on (Q, ¥, P) and
that f(w) is measurable with respect to ¥, and g(w) with respect to F ;.
Then f and g are independent functions, and

E[fg] = E[f]E[g].

The proof is nothing more or less than an exercise in rewording the
content of D1, with two minor exceptions. The last equation in
part (a) made use of the definition of P,(0,x) in D1.1, and the last
equation in part (b) is Fubini’s theorem as given in equation (4)
preceding D1.

To exhibit the advantage of the language of sets (events) and their
measures in a familiar setting we shall use P1 to give a proof of P1.2.
According to D1.2 we may express F,(x,y) as

Fyx,y) =Plx+S, £y fork=12...,n-1;x+ 8, =y],
nz 1.

If we let T = T(w) denote the first time that x + S, = y, or more
formally

T=min[k|l1<kx+S,=y]s®

then T = T(w) is a random variable (measurable function) on the
probability space (Q, #, P). It may or may not assume the value
+ 00 on a set of positive measure—we do not care. What matters is
that we may now write

F,(x,y) = P[T = n],
so that parts (a) and (b) of P1.2, namely

Fi(x,y) = F,(0,y — x) and > Fy(x,y) <1
k=l
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are quite obvious. To prove part (c) of P1.2 we decompose the event
that x + S, = y. Using part (a) of P1 and the additivity of P[-],

P(x,y) =Plx + S, =y] = > Plx + S, =y, T = A’

km

-

= Z P[T =k;S, — S, = 0].
k=1
(Here we made the observation that S, — S, = 0 when T = k and
x + S, =y) Now we may apply part (b) of P1 in the following

manner. For each fixed integer 2> 1, let I ={1,2,...,k} and
J={k+ 1L, k+2...,n. Then
1if T=k%k
fe = flw) = {0 otherwise,
1ifS, - S, =0
Bk = 8u(w) = {0 otherwise,

are a pair of independent random variables, f,(w) being measurable
with respect to ¥, and g,(w) with respect to &F,. It follows that
E[f.g.] = E[fiJE[g,]), and resuming our decomposition of P,(x,y) we
obtain

Py(x,y)

]

é:l E[f.JE[g.] = i P[T = kJP[S, — S, = 0]

k=1

S Fi(%,)Py_4(0,0),

k=1

which proves part (c) of P1.2.

As a rule we shall not give such obvious probabilistic arguments in
all detail. But occasionally they are sufficiently complicated to
warrant careful exposition, and then a more sophisticated notation
than that employed in D1 will be helpful. Instead of working with a
single probability measure P[-] and the associated operator E[-] of
integration we introduce the starting point x of the random walk
directly into the definition.

D2 For each x € R, the triple (Q,, Z,, P,) is a probability space
defined as follows. The elements w of Q, ate infinite sequences

w = (X, X;, X5, ...) With x5 = x.

7 P[{A;B) means P[4 n B].
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IfA, =[w|x, =a,k=1,...,n),n >0, a.€R, then
Px[An] = P(x’ al)P(al’a2)' . 'P(an-han)‘

The o-field &, is the smallest o-field containing all the cylinder sets A,,
and P,[-] is the unique countably additive measure on ¥ ,, having the
desired value on cylinder sets. If f(w) = f is integrable on (,, ¥ ,, P,),
its expectation is defined as

E,[f] = fn f(w) dP(w).

The triple (Q,, F,, P,), being completely specified by the transition
function P(x,y) and the state space R, will be called *‘ the random walk
x, = x,(w), starting at the point x, = x.”

When x = 0, it is obvious that the sequence S,, n > 0, defined on
(Q, #, P) by D1 is the same sequence of random variables as x,, for
n > 0, defined on (g, F,, P;) by D2. When x # 0, then S, + x
on (Q, #, P) corresponds to x, on (Q,, #,, P,), in the sense that

Plx + S =y k=1,2...,n =Px, =y k=1,2,...,n]

for every set of points y,, y5,..., ¥, in R.

The advantage in this slight but important shift in our point of
view is particularly important when one works with stopping times.
Roughly speaking, a stopping time T is a random variable which
depends only on the past of the random walk. Thus the event that
T = k is required to be independent of x,.,, X,z ... In D3
below that will be made precise by saying that the event T = & lies in
the o-field generated by x,, x,, ..., x,. Practically all the stopping
times we shall ever encounter will be of the same simple type: if 4
is a subset of R, then T = T,, defined as T = min[k |k > 1,
x, € A], will be a stopping time; it is called the hitting time of the set
A. (Our systematic study of hitting times will begin with D10.1 in
Chapter II1.)

D3 LetT = T(w)bearandom variable, i.e., a measurable function on
(Q,, F., P,) for each x in R whose possible values are the non-negative
integers and +oo. Let F, . denote the smallest sub-o-field of F,
containing all the sets [w | x, = y]) for n = 0,1,2,..., k and y e R.
Suppose further that [w| T(w) = k)€ F, for all k> 0 and all
x€R. Then T is called a stopping time.



30 THE CLASSIFICATION OF RANDOM WALK

P2 If T is a stopping time, and F(n,x) an arbitrary non-negative
function defined for all n > 0 and all x € R, and if F(w0, x) = 0, then

E[F(T, xr.,)] = E{E,[F(T, x,)]} = E[ ZR P,(x1, y)F(T,y)]

=3 3 Pfx: =2 T = KE[Fkx,)] < .
z6R k=0
In particular, setting F(n,x) = 1 iff n = k and x = y, while F(n,x) = 0
otherwise,

P, [T =k;X1r,, =y] = ZR P,[xy = 2; T = kJP,[x, = y].
X€

The proof is omitted—the reduction to a problem involving
independent functions is quite natural, and then the result becomes a
special case of part (b) of P1. Instead we illustrate the use of P2 by
giving a still shorter proof of part (c) of P1.2.

Let T, =min[k]| k2> 1, x, = y]. It is clearly a stopping time
in the sense of D3. Now we have

P(xy) =Pix,=y] = > P,[T, = k; x, = 5]

k=1

= Z Px[Tv =k;x’l‘y¢u—k =y];
k=1

and since xy, = y, the last line of P2 gives

Py(x,y) = kZl P,[T, = KP,[x,_, = y] = kzl Fi(%,9)Pa-(3:3)-

As the next illustration of the use of the measure theoretical notation
in D1 we shall reformulate the definition of recurrence. Let 4, =
[w]|S, =0]. Then {Jg.; A is the event that a return to 0 occurs at
some finite time, and

R— @®©

Im 4, = (| U 4
n=] kan
the event that the random walk returns to O infinitely often. We

shall prove, using the definition of recurrence in D1.5, that

P3 P[lim,.. A4,] = 1 if the random walk defining the probability
measure P[-] on (Q, &, P) is recurrent, and P[liim,_ ., 4,] = 0 if it is
transtent.
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Proof: Since P[-] is a completely additive measure, the measure
of the intersection of a monotone sequence of sets is the limit of their
measures (see (1) preceding D1). Since the sets (J7., 4x = B,
form a monotone sequence, we have

(1) P[ fim A,,] = lim P[B,).

Now consider the sets
Bmm = HCT Ak
kmn
which are easily seen to have measure
m+1
(2 P[B.al =2 Pay(0t) D Fi(t,0, n=1 mz0.
k=1

teR

In the recurrent case we let m — oo in (2), observing that the sets
B, ., increase to B,, so that
A3) P[B,] = lim P[B,,] = > P..,(0.)F(t0).
m- teR

But we know from P2.5 that F(¢,0) = 1 for all ¢ such that P, _,(0,¢) >
0. Therefore P[B,] = 1 for n > 1, and equation (1) shows that

P| Iim Au] = 1.
In the transient case one goes back to equation (2), observing that
m+1
(4) P[B,n] s D P._,(0) > Pi(t.0)
teR k=1
= 2 P(0,0) = G,.4(0,0) = G,-4(0,0),
jmn

n>1
If we let m — oo, P1.4 tells us that
P[B,] < G(0,0) — G,_,(0,0) < oo,
so that finally

p[n‘x‘n 4,| = imP[BJ<G-G=0,

n- L

completing the proof of P3.
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The next step brings us to Kolmogorov’s strong law of large

numbers which we shall formulate, without proof,® in the terminology
of D1.

P4 If an arbitrary random walk has
m= > |x|P(0,x) < x,

1€R

p= > xP(0,3),

I€ER
then the sequence of random variables S, = X, + --- + X, has the
property that

.S, _
P[hm;-p]—l.

Remark: (a) The theorem makes perfectly good sense, and is
even true, for arbitrary random walk in dimension d > 1. When
d > 1 the mean p is a vector and so are the random variables S,.
However, we shall use only P4 when d = 1.

(b) It is easy to show that the set

[w] lim M=y]eﬁ,
reo N
by representing it in terms of a countable number of cylinder sets of

the form [w || Spy(w) — nu | > 7], where r may be any positive
rational number.

Our immediate goal is the proof of the sufficient condition for one-
dimensional random walk to be transient, which was discussed at the
end of section 2, and which served as motivation for introducing
measure theory. For this purpose the following seemingly (not

actually) weak version of P4 will sufice. We shall assume that
p# 0, let

S,
C,,=[w|-;-—p. >Iﬁl])
and observe that P4 implies
P im c.] -0
n-~ o

8 The first proof, for the case of Bernoulli random walk, is due to Borel [6],
1909. The general version in P4, announced by Kolmogorov twenty years
later, was made possible by his measure theoretic formulation of probability
theory [66]. Many modern texts, such as (23] and [73], contain several

different proofs (Kolmogorov’s as well as proofs based on martingales or
ergodic theory).
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Now we let 4, = [w | S, = 0], and notice that C, was defined so that
A,C C,forall# > 1. Consequently

P[ m A,] -0

Finally, we refer back to P3 where it was shown that the upper limit
of the sequence of sets A, has measure zero if and only if the under-
lying random walk is transient.

Hence cvery random walk with m < o and u # 0 is transient!
(Our proof is perfectly valid in dimension d > 1.) Combining this
fact, when d = 1, with P2.8, we can assert that

T1 One-dimensional random walk with finite absolute mean m is
recurrent if and only if the mean u is zero.

The ideas of this section are now applied to obtain an amusing
generalization of certain properties of Bernoulli random walk.

El1 It was shown in E1.2 that Bernoulli random walk with p > ¢ has
the property that

(1) G(0,x) =

1
for x > 0.
?—9
This result can be extended to arbitrary right-continuous random walk with
positive mean in a surprisingly interesting fashion; we shall assume that

1
POx)=0forx>2, O<pu= 3 xP0x)
and prove that for such a random walk

(2) G(0,0) = G(0,1) = G(0,2) =--- = i

This is a clear-cut generalization of (1) where p happens to have the
value p — q.

First we observe that this random walk is transient according to T1.
Also S,— + o (or x,— + o) with probability one, according to the
strong law of large numbers (P4). Consequently, if

T,=min[k|1 < k< o0, x, =],
we may conclude that
Py[T, < 0] =1 for y > 1,

as right-continuous random walk cannot “skip’ a point in going to the
right. Thus

3 FO = 3 RO =1 y21
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Our next observation is that, when x # y,

“4) G(x,y) = F(»,59)G(5,y) = F(x,y)G(0,0)

which was contained in P1.5. Calling G(0,0) = G and setting x = 0 in
(4), we get from (3)

(5) G(0,y) = G for y > 1.

Thus it remains to show only that the constant G has the value u~*. For
this purpose we use the identity

(6) G(0,x) = .,%. G(0,9)P(3,%) + 80,x), =x€eR.

When x > 1, this identity reduces to the trivial result G = G so we must
consider also negative values of x, although G(0,x) is then unknown. One
can write

p=POD -3 5 PO

which suggests summing x in (6) from —c0 to 0. Forn>1

S GO -1

Im~-n

S 605) 3 PO

]

3605 3 P+ 5 GO» 3 PO

Im -

Hence, letting n — + 0,
0 0
Gu=1+GP@O1) - > G(O.y)[l - 2 P(y.x)]
Y= - Zw -

=1- 3 6o1- 5 Pua)| =1,

ym= ~® =~ ®
since
0
2> Pyx)=1 whenys< —1.
That completes the proof of (2). In Chapter VI (P24.6) we shall prove
a further generalization of (2). Adhering to the assumption that m < oo,
p# > 0, while discarding the hypothesis of right continuity, one can no

longer assert (2). But in P24.6 equation (2) will be shown to remain true
asymptotically, in the sense that

lim G(0,x) = 1

2+ ® I
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4. THE RANGE OF A RANDOM WALK®

To illustrate the phenomenon of recurrence from a novel point of
view we shall study a random variable associated in a natural way with
every random walk. The transition function P(x,y) and the dimen-
sion of R will be completely arbitrary. The most natural way to
proceed is in terms of the measure space of D3.1. We had §, = 0,
S, =X, +--- 4+ X,, where the X, are identically distributed in-
dependent random variables with distribution P{X, = x] = P(0,x).
Thus S, represents the position of the random walk at time n.

D1 For n > 0, R, is the cardinality of the (random) subset of R
which consists of the points 0 = S,, S, .. ., S,.

Thus R, (called the range of the random walk in time n) is clearly
a measurable function on (Q, &, P) being simply the number of
distinct elements in the sequence S,, S,,...,S,, or the number of
distinct points visited by the random walk in time n.

Note that it would be perfectly possible to define the probability
law of R, (and that is all we shall be concerned with) in terms of the
simple analytic setup of section 1. For example,

P[R, = 1] = [P(0,0)]?
P[R; = 2] = > P(0,x)[P(x,x) + P(x,0)] + P(0,0) > P(0,),

but evidently this is not a very convenient representation.

We shall be concerned with a weak law of large numbers for the
sequence R, and we shall say that R,/n converges in measure to the
constant ¢ if

R,

— -

I

lim P[

n-~ o

>¢]=0

for every ¢ > 0. We shall prove the theorem

T1 If a random walk is transient, then R,[n converges in measure to
G-! =1 — F > 0and, if it is recurrent, R, [n converges in measure to 0
(which equals 1 — F in this case too!).

Proof: First we calculate E[R,]. The formula
n+1l
ER,] = > kP[R, = &]

k=1

® The results of this section have recently been extended in several direc-
tions. Central limit and iterated logarithm theorems have been proved for
R. in the transient case, ([S11], [S12), [S14], [S15]) and a strong law of large
numbers for R./E(R,) in the recurrent case [S13].
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is not useful, so that it is better to go back to D1, in order to represent
R, as a sum of random variables, each of which has value 0 or 1
according as S, equals one of the preceding partial sums or not. We
can write

Rﬁ. = kgo P

where @ =1, @u(S;,...,S) =1if S, # S, for all v =0,1,...,
k — 1, and ¢, = 0 otherwise. Then, even though the random
variables ¢, are not independent,

ER,] = kzo E[g,].
We have, for k > 1,

E[¢k] = P[Sk bt Sk._l # O,Sk - Sk—2 # 0,.-., Sk # 0]
BP[xkaﬁO,Xkd- xk_1¢0,...,xk+"'+xi #0]
=P[x1 # 0,x1 + X2¢0,.-.,x1 + -+ xk¢0]
—P[S, #0 forj=12,... K

k
=1- 3 F0,0),
j=1

in the notation of D1.2. By D1.5
lim E[e,] =1 - F > 0,
n-s

where 1 — F = 0 if and only if the random walk is recurrent. It
follows that the averages of E[¢p,] also converge to 1 — F, or

lim - E lim - =1-
lm JER] = lim 03 Bl = 1

Finally, to show that R, /n converges in measure to 1 — F, we have
to distinguish between the cases of recurrent and transient random
walk. The easy case is the recurrent one. There we have for
arbitrary ¢ > 0

[_ g e] [klane] PR, = K] < "l‘kio RE[R = A

1 1-F
= ZER]>-——= =0,

]

as n — o0, so that R,/n — 0 in measure.



4, THE RANGE OF A RANDOM WALK 37

In the transient case, a similar estimate (by the method of
Chebychev’s inequality) gives

P[I%‘ —(1-Fl> e] < 3 ER, - n(l - F)]

- LR, + {1 _F- E[R"]}z

Here o*(R,) = E[{R, — E[R,]}?] is the variance of R,, and since we
have shown that E[R,/n] = 1 — F, the proof will be complete if we
can show that

lu:: — o’(R,,) = 0.

One calculates as follows:

o*(R,) = E[ i i ‘Pf‘Pk] - [ i E[‘l’)]]2
J=0 k=0 §=0
= 2_:0 2. {Ele/ei] — EloEl@u)}
$2 3 (Eleed - EelEed + 3 Ewl

Now we observe that when j < &

E[ep,p,) = P[S, # S, for « < j and S, # S; for 8 < k]
<P[S #8, for a <jand §; # S, for j < B < k]
=PX,#0, X, +X,_,#0,....X,+---+ X; #0;
X, #0, X, + X, #0,.., X + - X, #0]
=PX, #0,...,X;, + -+ X, # 0JP[X, #0,.
X, + -+ X, # 0],

so that forj < k

E[o,94] < E[e,]JE[es- ).
Going back to the estimation of o*(R,),

“R)<23 Elo] O [Eec-; - Epd + ER]

kmj+l

Given any monotone nonincreasing sequence a, > a; > 43. .., it
18 easy to see that

n
Z [@k-s—a) =(ay +a; + -+ a,_)) — (a4, + - + ay)
k=j+1
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assumes its maximum when j = [n/2], the greatest integer in n/2.
Setting a, = Egp, and continuing the estimation, one therefore
obtains

P(Re) < 2 3 E9ER,-tum + Roum — R + ERo]

Since we know that E{R,/n] tends to 1 — F as n— o0, it follows that

lim Z(R,) <21 - F) lim E[Rn—(um ’*‘anm - Rn]

n2

n->© - ®©

=2(1_F)[1;F+1;F_(1_F)]=0.

That completes the proof of T1.

The method by which we proved T1 was devised by Dvoretzky
and Erdés ([27], 1951) in the course of a detailed study of the range
R, for simple random walk. One of their results was the strong law
(1) PlimR—'-'=l—F]=l

-0 n
for simple random walk, which of course implies T1. Actually, this
is a general theorem, valid for arbitrary random walk. We shall sketch
a simple proof of (1) which is beyond the scope of this chapter as it
depends on Birkhoff’s ergodic theorem.

E1l In order to establish (1) above, for arbitrary random walk, we shall
introduce the upper and lower bounds

(2) D,<R,<R,y, 220

defined as follows.
We choose a (large) positive integer M and define R, ,, as the number of
distinct points counted by ‘wiping the slate clean” at times M, 2M,

3M,.... To formalize this idea, let Z,(M) be the independent random
variables defined by: Z,(M) = the number of distinct partial sums among
sku, sku.,I, ceay S(k‘l)“—l' for k = 0, 1, 2, e Then let
(niM)+1
Row = Zo Z(M).

Clearly this makes R, < R, . We may apply the strong law of large
numbers, P3.4, to the averages of the sequence Z,(M) obtaining

— P (n/M) + 1
im < fm 5 /);Zo Z,(M) = Allr-:[zo(M)] = Al,r:[n,,].
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Now we let M — o0, and as it was shown in the proof of T1 that
M-E[Ry]—>1 - F,

we have
3) m 2 <1-F
with probability one.

Keeping in mind the definition of R, = R, (X,, X,, ..., X,) as a random
variable on the measure space (Q, &, P) where w, = X;(w), and the X,
are independent with distribution P(0,x) = P[X, = x], we define D, as
the number of points visited in time n which are never revisited at any later
time. Thus D. will be a function on the same measure space (Q, #, P),
and its precise definition is

= 2:4%,
where
$=1if X, ., + + X,y #0forv=12,...
= 0 otherwise.
It should be obvious that D, satisfies (2); every point which is counted in
determining D, is certainly visited in time n.

We are now ready to apply the individual ergodic theorem (see [23],
p- 464 or [73], p. 421). Let T be the shift operator on Q defined by
(Tw), = wx,y = Xi,,. Itis measure preserving, i.e.,

P[T-14] = P[4], Ae F,
8o that the limit

lim & 3 f(T%)

neo N,

exists with probability one (it may be a random variable) for every integrable
function f on Q. Of course our choice for f is f(w) = Yo(w), so that
f(T*w) = Y(w) and the limit

hm - Z Yo(TFw) = Ilm %‘
exists with probability one. Since (Q, &, P) is a product measure space,
much more can be said: the above limit must in fact be a constant (this is
the so-called zero-one law of Kolmogorov, [23], p. 102), and this con-
stant is

E(f(w)] = E[¢o(w)] =P[X;, + -+ X, #0 forall v 2 1} =1 = F.

Therefore we now have, with probability one,

4) llmR—"zlme—l—F,

amo B add

and equations (3) and (4) together imply (1).
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Remark: The above proof was discovered jointly with Kesten
and Whitman (unpublished). Not only is it simpler than the proof
of T1 but it also yields interesting generalizations without any
further work. In problem 14 of Chapter VI it is shown how R,, the
number of points swept out in time n, may be replaced by the number
of points swept out by a finite set. 'The limit in (1) is then the capacity
of the set in question. Thus the study of R, takes us into the realm
of potential theory, which will be discussed briefly in sections 13
(Chapter III) and 25 (Chapter VI). To anticipate a little, let us
state the analogue of T1 and El for a three-dimensional Brownian
motion process x(t), the continuous time analogue of simple random
walk in three space (see Feller [31], Vol. I, Ch. XIV). Suppose that
S is a compact subset of three-space. Let x(7) + S denote the
translate of S by the random process x(7). The set swept out by S
in time ¢ is the union of the sets x(7) + S over 0 < 7 < ¢, and we
denote the Lebesgue measure (volume) of the set thus swept out as

R(S) = | U {xt) + S}.

This definition makes sense since Brownian motion, when properly
defined, is continuous almost everywhere on its probability space.
On this space one can then prove, following the method of El, that

}im @ = C(S)
exists almost everywhere. The limit C(S) is nothing but the ordinary
electrostatic capacity of the set S.

We shall find it convenient, in section 25, to associate a notion of
capacity with each random walk, and it will be seen (see E25.1) that
the limit 1 — F in equation (1) is again simply the capacity of a set
consisting of a single point.

S. THE STRONG RATIO THEOREM

Here we are concerned with ratios of transition probabilities of the
form

P,(0,x) P,.,(0,0)

P,00) ™ P00
which will be shown to converge (to the limit one) as # — o0, under
suitable assumptions about the transition function P(x,y). This
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result, in T1 below, evidently constitutes a significant improvement
over the weak ratio theorem P1.5. It was first proved by Chung
and Erdos [11], 1951,

This rather deep theorem will in fact “lie fallow’ until we reach
the last section of Chapter VII. There we shall be concerned with
ratios of the form

i F,(x,0)
J) =

> F(0,0)

k=n
for recurrent random walk, and the proof of the convergence of
Ju(x) as n — oo will make use of T1 which concerns the far simpler
ratio P,,,(0,0)/P,(0,0). While P,,,(0,0)/P,(0,0) and even P,(0,x)/
P,(0,0) tend to the “‘uninteresting’’ limit one, this is not true of

(1 lim Jy(x) = J(x).

Since this fact lies at the heart of the theory of recurrent random
walk, a few remarks, even out of their proper context are called for as
motivation for later work. Long before we are able to prove (in
T32.1) that the ratios J,(x) converge, we shall prove (in Chapters III
and VII) that the series

) Zo [Pn(0,0) — Py(x,0)] = a(x)

converges for arbitrary aperiodic random walk. This result is of
course related to the problem of this section as it i1s much stronger
than P1.5 while unfortunately being too weak to imply that P,(0,x)/
P,(0,0) converges. Thus our plan is the following. In this section
we prove, by a rather ““brute force” attack, that P,(0,x)/P,(0,0) — 1,
under suitable conditions (T1). Later (in Chapter III for dimension
2 and in Chapter VII for dimension 1) we establish (2), and finally, in
section 32 (Chapter VII), we use (2) and T1 to show that (1) holds,
with the same limit function as in equation (2). Thus, we shall find that
a(x) = J(x) for x # 0, or

@«

@ z Fk(x’o)
(3) 8(x0) + D [Pu(0,0) — P(x,0)] = lim 22——,  «xeR

@

" 2 Fy0,0)

k=n
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for arbitrary aperiodic random walk, recurrent or transient, regardless of
dimension.

It is clear that any set of conditions for the convergence of ratios
like P,(0,x)/P,(0,0) must ensure the positivity of P,(0,0), at least for
all sufficiently large integers n. Observe that a random walk may be
aperiodic, and even recurrent, and still fail to satisfy this condition.
(For simple random walk in one dimension, P,(0,0) = O for all odd 7.)
Thus we have to strengthen the condition of aperiodicity and we
adopt a definition which may at first sight be complicated but which
will be seen to accomplish what we want. At the same time it will
be weak enough that it will impose no essential restriction. P1 will
show that at least every recurrent random walk may be modified (by
an appropriate change in its space and time scale) so as to be strongly
aperiodic.

D1 A random walk with transition function P(x,y) on R is called
strongly aperiodic if it has the property that for each x in R, the smallest
subgroup of R which contains the set

x+2Z=[y|y=x+ 2 where P(0,2) > 0]
is R itself.

Since we shall be interested primarily in recurrent random walk
in this section, it will suffice to study the implications of D1 under
this restriction. (In Chapter II (P7.8) we shall derive a Fourier
analytic characterization of arbitrary strongly aperiodic random walk,
which is used in P7.9 to obtain information concerning the asymptotic
behavior of P,(0,x) as n— co. With this exception strong aperio-
dicity will not be of any real interest to us, until we get to the afore-
mentioned ratio theorem in Chapter VII.)

P1 For aperiodic recurrent random walk there are two possibilities.

(a) The random walk is strongly aperiodic. In this case, given any x
tn R, there is some integer N = N(x) such that P,(0,x) > 0 for all
n= N.

(b) The random walk is not strongly aperiodic. Then there is an
tnteger s > 2 (the period) such that P,,(0,0) > O for all sufficiently
large n, while P,(0,0) = O when k is not a multiple of s.

Remark: The proof will show that in case (b), when x # 0,
P,(0,x) = 0 unless n belongs to an arithmetic progression of the form
n = ks + r, where r depends on x.
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Proof: We begin by observing that the set of positive integers
A" = [n] P,(0,0) > 0] is a semigroup; for if P,(0,0) > 0, P,(0,0) >
0, then P, ,(0,0) = P,(0,0)P,(0,0) > 0. Since the random walk is
recurrent (this assumption is much stronger than necessary), A" is
nonempty. Hence there are only two possibilities:

(1) the greatest common divisor of the elements of A" is 1,

(ii) the greatest common divisor is s > 1.

The proof of P1 will consist in showing that case (i) corresponds to
case (a) in P1 and case (ii) to case (b).

In case (i) P,(0,0) is obviously positive for sufficiently large .
Similarly, given any x # 0, there exists an integer m such that
P,(0,x) > 0. Therefore

P,.(0,x) 2 P,(0,0)P4(0,x) > 0

for all sufficiently large n. In case (i) it therefore remains only to
show that the random walk is strongly aperiodic. Thus, choosing
two arbitrary points x and y in R, we must show that y is in the group
generated by x + X. Since P,(0,y) as well as P,(0,0) are positive
for all sufficiently large n, it follows that one can find some # > 0 such
that

y=o1+03+ --+0, and 0= —0,,; — Opyy — -+ = 0z

where a,, ..., 0,3, are elements (not necessarily distinct) of . This
enables us to represent y as

y=2 (x+a)= D (x+ onsi)
k=1 k=1
which is the desired representation of y as an element of the group
generated by x + Z. Therefore the random walk is strongly
aperiodic.

Finally, suppose we are in case (ii). Let us call —Z, the set of
points of the form —(oy + - - + o;), o,€Z. Observe that if
x€ —-ZX,, then P (0,x) = 0 unless n is of the form n = ks — 1.
This is quite clear as the two conditions x€ —ZX,, and P,(0,x) > 0
imply that P,,,(0,0) > P,(0,x)P(x,0) > 0. Thus we have shown
that points in —Z, can be visited only at times in the progression ks — 1.
Similarly points in —Z, can be visited only at times in the progression
ks — 2, and so forth, until we come to the set —Z, which can be
visited only at times ks. Furthermore, each set —-X,., j2 0,
1 < r < s, clearly shares with —Z, the property of being visited only
at times which are in the progression ks — r. Since the random walk
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with transition function P(x,y) is recurrent and aperiodic, we know
from T2.1 that R = R = R*, which is the semigroup generated by
—2Z. Hence every point of R is in some —Z,,,. Thus R is de-
composed into s equivalence classes of points, two points x and y being
equivalent if the arithmetic progression of integers » on which
P,(0,x) > O for large enough n is the same as that for y. It follows
from P, ,,(0,0) > P,(0,x)P,(x,0) that the points of —X,,, are in the
same equivalence class as those of Z,,,,_,,. Therefore the equiva-
lence class containing the origin is a group H. (The other equivalence
classes are its cosets!) To complete the proof of P1 we simply
select x from Z,_;. Then x + £ C Z; and since X, generates the
proper subgroup H of R, we have proved that a random walk with
property (ii) cannot be strongly aperiodic.

It will not suffice to know that the n-step transition function of
strongly aperiodic recurrent random walk is positive for sufficiently
large n. We shall require an explicit lower bound which is given by

P2 Let P(x,y) be the transition function of a recurrent strongly
aperiodic random walk. Given any point x in R and any ¢,0 < € < 1,
there is some N = N(x,¢) such that

P,(0,x) = (1 — €)* for n = N.

Proof: The random walk is recurrent, so that 3 P,(0,0) = oo,
which implies that the power series > 3"P,(0,0) has radius of con-
vergence one. Hence

lim [P,(0,0))*" = 1.

It follows that, given any e with 0 < ¢ < 1,
(1 P(0,0) 2 (1 — ¢

for infinitely many positive integers n. We also observe that if (1)
holds for n = m, then

) Pn(0,0) 2 [Pu(0,0)] 2 (1 — €)™

for every integer R > 1. Now we pick an arbitrary point x in R,
and from the infinite sequence of integers m for which (2) holds we
select m, as we may by use of part (a) of P1, such that

@3) min P(0,x) = 4 > 0.

m<fs2m
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When n > 2m, we writen = (k. + 1)m + r, 0 < r < m, so that
P(0,x) 2 Pp.(0,%)Pym(0,0),
and using (2) and (3),
P,(0,x) = A(1 — &)™ > A(1 — &)™
Even though 4 < 1, we have shown that
lim P, (0,x)(1 — €)™ > 0, x€R,
A ®
for every € between 0 and 1 which implies that P2 is true.

The next lemma concerns a well-known!? exponential lower bound
for the Bernoulli distribution. In terms of Bernoulli random walk it
becomes

P3 Let S, = X, + --- +X,, tn the notation of D3.1, denote
Bernoulls random walk with
0<p=P01=PX,=1=1-P0,-1) < 1.

There exists a constant a > 0, depending on p, but independent of n,
such that
7|

foralln > 1 and all e > 0.

Proof: For convenience we call T, = n~*[S, — n(2p — 1)]. Since
|Ta| < 2, P3 is automatically true when € > 2 so that we may assume
that 0 < € < 2. We may also simplify the problem by proving only
that

1) PT,2¢e]l<se % n>1 0<es<?2

for some @ > 0. The proof of (1) with T, replaced by —T, will be
the same, since it concerns the Bernoulli random walk —S,. In
other words, if we prove (1) with @ = a(p), for arbitrary p,0 < p < 1,
then (1) will hold for —T, with @ = a(1 — p) and P3 will hold with
a = min [a(p), a(l — p)].

Using the notation of D3.1, we obtain, for every ¢t > 0 and € > 0,

) PT, > €] < e “E[¢'™; T, > ¢] < e~*E[¢'Tn].

S»

n

- (2 - l)l > e] < 2e-0e'n

10 This is S. Bernstein’s estimate, [84], pp. 322-326.
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Using the independence of the random variables X, (P3.1)

@) E[¢Ts] = E[e:.' kgx Ky =29+ 1)] = ﬁ E[e‘;(x“ -2p+ 1)]

k=1

= e[l 2 [p 2 1 - ]
Expanding the function

f() = pea=2 4 (1 = ple™=

in a Taylor series about the origin, one readily verifies that f(0) = 1,
f'(0) =0, f°(0) > 0. Hence there exist two constants k, > O,
k, > 0, depending on p such that

f(x) £ 1 + kya? < &4
whenever |x| < k;. Therefore it follows from (2) and (3) that

P[T, > ] < e"‘[f(g)]'l < el —te+(4k,t2)in)
n

when |2¢| < nk,. Now we let ¢t = cne where ¢ > 0 is still to be
determined. Then

P[Tn > G] < e-m’(c—!k;c’)

when |2ce| < k,. Since € < 2 we may indeed choose a small enough
positive value for ¢ so that 2ce < k, and simultaneously ¢ — 4k,c? > 0.
If we then set a = a(p) = ¢ — 4k,c?, it is clear that we have proved
(1) and hence P3.

We are now in a position to prove the strong ratio theorem (T1).
The proof of Orey [64] uses the elegant device of first imposing the
condition that P(0,0) > 0. In P4 we therefore consider only random
walk with this property, and the subsequent proof of T1 will show
how the assumption that P(0,0) > 0 may be removed.

P4 For every aperiodic recurrent random walk with 0 < P(0,0) =
1-a<1

. P0,0)
® e P00 7
. P(0x)
(b) lim P,(0,0) ~ 1 for all xeR.

Proof: The assumption that P(0,0) > 0 implies that P,(0,0) > 0
for all n > 0. Therefore we know from Pl that the random walk in
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P4 is strongly aperiodic. That is crucial because it will enable us to
apply P3 in the estimation procedure which follows.
We may decompose

(1) Pn(O’O) = Po[xn = 0]

=> Po[x,, =0;n— > 8x-, %) = k]
k=0 i=1
according to the number of jumps of the random walk in time n, if
we say that a jump occurs at timej — 1if x,_;, # x;. Since P(0,0) =
1 — a, the probability of & jumps in time 7 is given by the binomial
distribution

©) b(n,k,a) = (Z)“"“ e

But if a jump occurs at time j and if x; = x, then the probability
that x,,, = yis

(3) Q(x,y) = «~'P(x,y) for x # y

for x = y.

Equation (3) defines a perfectly legitimate transition function @(x,y).
We may call its iterates @,(,y) and conclude from the identity

P(x,y) = (1 — @) ¥(x,y) + a@Q(x,y), xy€R
that

4) P0,0) = 3 Q00b(nka), nz0.

Now we shall decompose the sum in equation (4) into two parts
G = 2ne + 2ne ) 2ne being over the set of integers k such that
0 < k < n and in addition |k — nx| < en. Here € is an arbitrary
positive number which will tend to zero later, and 3, " is simply the
sum over the remaining values of k between 0 and n. We shall use
the exponential estimate in P3 in the evidently correct form

(5) Zn.e"b(ﬂ,k,a) < 2e~4¢n p > 1

for some positive constant 4 which may be chosen independent of e.
Finally we use (4) to decompose the ratios

6 P”(0,0) _ Zn.tle(O)O)b(”’k)a) Zn.e"Qk(O)O)b(”)k)a)
© F@0 =T R0 T Puy0D)
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In view of (5) and P2, the last term in (6) is bounded above by

Ze-Ae% Ze-Ae’n
P,.:(0,0) = (T = oy~

for all n > N(8)

whenever 0 < 8§ < 1, so that this term tends to zero as n— co. It
follows that

T P u(O’O) ot Zn.t'Qk(OtO)b(ntkta)
(7) '}i‘l?’ n+1(0)0) = }Ln:o Pn+1(0,0)

Zn +1.¢ @(0,0)b(n, k)
[ P00 T R]

< lim
n-+00

Here R, . is an error term which tends to zero as n— co. (It is of
the form [P,,,(0,0)]-1 >’ @,(0,0)b(n,k,e) where >'" extends over all
values of k& which are included in the summation >, . but not in
Snere. Hence

IRud| < Zn.dz’b("tk'“)

e PrH-l(OvO)

for all sufficiently large #, and tends to zero by previous arguments
using P2 and P3.) Resuming the estimation from (7),

. . 'Q,(0,0)b(n, &,
(8) Tim B0 o Z"*,‘" Qu(0,0)b(, k)
n-+ n+1(0t0) n=+ Zn«fl.t Qk(0,0)b(ﬂ + l;k;a)

T b(n,k,a)

< lim max — 7
n= (k|lk=(n+1)al<en +1)) b(n + l,k,a)

= lim max nt+1-%k
R (k|jk-(n+alSen+1)) (n+ 1)1 - )

. (m+ 1)1 —a+e) €
dm T hi-w CltiToe

IA

Since € can be taken arbitrarily small, we have shown that

—  P,(0,0)
1 =2 <1,
new Ppyi(0,0)

Exactly the same method of proof may be applied to the reciprocal
ratio P, ,(0,0)/P,(0,0) which of course also has upper limit one, so
that part (a) of P4 is proved.
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To prove part (b) of P4, use P1.2 to write

P0x) = > F(00)P,_,(00), nz 1.

k=0

For every positive integer m

P,(0, _(00) &
i Bog 2 Im 2 O Fag = 3 Fi)

where we applied part (a) of P4 to evaluate the lower limit. Since
the random walk is recurrent, the last term tends to one as m — o0, so
that

n-ow

. Py0,x)
9) lim P,(0.0) > 1.

n=®
To complete the proof of P4, suppose that (b) is false. Then
there is some x, € R where

. n(O xo)
lim =1+8>1.
,,l..m .(0,0)

We may choose an integer k& such that P,(x,,0) > 0. Then

Pn+k(0»0) (0 y) n(OtxO)
(10) Pn(0,0) = y;o n(O 0) Pk( 0) P,,(0,0) Pk(xO’O)'

The left-hand side has limit one as n — o0, so that

12 > Pyy0) hm P"Eo'g)) + (1 + 8)Py(x,,0)

21 + BP,‘(xo,O) > 1,
providing the contradiction that completes the proof of P4.
Finally we shall drop the hypothesis that P(0,0) > 0, to obtain

T1 For every strongly aperiodic recurrent random walk

@ i oo =
(b) lim "gg'g; — 1 forall xeR.

Proof: First observe that it will suffice to prove part (a) only.
For once this is done, the proof of part (b) in P4 may be used to
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obtain (b) here too—it did not depend on the positivity of P(0,0) at
all. Now let s denote the smallest positive integer such that
P,(0,0) > 0. Actually any positive integer with this property would
do, and we may of course assume that s > 1, as the case of s = 1 was
settled in P4. It is clear from Pl that such a value of s exists, and
also that the transition function

Q(x'y) = P,(x,y)

is again the transition function of an aperiodic recurrent random
walk. It satisfies the hypotheses of P4, so that

o Q00 _ o Pu00) _
() im g 00) = m om0~

Therefore, as is easy to see, we shall have proved part (a) of T1 if
we show that

. Py, /(0,0)
(2) :Lﬂlw—lforl$7’<l.
One obtains a lower estimate for the ratio in (2) from
(3) P,,“,,(0,0) = Z P,(O,x)P,,,(x,O).
ek

If we apply P4(b) to the ratios

Ppy(x,0) _ Qu(x,0)
P,(0,0) ~ Q.(0,0)

then (3) leads to

. P,,./{0,0) . Qa(x,0)

lim —nern) P(0,x) 1

Iim 50,0 ,,,Z:M (0,x) Lim 5°6.0)

= > P/(0x)
1z2isM
for every M > 0, so that
. P,.[0,0

¥ lim oy

The upper bound will come from

P,(0,0) = > F(0,0)P,_(00), n=x1,
K=0
with F,(0,0) as defined in D1.2. It is first necessary to verify that
F(0,0) > 0 for all sufficiently large values of %, say for all k 2 N
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(that follows quite easily from the recurrence and strong aperiodicity
of the random walk). Then we choose a positive integer p such that
p(s —1)2 N,and let n—> o in

P(n+p)s(0’0) — 2> n+p)s-k(0’0).
0

F00) Zep2e5ts

) P00) - 2
If T1 were false, then (2) would have to fail, and in view of (4) there
would be some value of 7, 0 < r < s such that the ratio P,,,,(0,0)/
P,(0,0) has upper limit 1 + § > 1. Let us suppose this to be so.
The coefficient of this ratio on the right-hand side in (5) is F,,,_,(0,0)
which is positive by our choice of p. As the left side in (5) tends to
one, we obtain

(6) 12 (1+ 9)F,_,(0,0)
+ > F(0,0) lim

[kKIk<sM; k#ps—r]

P(n + p)s — k(O»O)
P,,(0,0)

for every M > 0. Using (4)
12 (1 + 8)F,_,(00)+ > Fy(0,0) =1+ 8F,_,0,0) > 1

k#pps-r
which is the desired contradiction. Hence P,,,,(0,0)/P,4(0,0) has
upper limit at most one for every 7, equation (2) holds, and T1 is
proved.

Remark: Although the dimension of the random walk did in no
way seem to affect the proof of T1, we shall see in the next chapter
(T8.1) that T1 has only been proved when d < 2. The reason is
that no aperiodic recurrent random walk exists when d > 3. Of course
there are random walks of dimension d > 3 where all or part of the
conclusion of T1 are valid (for instance simple random walk in any
dimension satisfies (a) of T1). On the other hand, one can easily
exhibit a transient strongly aperiodic random walk that violates T1.
Any one-dimensional random walk with positive mean will serve as
an example, if P(0,x) > 0 only at a finite number of points. It can
be shown that P,(0,0) then decreases geometrically, so that not only
T1 is false, but also the crucial estimate in P2 is violated.

Problems
1. For an arbitrary random walk, let
El.l = n+.(0)0) - Gl(oﬁo)
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denote the expected number of visits to the origin in the time interval
[m,m + n]. Prove that

E,,>E,,foral m>0,n=>0.

2. Again for arbitrary random walk prove that

S Fy(0,x) = 1, while S F,(0x) =1 — "f F.(0,0)

k=1

when n > 2.

3. A two-dimensional random walk is defined (in complex notation) by
0< P0,1)=P0O,-1)=p <1, PO7)=1—2p,

so that P(0,2) = O for all other z = m + ni. Show that this random walk
is transient and calculate F and G.

4. Find the simplest possible expression, in terms of binomial coefhi-
cients, for P,(0,0) for simple random walk in the plane. Apply Stirling’s
formula to show that this random walk is recurrent. This fact—together

with the result of the next problem, constitutes a famous theorem of
Polya [83], 1921.

5. Use Stirling’s formula to show that simple random walk is transient
in dimension d > 3.

6. For an arbitrary aperiodic recurrent random walk x, starting at
x, = 0, calculate the expected number of visits to the point x # 0, before
the first return to 0. Show that the answer is independent of x (and of the
random walk in question).

7. Repeat the calculation in problem 6 for transient random walk.

8. Explain why (6) and (7) were easy, and why it is harder to calculate

(a) The expected number of returns to 0 before the first visit to x;

(b) The probability of a visit to x before the first return to 0;

(c) The probability of return to 0 before the first visit to x.?

9. Express the probability P[R, > R, _,] that a new point is visited at
time n in terms of the sequence F,(0,0). Use your result to prove the
statement of problem 2.

10. The state space R of a random walk is subjected to the following
indignity: the points of R are painted red with probability « and green
with probability 1 — a. The colors of distinct points are independent.
Now we wish to define T, as the first time that the random walk lands on a
red point. Define an appropriate probability space (Q, &, P) on which
T, = min [n | n > 0; x, € set of red points] is a bona fide random variable,
and on which also x, = xy_ is a random variable.

11 This problem is intended to give a glimpse of the difficulties in store for
us. Large parts of Chapters III and VII are indeed devoted to the three
questions (a), (b), and (c).
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11. Continuing (10), prove that
P[T, > n] = E[(1 — «)%], n2>0,

P[x, = x] = IL P[T <T), «xeR

- a

Here T = min[n|n > 0, x, = «], and x, = 0, while R, is the range of
T4.1.

12. Continuing (11), prove that for transient random walk

lim P[aT, > t] = e~} -F¥ t>0.
a-—o0

13. Continuing (11), prove that for simple random walk in one dimension

lim Plax, < y] = F(y)

for all real y, where F(y) is the distribution function with density

e~Sds

1) =FO) = sl [ 5 yro

14. Let A denote the random subset of R constructed, as in problem 10,
by selecting each point of R with probability a. If ¢, is the characteristic
function of the set A then

N.(e) = kio ®a(xx)

may be interpreted as the occupation time of the random set 4 up to time n.
Show that E[N.(a)] = (n + 1)e, and that o?[N,(«)}/n®* -0, so that
N.(x)/n — «in measure. (A proof of convergence with probability one may
be based on Birkhoff's ergodic theorem since the sequence gu(x,), & =
0,1,2, ... forms a so-called strictly stationary process.) Although all this
goes through for arbitrary random walk, prove that the limit of ¢?[N,(«)]/n
is finite or infinite exactly according as the random walk is transient or
recurrent. It has the value

(1 = a)(1 + F)/(1 = F).

15. Continuation. For arbitrary transient random walk derive a central
limit theorem for the occupation time N,(a) of a random subset of the state
space with density «. As shown by Whitman,

lim P[N,(a) — na < x{nae(l — a)(1 + F)/(1 — F)}*?]

n—x

l 2
= W_I e~th2 4y —® < X < .
b4 - 0

Hint: Verify that the limiting moments are those of the normal
distribution. This will suffice according to P23.3 in Chapter V.



Chapter 11

HARMONIC ANALYSIS

6. CHARACTERISTIC FUNCTIONS AND MOMENTS !

As in the last chapter R will denote the d-dimensional group of
lattice points x = (x!, x3,..., x%) where the x' are integers. To
develop the usual notions of Fourier analysis we must consider still
another copy of Euclidean space, which we shall call E. It will be
the whole of Euclidean space (not just the integers) and of the same
dimension d as R. For convenience we shall use Greek letters to
denote elements of E, and so, if R is a-dimensional, the elements of E
will be 8 = (6, 6,,..., 6;), where each 6, is a real number for
t=1,2,...,d. The following notation will be convenient.

D1 ForxeR,0€E,

d d d
|x|? = g(f)% |62 = 2(0.)2. x0= gx'e..

Given, as in Chapter I, a random walk which is completely specified
by its transition function P(x,y) on a d-dimensional state space R, we
make the definition

D2 The characteristic function of the random walk is
$0) = D> P(0,x)e*, 6eE.
ek

Thus ¢(6) is nothing but a special kind of Fourier series, special in
that its Fourier coefficients are non-negative and their sum over R is

! The material of this section is well known. More detailed expositions are
in [18], [23), [35), [73), and [84], for the one-dimensional case, and the
extension to dimension d = 2 is nowhere difficult. For a deeper study of the
theory of Fourier series, Zygmund’s treatise [106)] is recommended.

54
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one. The term “characteristic function” is customarily used in
probability theory for Fourier series, or for Fourier integrals of
probability measures, which are of this special type.

Many important properties of characteristic functions are in fact
general properties of Fourier series. After establishing the ortho-
gonality of the exponential functions in P1, we shall record, in P2, a
very weak form of Parseval’s theorem, which in its usual strong form
amounts to the assertion that the exponential functions form a com-
plete orthonormal set. Then in P3 we shall derive the convolution
and inversion theorems for Fourier series which are elementary as well
as general. From that point on, most of this chapter will deal with
special properties of characteristic functions (properties which do
depend on the non-negativity of the coefficients). Only in section 9,
P9.1, will we return to a general principle, the Riemann Lebesgue
Lemma, which will find important applications in several later chapters.

Our first task is to set up convenient notation for integration on E,
and in particular on the cube C in E with center at the origin and sides
of length 27.

D3 C=[0]6€cE,|0] <nfori=12...,4d]

and for complex valued functions f(0) which are Lebesgue integrable on C,
the integral over C is denoted by

ffd():Lde:J-; ...f:f(o)do,...dod.

Thus d6 will always denote the volume element (Lebesgue measure in E).
To achieve corresponding economy of notation for summation over R, we
shall write

Zg(x) = Zg(x) when Z |g(x)] < .

I€R z6R
In most of our work f(8) will in fact be a continuous function on C

so that the integral f f do is then just the ordinary d-tuple Riemann

integral. The basic result underlying our Fourier analysis will of
course be the orthogonality of the exponential functions

Pl (27)-¢ fe‘"“‘”’ df = §(x,y), for every pair x,y in R.

The obvious proof proceeds by reduction to the one-dimensional
case, since the integral in P1 may be written as the product of d
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one-dimensional integrals over the real interval from —# to 7. Thus
the integral is

4 1 £ d
n 7 e;o,‘(:"—y*)dgk = I—I S(f,y") = S(x,y),
k=1 -3 k=1
which depends only on the fact that for every integer n
1 (™ e ga _
= L e do = §(n,0).

Next we give a very weak form of the Parseval Theorem. Let
a,(x) and a,(x) be two summable complex valued functions on R, i.e.,
we suppose that

> la(x)| < o for k =1,2.

Then it makes sense to define their Fourier series, f,(6) and f;(6),
for 8 € E, by

f(0) = D ax)et*?, k=12

Since the a,(x) are summable, the series defining f,(6) converge
absolutely, so that in fact each f,(6) is a continuous function on E.
Then Parseval’s Theorem is (in the notation of D3)

P2 (@n)~* [ 1OF®) d6 = 3 ar(x)a)

Proof: Using the summability condition one can interchange
summation and integration on the left so that

(2m)-¢ J' hladd = 3 3 ay@alrNen J‘ -

and using the orthogonality relation P1 we immediately get P2.
Remark: Actually P2 is valid also under the weaker condition that

D law(®)]* < o for k = 1,2,

Under this condition the functions |f,|3, | f,|2 and f, f, are all Lebesgue
integrable on C, so that P2 makes perfect sense. In particular, let

£1(6) = £46) = £(O)
ax(x) = ax(x) = a(x) = (2m)"¢ [e-97(8) ab.

4
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Then the two conditions
S la(x)[? < © and f If(6)7 d6 < o

are equivalent, and if either of them holds, then

@n) (110 8 = 3 jata)1

This is Parseval’s identity which we shall never have occasion to use.
'y

All we shall ever need in our work is Bessel’s inequality, to the effect
that

@) [IfOF a0 2 3 latal,

which will be derived in the course of the proof of P9.1.
Returning now to characteristic functions of a random walk, we
prove

P3 If §(0) is the characteristic function of the transition function
P(x,y), then for every integer n > 0

(a) "(0) = Z P,(0,x)e'*% for all 6 in E,
(b) P,(0,y) = (2)-¢ f e-1v9¢n(6) dO for all y in R.

Proof: It is instructive to prove the first part using the probability
interpretation of the problem. In the notation of D3.1

P,(0,x) = P[S, = x]

where S, = X, + ... + X, is the sum of independent d-dimensional
random variables which describes the position of the random walk at
time n. Using P3.1 we obtain

z P,,(O,x)eto.x = E[e‘ﬂ-ﬂ.] = E[e“).(xl PR x‘)]

= [ E[e*%] = $7(6).
k=1

Here we used the independence of the X,, and the fact that they each
have the characteristic function ¢(6). This proves part (a), and part
(b) follows by multiplying each side in (a) by e~¥"9 and by integrating
over C.

To illustrate the use of characteristic functions we now turn to a
somewhat sketchy discussion of the behavior of characteristic functions
near § = 0, emphasizing those results which will be most immediately
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useful in deciding whether a random walk is recurrent or not. Some
related results, such as PS5, are included because they are indispensable
for work in later chapters. We begin with one-dimensional random
walk, where we pay particular attention to the relations between the
moments of a transition function and the derivatives of its characteris-
tic function at the origin. It is an old and familiar fact in Fourier
analysis that the behavior of a sequence (or function), far out, is
reflected in the behavior of its Fourier series (or transform) near the
origin. In probability theory these connections become particularly
sharp and interesting, because we are dealing with a very restricted
class of Fourier series.

D4 For one-dimensional random walk,
me =D |¢[*P(0,x), w =D #*P(0,x), k=1
p=p, m=m, o=p,—p
We only define p, when m,, < .

P4 In one dimension, when m, < oo, the k*® derivative $*'(0) is a
continuous function, and $*)(0) = (i)*u,. The converse is false, i.e.
¢1Y(0) may exist without m, being finite, but if ¢$®(0) exists, then
my = —¢‘2)(0) < 0.

Proof: If m; < oo, then
110 + ) — $(O)] = 3 3 (e — 1)e*P(0,5).

Note that, according to D3, the sum extends over all of R. Now

hz |hz|
j o dtl SJ dt = [hs],
1] 1]

13 (e — ]| PO,8) 5 m,

e — 1] =

so that

Therefore one can interchange this summation over R with the
limiting operation A— 0. This is simply the discrete analogue for
series of the dominated convergence theorem in the theory of Lebesgue
integration. By dominated convergence then,

$0(0) = > -d% (e™9)e®2P(0,x) = i 5 xe'9P(0,x)

and ¢V)(0) = ;. Clearly ¢*)(0) is continuous, the defining series
being uniformly convergent. Exactly the same argument applies to
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give the continuity of ¢*)(8) when m, < oo so that the relation
$%¥)(0) = (¢)*u, holds.

Where the converse is concerned we offer the following well known
example, leaving the verification to the reader. Let

P(0,x) = ¢|x|~%(In |x])~* when |x| = 2, P(0,x) = 0 when |x| < 1,

where the constant ¢ is chosen so that 3 P(0,x) = 1. Then evidently
m, = oo, while a somewhat lengthy calculation will show that ¢)(0)
exists.

Finally, suppose that

$9(0) = tim 820~ 0

exists. Then it turns out that

$4(0) = lim & [¢(9) #(—8) - 2),

which is a more convenient representation for the second derivative at
the origin. It implies

— $2(0) = hm > ( sin 0) P(0,x) = llm > (
Conscquently, for each n > 0,

Z sz(Ox)—llm Z

zm—-n =0 z=x-n

sin Ox

) x2P(0,x).

(Si';xo") x2P(0,x) < — $2(0).

This shows that m, < oc and the proof of P4 is completed by observing
that the first part of P4 gives m, = —¢@(0).

The extension of the converse part of P4 to arbitrary even moments
will never be used and is relegated to problem 1. It is interesting,
and useful, however, that assertions stronger than those in P4 can be
made under further restrictive assumptions on P(0,x). We shall now
consider the case when P(0,x) = 0 for x < 0 and show that one can
then learn something about m; from the first derivative of the
characteristic function.

PS5 If P(0,x) = 0 for x < 0 and if

0 < — ig1)(0) = imi =20 _ , < 0,
6-0 0

then > xP(0,x) = a.

z=0
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Proof: To simplify the notation let p, = P(0,x) for x = n > 0.
Then

1

&1 — cos ké S sin kO
z D —0_- i 0: z (3 [ -
o 1]
as 60— 0. Now the plan of the proof is to use this information to
show that m = 3§ kp, < co.

The rest of the result will then be an automatic consequence of P4.
We start by breaking up the second sum in (1) into two pieces. The
choice of pieces is dictated by a convenient estimate of sin x to the
effect that

f’E;—ngfor |x|s

Let us use the symbol § to denote [=/26], the greatest mteger in =/20.
When 0 < k < § the above estimate shows that sin k0 > 26k/x.
Therefore

@) i sm k6 > % i Z sm k0

o k=0 kmf+1

As §— 0, 8§ — oo, the left-hand side in the above inequality tends
to a by (1) and so we can conclude that 3§ kp, < oo, provided we
show that the last sum in (2) stays bounded as 6 — 0. This in turn
will be true if we can show that

AG) = 3 Z P

k 6+1

stays bounded as 6 — 0, and we shall in fact show more, namely that
A(6)—0as 6 0.

When k2> 8 + 1, k0 2 /2 > 1. Therefore there is a positive
number b such that

1-“—',::fzb>o whenk > 8 + 1.

This gives

| = in k6 1
1400) s 557 3 [ sin ]pk - T pkaf (1 — cos kt) dt
<

- I
o[ & coskt]
dt.
), | 2,

e~|,_.
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The last term tends to zero in view of the first part of (1), and this
shows that 4(6) — 0 and completes the proof.

The next result concerns a necessary and sufficient condition for the
finiteness of the first moment m which is quite different from the
condition in P4. One can extend it to moments of arbitrary odd
order but this matter is again relegated to the problem section

(problem 2).
_ 1 ™ Re[l - §(0)]
P6 m,—-i; _,,——l—cosﬂ d0<w

and my < oo if and only if the function -2 Re [1 — $(68)] is (Lebesgue)
integrable on the interval [ — m,7).

Proof: The real part of the characteristic function is
Re ¢(0) = Z P(0,x) cos x8,

and therefore Re [l — ¢(8)] = 0, and the integral in P6, whether
finite or not, equals

Z}>on2 f 1~ cosxb g

1 — cos @

in the sense that this series diverges if and only if the integral in P6 is
infinite. To complete the proof it suffices to verify that

1 J"' 1 — cos x8

7 _,,_l—cosl)do:IxI’ x <R,

This is easily done by using the trigonometric identity

sin X6\ 2

il s g

11 cc(fsx: = 2 = _5_ etkey | x € R.
sin 3 k=1

For higher dimensional random walk (d > 2) we shall be content to
give the analogue of P4 for the first and second moments only, but it

will first be convenient to adopt a sensible notation, which agrees with
that of D4.

D5 m, = > |x|P(0,x), p = xP(0,x) if my < o,
my = > |x[2P(0,x),  Q(8) = > (x-6)*P(0,x) if my < <.
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Note that while m; and m, are scalars, p is of course a d-dimensional
vector. Q(0) is called the moment quadratic form of the random walk,
for reasons which will promptly be discernible.

If X = (X,,..., X,) is a vector random variable such that X = x
with probability P(0,x), then evidently

d a
x0 = 3 > EXX08,

when the expected values E|X,X,| all exist. But their existence is
assured by the assumption that m; = E|X|? < oo, as one can see from
the Schwarz inequality

(6-X)* < |62 X[
This inequality implies that @(0) < oo for all 6, and the fact that
E|X.X,| < {E[XE[X/}'? < E[X|?

gives another way of seeing that the coefficients in the quadratic form
Q(0) are well defined.
To illustrate what kind of results can be obtained, we prove

P7 For d-dimensional random walk, d > 1, suppose that m, < co.
If « is a vector in E, then

¢(ha) -1
h-oo

If, in addition, p = 0 and m; < o, then

= fo-p.

tim L= 952) _ 4000)

h—0

Proof: Imitating the proof of P6 up to a point,
|#(ha) = 1| = | 3 (2 — )P(0,%)]
< > |ehr — 1|P(0,x) < kD |a-x|P(0,x) < hm,|a|.
Therefore the dominated convergence theorem gives
llm [¢(ha) -1] = z hm( )P(O X) = ta-p.
In the case when p = 0 and m; < o0 we can write

$ha) — 1 = 5 (¢ — 1 — jha-x)P(0,x).
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But for complex z with real part zero there is some ¢ > 0 so that
¢ -~ 1 - 3| < ¢|3]? Re (z) = 0.
Hence

> et — 1 — iha-x|P(0,x) < ch* > (a-x)*P(0,x),
and by the Schwarz inequality
> (¢-x)2P(0,x) < |a|?m; < .

Again therefore, one can interchange limits to obtain the desired
result.

To conclude this section it is only proper to point out that the
Central Limit Theorem certainly belongs to the domain of ideas dis-
cussed here. Although it will play a decidedly minor role in the
theory of random walk we shall sketch the essential ingredients of the
traditional Fourier analytical proof of the Central Limit Theorem for
identically distributed independent random variables.

A monotone nondecreasing function F(f), —® <t < o is a
distribution function if F(—oc) = 0, F(+ o) = 1. A sequence of
distribution functions F,(¢) is said to converge weakly to the distribu-
tion function F(¢) if

lim [~ g a0 = [~ dF@)

for every bounded continuous function g(f), —oc <t < ©. An

equivalent definition of weak convergence is the statement that F(f)

has the limit F(¢) for every real ¢ which is a point of continuity of F(t).
The Fourier transform of a distribution function F(¢),

#A) = Jm et dF (1), - < A < oo,

is called the characteristic function of F. If ¢, are the characteristic
functions of a sequence of distributions F,, and if the sequence F,
converges weakly to the distribution F, then ¢, converges to the
characteristic function ¢ of . Conversely (this is the important con-
tinuity theorem of Lévy, 1925) if the sequence ¢, of characteristic
functions converges pointwise to a function ¢ which is continuous at
A = 0, then F, converges weakly to the (unique) distribution function
F which has ¢ as its characteristic function.

We shall illustrate these facts by proving
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P8 If P(x,y) is the transition function of one-dimensional random
walk with mean p = 0, and variance 0®* = my, < o, then

lim > P,0,x) = F(1),
=0 r<vnat
where

¢
F(t) = 712—_1;."-& e~*12 dx, - <t < oo,

Proof: If
F(t) = 3 Py 0x),
z<vnat

which clearly is a sequence of distribution functions, the proof of P8
will follow from the Lévy continuity theorem, provided we can show
that

lim e““ dF (1) = —J éMe-t13dp = =422
for all real A. To this end let

#68) = > P(0,x)e®, —o0 < 6 < oo,

be the characteristic function of the random walk, defined in D2.
Then a simple calculation yields

$a() = J.: e dF (1) = ¢" (o \"/; )

where, for every fixed ), the error term ¢(A,n) tends to zero as n tends
to infinity. Consequently

In view of P4,

: o _n _ ‘(’\ n) = e~M12
tm [ ear < im [1 -+ G- e
which proves P8.

7. PERIODICITY

In the terminology of Chapter I, a random walk with d-dimensional
state space R is aperiodic if the group R and the group R are the same
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group. Of course, given any transition function we could artificially
increase the dimension of R (by imbedding R in a space of higher
dimension) and then extend P(0,x) by defining it to be zero, where it
was not previously defined. Therefore it is important to make our
terminology absolutely unambiguous. We shall speak of a d-dimen-
sional random walk only when R has dimension d, and when P(0,x) is
defined for all x in R. This random walk is then said to be aperiodic
if R = R.

Having pointed out how one can trivially make an aperiodic random
walk periodic, by artificially enlarging its state space, we shall now
show that it is almost as easy to replace a periodic random walk by an
aperiodic one, which retains all properties which could possibly be of
any interest. This possibility depends on a simple lemma from linear
algebra,

P1 If R, is the group of d-dimensional integers, and if R is a proper
subgroup of R, containing more elements than just the origin, then there
extsts an integer R, 1 < k < d, and k linearly independent points in R,,
namely x,, x,, ..., Xy, such that R is the additive group generated by
Xy, X9, ..., X, The integer k is uniquely determined by R, and R is
tsomorphic to the group R, of k-dimensional integers.

Proof: A subgroup of R, is a so-called vector-module over the ring
of integers (not a vector space, since the integers do not form a field).
Hence it should be no surprise that the usual proof for vector spaces
([38], p. 18) breaks down. Indeed the theorem is false for modules over
arbitrary rings, but true for modules over principal ideal rings—rings
which like the integers have the property that every ideal is generated
by a single integer. In this case the usual proof ([99], p. 149) proceeds
by induction. Suppose that P1 holds for d < n — 1 (it obviously
does when d = 1), and let X be a submodule (subgroup) of R,. If
the last coordinate of every element of X is 0, then we are obviously
finished, in view of the induction hypothesis. If not, let L denote the
set of all integers which occur as last coordinates of elements of X.
Clearly L forms an ideal, and therefore it consists of all multiples of a
positive integer p.

Now we may choose an element x € X whose last coordinate x* = p.
For every y € X there is some integer r (depending on y, of course)
such that the last coordinate of y — rx is zero. The set ¥ of all
points y — rx obtained by varying y over X forms a submodule of
R, _,, and by the induction hypothesis, one can find 24 — 1 < n — 1
linearly independent points x,, x5, . .., X, -, which generate Y. But
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then the set {xy, x5, ..., x,-,, x} will clearly generate X. It is a
linearly independent set since the last coordinate of x is not zero, so it
forms a basis for X of dimension k. This implies that X is isomorphic
to R, with 2 < n; just map x, on the first unit vector of R,, x, on the
second, ..., x,_, on the (¢ — 1) st, and x on the last unit vector.
The induction is therefore complete.

Lemma P1 may be used in the following way. Suppose a random
walk P(x,y) on the state space R = R, is given and happens to be
periodic. If R = {0}, then P(x,y) = §(x,y) and the random walk is
of nointerest. Otherwise R is isomorphic to R,, with basis x, x,, . . .,
x, for some k < d. Then we can define an operator T which maps R
onto R, linearly and one-to-one so that Tx; = § fori = 1,2,...,4,
where the ¢, are the unit vectors in R,. On R, we now define the
function @(x,y) so that for x,y in R,

Qxy) = P(T"'x,T"y).

It should be clear that Q(x,y) is a transition function. Since P 2 0,
we have @ > 0. Since T is linear, Q(x,y) = @(0,y — x). Finally,
then,

> QO0x) = > P(O,T 'x) = 2' P(0,y) = 1,
2€ERy 2€Ry ye
as P(0,y) = 0 when y is not in R.
By our construction the random walk determined by @ on R, is
aperiodic, and it has all the essential properties of the periodic random
walk defined by P on R. For example,

S 000 = 3 P0,0) 5

n=0 n=0
so that if one of the random walks is recurrent, then so is the other.

E1 One can of course apply similar ideas to stochastic processes which
are almost, but not quite, random walks by our definition. Consider, for
example, the triangular lattice in the plane which consists of all points
(complex numbers) z of the form

g =m + ne™3,

where m and n are arbitrary positive or negative integers or zero. This
lattice, it is easily seen, forms an additive group G, but G is not a subset
of the plane of lattice points R = R,. Nevertheless we shall try to define,



7. PERIODICITY 67

with G as state space, a stochastic process which, in a reasonable sense, has
transition probabilities of one third from each point z to the nesghbors

241, 24 73,z 4 733,
Observing that each point 2 in G has a unique representation as

z =m + ne™?, mn=0 +1+2,...,

we may define a linear operator T mapping G on R, in a one-to-one
fashion by

T(z) = T(m + ne®?) = m + ni.
This is clearly a group isomorphism of G onto R;. In particular
T(1) =1, T(e2?) = =1 + i, T(e"3"3) = —i.

This isomorphism therefore transforms the given process into the bona fide
random walk with transition probabilities

P(0,1) = P(0,—1 + i) = P(0,—i) = 1/3,

and P(0,x) = O for all other x in R = R,. This is a random walk in the
plane with mean vector x = 0 and finite second moment m,;. As we shall
see in section 8, T8.1, such a random walk is recurrent. The sense in
which this makes the given process on G recurrent is obviously the follow-
ing. Define 0,3) = 1/3 for 3 =1, z = "3, 3 = ¢~%3, and zero
elsewhere on G. Then define @(z,,3;) = Q(0,2; — 3,) for all pairs 2,, 25 in
G. Finally, imitating P1.1, let

Qo(31,22) = &(3,,3,), Q1(31,33) = Q(21,32),
Quol(‘zhzﬁ) = ZG Q(zltz)Qn(zazz)p nz 0-

Then the recurrence of the P-random walk on R; implies that

3 000 = .

It is obvious that one should let this statement serve as the definition of
recurrence for the process with transition function Q.

Now we return to Fourier analysis in order to establish a simple
criterion for aperiodicity, in terms of the characteristic function of a
random walk.

T1 A random walk on R (of dimension d), is aperiodic if and only if
its characteristic function $(8), defined for 0 in E (of dimension d) has the
Jollowing property: ¢(0) = 1 if and only if all the coordinates of 0 are
snteger multiples of 2.
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Proof:? To fix the notation, let
E=1[0|0€E;H06) =1]

and let

E,=[0|6€cE;(2n) 16, = integer for k = 1,2,...,d].
Then the theorem we have to prove takes on the simple form
(1) E = E, if and only if R = R.

The easy part of (1) is the implication R = R= E = E,. Itis
obvious from the definition of $(6) that E, C E, and therefore it
suffices to prove that EC E,. Suppose that 8 is in E. This means
that (27)~!6-x is an integer for all x such that P(0,x) > 0, or for all x
inZ. (See D2.1 for the definition of £, R*,and R). By the definition
of R*, (2r)~10-x is then an integer for x in R*, and by the definition
of R, (27)~'0-x is an integer for all x in R. But we have assumed
that R = R, and therefore (27)~'0-x is an integer for each unit
vector in R. By letting x run through the d unit vectors we see that
each component of 6 is a multiple of 2. Thus 6 is in E,, and since
was an arbitrary point in E we have shown that R = R = E C E,.

The other implication, £ = E, => R = R, will lead us to a famous
problem in number theory. When the common dimension d of E,
and R is zero, there is nothing to prove. So we shall now assume that
R is a proper subgroup of R and that d = dim (E,) = dim (R) > 1,
and attempt to construct a point 8, in E which is not in E,. Such a
point 6, has to have the property that (27)~16,-x is an integer for all
xin R, and that (27)~ 6, has some coordinate which is not an integer.
Using P1 we construct a basis a,, a5, ..., a; of R, with k < d. Ifit
turns out that & = dim (R) < d, we are in the easiest case; for then
we let B be any vector in the d-dimensional space E which is perpen-
dicular to each basis vector, and such that (27)~!8 has some non-
integer coordinate. Now we take 6, = 8 which gives (27)~16,-x = 0
when x = a,, a,, .. ., a,, and hence when x is an arbitrary point in R.

Finally suppose that k = dim (R) = d. Let

a, = (ay, ayg, - - -, ayy)
be the basis vectors of R in the cartesian coordinates of R, and let
d
A =[x|x= z §a,0< § < 1]
o]
Thus o7 is a subset of Euclidean space which we shall call the

3 A brief abstract proof can be based on the Pontryagin duality theorem for
locally compact Abelian groups [74]).
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fundamental parallelogram of R. Its vertices (those points such that
each ¢, = Oor 1fori = 1,...,d) belong to R, in fact R is the group
generated by these vertices. Let us call a point of &/ which is not a
vertex an interior point. Since, by hypothesis R # R, it is clear that
some interior point of &f must belong to R. This implies (as will be
shown in P2 below, and this is the crux of the proof) that the volume V'
of &/ is greater than one.

We shall proceed on the assumption that P2 holds, and begin by
observing that

1 < V = |det 4}

where 4 = (ay),1,j = 1, 2,..., d, is the matrix whose entries are the
components of the basis vectors q,. Since these basis vectors are
linearly independent, the matrix 4 must be nonsingular. Hence the
determinant of 4-! is (det A)~! which is not zero and which is less
than one in magnitude. This fact leads to the conclusion that not
every element of 4-! can be an integer. Suppose therefore that a
noninteger element has been located in the p*® column of 4~ In
this case we let 6, be this column multiplied by 2=, i.e.,

Op = 2m(A"1yp, A7 oy ooy A7 Ygp).

Since A-A-! = I, we have (27) " 'a,-0, = 8(k,p), so that (2n) " 'x-6,
is an integer for x = a,, a,, .. ., a4, and by linearity, for all x in R.
Thus 6, satisfies the requirements; it is a point in E which is not in E,,
and the proof of T1 is complete if we show that

P2 Every fundamental parallelogram which contains an intersor
lattice point must have volume greater than one.

Proof: Let us take a large cube, in d-dimensional space, with edge
of length M. The fundamental parallelogram &/ fits into this cube
approximately M¢/V times, if V is the volume of &/. Since each
congruent (translated) version of & accounts for at least two lattice
points (one boundary point and at least one interior one), it follows
that the number of lattice points in the large cube is at least of the
order of 2 M2V -'. But the volume M?¢ of the large cube is also
approximately the number of lattice points in the large cube. Hence
one has the ‘‘approximate inequality” 2M ¢V -! < M4, and it is quite
trivial to make the argument sufficiently precise, letting M — o0, to
conclude that 2V ~! < 1. Hence V' > 1.

That completes the proof of P2 and hence of T1, but we yield to the
temptation of pointing out that the converse of P2 is also true.

P3 If a fundamental parallelogram has volume V > 1, then it must
contain an tnterior lattice point.
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This is the lemma of Minkowski (1896). As it is valuable for its
applications to number theory rather than probability, the proof is left
to the reader.

It is very convenient to use T1 to obtain further estimates con-
cerning characteristic functions and transition functions. We shall

find it expedient to use some basic facts about quadratic forms. For 6
inE

0-.40 = i i 0“0,0,
i=1 j=1

is called a quadratic form if a;; = a, i.e., if the matrix 4 = (a;),
i,j = 1,2,...,dis symmetric. Such a form is called positive definite
if

0-46 = 0 for all 8 in E,

and 6-A460 = 0 only when 6 = 0. A positive definite quadratic form
has positive real eigenvalues. These are simply the eigenvalues of the
matrix 4 and we shall often use the well known estimate (see [38],

Ch. III)
P4 700012 < 0-40 < 74002, 0€E,

if A is positive definite and has eigenvalues 0 < A} < A3 < -+ < A4
With the aid of P4 one obtains the following estimate for the real

part of the characteristic function of a random walk. (Remember
that by D6.3, C denotes the cube with side 27 about the origin in E.)

PS5 For d-dimensional aperiodic random walk, d > 1, with character-
istic function §(0) there exists a constant A > 0 such that

1 — Re ¢(6) > A|6)?
for all 8in C.
Proof: Since R = R, of dimension d > 1, one can find d linearly
independent vectors a,, ag, ..., a4 in the set £ = [x | P(0,x) > 0].

Suppose that the longest of these vectors has length L = max |a,|.
Then we can conclude that the quadratic form

Qub) = 2 (x-6)°P(0,%)

lzlsL
is positive definite. This is so because

Q) 2 z (ax-6)2P(0,,)
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Since a, €Z, k = 1,.. ., d, the right-hand side could vanish only if 8
were perpendicular to a,, @, ..., a,. This is impossible as they are
linearly independent, so @,(6) is positive definite.

We have
Re[1 — ¢(6)] = > [l — cos x-6]P(0,x)
ZER
=2 2 sm”( )P(Ox) >2 z sm”( 0) P(0,x)
I€R IzlsL
. . x-0 -1
Since |sin |z |x- 60| when |x-0| < m,
2
Re[l — ¢(0)] =2 = x-0)2P(0,x).
] L [zllzlsgzmsul (x-07P0.x)

But under the restriction on x that |x| < L we know that |x-0| < =
whenever |0] < wL~!. Therefore

Re [l — 4(9)] = "32 ..ZL (x-0)2P(0,x) = %QL(O)

for all @ such that |6] < wL-1. If A, is the smallest eigenvalue of
@.(0), then P4 yields

(1 I - Red(6) = 3 \0]2 for |6] s aL-1.

The sphere defined by |6| < wL~! is a subset of the cube C, since
L-' < 1. But now we use T1 which tells us that 1 — Re ¢(6) > 0
whenfe Cand|6] 2 nL-*. As1 — Re ¢(6)is acontinuous function
on C we have

m= min [1 — Re¢(6)] > O,

616eC;l6lzaL = 1)

which implies

mL?
2 1 — Re ¢(8) > — |6]2 for 6 C, |6] = wL~2.
Combining the two inequalities (1) and (2) we find that P5 has been
proved with A = min [27~2)), mn~2L?%] > 0.

The estimate provided by P5 will turn out to be very useful. With
rather little effort it can be converted into statements concerning the
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asymptotic behavior of the transition function P,(0,x) as n— oo.
The simplest statements of this type would be

(1) lim P,(0,0) = 0, when P(0,0) # 1,
and a slightly more sophisticated version, namely
(2) lim sup P,(0,x) = 0,

n—+o I€ER

the latter being correct in all cases except when P(0,x) = 1 for
some x € R. Note that even (1), although obvious for transient
random walk, is not too easy to prove in the recurrent case, say by the
methods of Chapter I.  But, using Fourier analytical devices, we shall
be able to obtain even sharper results than (2), in the form of an upper
bound on the supremum in (2) which will depend on the dimension d
of the random walk. Since the dimension is the crucial thing, but not
aperiodicity, it will be useful to state

D1 a random walk is genuinely d-dimensional if the group R
assoctated with the random walk is d-dimensional.

Thus genuinely d-dimensional random walk need not be aperiodic,
but R must have a basis, according to P1, of d linearly independent
vectors a4, . . ., a4 in R. We shall prove the following result

P6 If P(x,y) is the transition function of a genuinely d-dimensional
random walk (d > 1) with the property that®

©) Qexy) = ; P(x,t)P(y,t)

is also the transition function of a genuinely d-dimensional random walk,
then there exists a constant A > 0, such that

4) P,(0,x) < An~%2, xeR, n2x 1.

Furthermore, every genuinely d-dimensional random walk (d > 1), with
the single exception of those where P(0,x) = 1 for some x € R, satisfies
(5) P,(0,x) < An—/2, xeR, n>1,

for some A > 0.

Proof: It seems best to begin by explaining the usefulness of the
transition function @(x,y) in (3). It clearly is a transition function,
and if

3 This class of random walks has the following equivalent algebraic charac-
terization: the support & of P(0,x) is not contained in any coset of any k-
dimensional subgroup of R, for any &k <d.
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$(6) = > P(0,x)e'

Z€ER

is the characteristic function of the random walk, then Q(x,y) has the
characteristic function
%) = ZR Q(0,x)e'® = |$(6)[2.
I€

Suppose now that we wish to get an upper bound for P,(0,x).
Clearly

(2n)* sup Pan(0.x) = sup [e=t=242x(6) a0 < [14(@)™ do = [y(6) o,

and the same upper bound is obtained if P,,(0,x) is replaced by
P, . 1(x). Therefore (4) will be true if we can exhibit a constant
B > 0 such that

6) (27)%Q,(0,0) = L 4"(6)d6 < Bn-42, n 3 1.

The stage is now almost set for the application of P5. We must
observe only that we may assume Q(x,y) to be aperiodic. If it were
not, then, as remarked after D1, one might change coordinates to
replace @(x,y) by a symmetric, d-dimensional, aperiodic transition
function Q’(x,y) such that @’,(0,0) = @,(0,0). (The characteristic
function of @’ will be real but it might no longer be non-negative, and
we shall want to use the non-negativity of ¢; but that is a decidedly
minor point, as it suffices to prove (6) for even values of n.)

As ¢ is real, PS5 gives

1 — §(8) = A|9)3, 6eC,
for some A > 0. Thus

0<y(f) <1 —2A0< e  feC,
f yn(6) d6 < f e~ H01Pn df < f e~ 4101 4@
[} [} E

= n“”zf e Aa? do = Bp-92, n> 1.
E

The constant B is finite, being the integral of the Gaussian function
exp (—Ala|?) over all of Euclidean d-dimensional space. That
completes the proof of (4).

As an illustration of the necessity of a condition of the type we
imposed, consider the two-dimensional aperiodic random walk defined,
in complex notation, by

P(0,1) = P(0,i) = 1/2.
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It is easy to verify that P,,(0,n — in) is of the order of n~1/2 rather
than n-!, the reason being that Q(x,y) is one-dimensional in this case.

The proof of (5) is now immediate. As we saw, the true dimension
of the state space of Q(x,y) influences the asymptotic behavior of
P,(0,x). Thus (5) will hold provided @(x,y) is at least genuinely one
dimensional, i.e., if @(0,x) > O for at least one x # 0. But an exami-
nation of (3) shows this to be always the case, except when P(0,x) =
for some x € R, in which case @ is zero dimensional (¢(0,0) = 1).

This section is concluded by showing that P6 is the best possible
result of its type, because there are random walks for which the upper
bound is actually attained, in the sense that

lim n%/2P,(0,x)

R = ©

exists and is positive for every x in R of dimension d. P7 and P8 will
serve as preliminaries to the explicit calculation of such limits in P9
and P10.

P7 For aperiodic random walk of arbitrary dimensiond > 1, with mean
vector p. = 0, second absolute moment my, < 00, Q(0) = Z, 5 (x- 0)2P(0,x)
is positive definite and

— $(6) _ 1

lim =

s-0 QO 2
Proof: Since p = 0 we may write

1—¢(0) =13Q(0) + D> [1 +i8-x — §(8-x)* — 7] P(0,x).

Observe now that Q(6) is positive definite (as shown in the proof of PS5
for Q,(0) < Q(0)) and that by P4 Q(6) > A|8|? for some A > 0.
Therefore it will suffice to prove that

lim [6]2 3 [1 + if-x — §(0-x)? — ¢*4|P(0,%) = 0.

zeR

Clearly each term of the sum over R, divided by |8|2 tends to zero as
6 — 0. But to interchange the limits we need to establish dominated
convergence. There is some 4 > 0 such that

[1 + 4t — 32 — | < A2
for all real t. Therefore
A(O x)?

16-2{1 4 8- — 3 (0-x)7 — e 7

< A|x|?
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which yields dominated convergence and completes the proof.
(Observe that P7 represents a considerable refinement of P6.7.)

The next lemma is the analogue of the criterion in T1 for strongly
aperiodic instead of aperiodic random walk.

P8 Strongly aperiodic random walk of arbitrary dimension d > 1
has the property that |§(0)| = 1 only when each coordinate of 6 is a
multiple of 2m. Conversely, every random walk with this property is
strongly aperiodic.

Proof: For the direct part suppose that |#(6,)] = 1, so that
#(0,) = ¢ for some real ¢t. It follows that x-0, = t + 2nn for all x
such that P(0,x) > 0, where of course the integer n may depend on x.
Continuing to work with this fixed value of 6, we select a point 2z, in R
such that z,-0, = t + 2mm, where m is an integer. Now consider the
transition function defined by @(0,x) = P(0,x + z,), where P(0,x) is
the transition function of the given, strongly aperiodic random walk.
We know from DS5.1 that @(0,x) is the transition function of an
aperiodic random walk. Its characteristic function is

W) = > QO = > P(0x + 30)e*® = e~ °4(6).

1éR 2€R
Hence
B(Bo) = e™%o(6;) = e~ tooet = 1,
but since () is the characteristic function of an aperiodic random
walk we conclude from T1 that 6, is a point all of whose coordinates
are integer multiples of 2n.

To prove the converse, suppose that a random walk fails to be
strongly aperiodic. Then we have to exhibit some 6, in E such that
|¢(Bo)| = 1, and such that not all of its coordinates are multiples of 2x.
By DS5.1 we can find a point 2, in R such that P(0,x + z,), as a
function of x, fails to be aperiodic. This random walk has the
characteristic function exp (—1z,-0)¢(6). By T1 this function equals
one at some point 6, in E, not all of whose coordinates are multiples
of 2m. Hence [§(8,)| = 1, i.e., 6, satisfies our requirements, and the
proof of P8 is complete.

P9 For strongly aperiodic random walk of dimension d > 1 with
mean p = 0 and finite second moments,

lim (2mn)*3P,(0,x) = |Q|~*3, x€R,

where |Q| is the determinant of the quadratic form
Qo) = ZR (x- 0)3P(0,x).
I€
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Proof:* According to P6.3,
(27n)*3P,(0,x) = n"’(Zn)“’”f $"(0)e~1*¢ d6.
c
We perform the change of variables 8v'n = a, so that
(2mn)iP,(0,%) = (27)-3 J' 4,(_\;—;) -2 da.

aevnC
With 4 > 0, and 0 < » < =, one decomposes this integral to obtain

(1) (2m)iP,(0,x) = (2n)-%f e~ 3052 gy
E
+ I1i(n,A) + Iy(n,A) + I(n,Ay) + I(n,r).
The last four integrals, which will play the role of error terms, are
Ii(n,A) = (2m)"i f [ (i) - e-%w)] -2 da,
i(md) = (2m) J 2l by e do

Ind) = —(2n)"5 J‘ o105 gy

s 4
I(n,Ay) = (27)-3 J ¢(\/i;) -5 da,
A<lalsryn
I(ny) = (2m)-3 J' ¢(—%) e~ da.

lal>rvn: aevnC

Our first task is to show that the principal term gives the desired
limit. If0 < A, € A; < --- < A4 are the eigenvalues of the positive
definite quadratic form @(8), then a rotation of the coordinate system
gives

I, = (21,)-%_[ e~ 3@ gg
E
= (2m)~3 j =3 5, et dy
E

PRI 1 4 -1
=2m"a]] e-ihek do, = [I‘[ A,,] 3

kmld = k=1

¢ We reproduce the proof of Gnedenko [35], pp. 232-235, with the obvious
modifications when d 2 2.
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But the product of the eigenvalues of @ is the determinant |@| so
that I, = |@|~V2. Since this integral is finite, it is clear that

lim (27)-% J' e-30@e 2 do = QI3
n—e @ E
and therefore the proof of P9 will be complete as soon as we show that
the sum of the four error terms tends to zero as n — co.
To estimate 1;(n,4) we use P7 which implies that
lim ¢ (i) = e-10@
n-w ¢ vn

for each « in E. Thus I,(n,A4) tends to zero as n— oo, for every
A > 0. Next we estimate I,(n,r) by remarking that

[Linn)| < wx@m) o [ g(o)) .
(616€C; 18] >r)
We know from P8 that |§(6)] < 1 — & for some & = §(r) on the set of
integration. Therefore I,(n,r) tends to zero as n— oo, whenever
0 < r < 7. Now we have to worry only about I, and ;. Using P7
again we can choose r small enough so that

a
P l— ) € e i@
" (7)<
when ja| < 7Vn. Then
Ha(n,A,r)| < (2m)-92 f e~ Q@ gy
lal> A

for all n. Similarly
I y(n,d)] < (2m)-¢2 f £~ 19 g

la]l> A
is independent of n. Therefore the sum of I, and I, can be made

arbitrarily small by choosing r small enough and A4 large enough, and
that completes the proof of P9.

Remark: The following, slightly stronger form of P9 is sometimes

useful:
Under the conditions in P9
) lim [(2mn)iP,(0,x) ~ |Q| ~Ze-w#@" 0] = (,
n=e 0O

uniformly for all x € R.
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This is really an immediate corollary of the method of proof of P9.
It follows from the way the four error terms I,, I,, I,, and I, were
estimated in the proof of P9 that their sum tends to zero uniformly in x.
Comparing equations (1) and (2), it therefore suffices to show that

(3) (2")-§f e~ 399~ do = IQ"ie‘a‘l’."'O‘ in
E

In (3) as well as (2), x-Q~!x denotes the inverse quadratic form of
Q(e) = a-Qa. It is easy to verify (3) by making an orthogonal trans-
formation from the e-coordinate system to one where the quadratic
form Q(«) is of the diagonal type. Due to the presence of the ex-
ponential involving x on the left in (3), this calculation is slightly more
complicated than the evaluation of I, in the proof of P9, but no new
ideas are involved.

E2 Simple random walk of dimension 4 > 1 is not strongly aperiodic.
Nevertheless it is quite easy to modify the proof of P9 appropriately. The
characteristic function, for dimension d, is

#(0) = > P(0,x)ef*® = %[cos 0, + -+ + cos ;).
Although P,(0,0) = 0 when #n is odd, we get

) Py (0,0) = (2)-¢ L [5 é, cos o,,] * do.

Since the integrand in (1) is periodic in each coordinate 6, with period 2=,
we may translate the cube C by the vector v = (n/2)(1, 1,...,1). Calling
C + v = C', we see that P,,(0,0) is still given by (1), if C is replaced by C’.
The point of this translation from C to C’ was that the integrand in (1)
assumes its maximum (the value one) at two interior points of C’, namely
at the origin and at the point =(1,1,...,1). The contributions from
these two points to the asymptotic behavior of P,,(0,0) are the same, since
|#(8)] = |¢(6 + w)| when w = =(1,1,...,1). Also the proof of P9 has
shown that the asymptotic behavior of the integral in (1) is unchanged if
we integrate only over arbitrarily small spheres about the points where
|#(6)] = 1. Letting S denote such a sphere, of radius » < /2, one has

d 2n
@) P.u(0,0) ~ 2(27)-¢ f [1 S cos ok] do.
s &
For small values of ||
@ 1S coes =15 I—Zsin’(-e—“)]
d & T d 2

k=1

2
~1 -1% ~e %5, 160
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Applying the estimate (3) to (2), one obtains for large n

P2,(0,0) ~ 2(27)-° J’ e~ dg
S

N PR T DY IR S A= S b 4
2(2n) J;e ! do—Z[\/.z_;J._ﬁe adx] (4")

The integral of the Gaussian density is one, so that we have shown, for
d-dimensional simple random walk, that

d a/12
P2 (0,0) ~ z(m) . an— .

The strong form of P9 given in the remark following its proof is
known as the Local Central Limit Theorem. Although it is an ex-
tremely useful tool, in many applications of probability theory, there
are occasions when one needs even better error estimates (P9 is really
quite poor for large values of |x|, say when |x| is of the order of V'n
or larger). There is a variant of P9 (due to Smith [89], 1953, in the
one-dimensional case) which provides sharper estimates for large |x|.
For us it will be indispensable in section 26, where it will be combined
with P9 to shed light on the asymptotic behavior of the Green function
G(x,y) for three-dimensional random walk.

P10 For strongly aperiodic random walk of dimension d > 1, with
mean p = 0 and finite second moments

2 d 1 1 -1
lim % [(27m)iP,(0,x) — |Q| Se-F=0" 9] = 0,

uniformly for all x € R.
Proof: Just as in the proof of P9 we write

da/2 2
|| J‘ #"(8)e1*% 4.
c
It is now possible to bring the term |x|2 in under the integral sign on

the right. If f(6) is a function with continuous second derivatives,
we have by Green’s theorem

(<l [ f(@e=tw2do = ~ [ f(0)Ale=<2) b

= — f e~ " Af(6) d6 + boundary terms.
c 0

I ormyenp, 05 = (2)

n n

Here
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is the Laplace operator. We may apply this idea to ¢*(6) whose
second derivatives are continuous by the same proof as in P6.4.
Furthermore the boundary terms vanish since ¢() is periodic. In
this way

M L emtp0m = - (£)f 5 [ e s ao

n

ot [ eafe ()]

vnc

after a dilation of coordinates to @ = V/né.
From now on the proof proceeds much as did the one of P9, the
principal difference being that we do not rely on

@) lim ¢ (-\;—_) = e19@  ocE,
n— o n
but use instead
3 lim A |é" = Ae 9@, e E.
\/
n—-o q n a

The proof of (3) depends on

@ 2l ()

= ()88 (55)] - e () e (55) [
A calculation based on P6.4 and P6.7 shows that
(5) lim nA¢(ﬁ) = —m =~ 3 |5[*P(0,),
lim 1 grad ¢ (5= ﬁ) = (Qu-Qs) = |Qal?,

where @ is the covariance matrix. Applying (2) and (5) to (4) one
obtains (3).
Equation (3) suggests the decomposition
2
© L emip,0

= _(2n)-%f e~ Ae Waode + I + I, + Iy + I,
E
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where the I are exactly the same type of error terms as in the proof of
P9, but with the Laplacian in the integrand. Thus

laj<sA

I, = (2m)- f Ale-io@]e-¢ 4g,
la|>Aa

et [ ale(g))ene
A<|alsrvn

o

—1, = (2n)"3 f A [¢(\/;)] e~ 7 do.

lal > rvn; aevnC

The principal term on the right-hand side in (6) is easily seen to have
the right value, i.e.,

BE g|-te-swono

To show that the sum of the four error terms tends to zero uniformly
in x one replaces each integral I, by the integral of the absolute value
of the integrand. That eliminates the dependence on x. The order
in which one eliminates the error terms is the same as in P9. An
examination of (3), (4), and (5) shows the integrand in I, can be
majorized by a bounded function on every finite interval. I, therefore
tends to zero for every 4 > 0, uniformly in x. To deal with I, one
obtains from (4) and (5) that

a¢ Vn
where 1 — § is the upper bound of ¢(6) when 6 € C and |6| > r, and
where k, and k, are positive constants depending on r, but independent

of n. Thus I, — 0 for eachr,0 < r < 7, uniformly in x. Next one
disposes of I3 by choosing r small enough so that

Agn (_“_)
a¢ Vn
for some M > 0, when |a| < rVn. This shows that I, can be made
arbitrarily small, uniformly in n and x, by taking 4 large enough.

Finally, one shows just as in P9 that I, tends to zero as 4 — o,
uniformly in # and x. That completes the proof.

< Byl - OP71 + ky(1 — 872,

S Me"*Q(a)
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8. RECURRENCE CRITERIA AND EXAMPLES

The harmonic analysis of transition functions provides elegant
methods for deciding whether a random walk is recurrent or transient.
We begin with a general criterion, proved by Chung and Fuchs [12],
1951, in the more general and more difficult context of arbitrary
(noninteger valued) random walk in Euclidean space.

P1 If §(0) is the characteristic function of a random walk, then

l:l;r? Re [l — t¢(0)] df < oo
if and only if the random walk is transient.

Proof: The random walk is transient, according to P1.4 if and only if

G = > P,0,0) < oo.
n=0
But

G = l. tnPn 0)0 ’
2,00
whether this limit is finite or not. Using P6.3 we have
. do
d n = —_— .
2n)G = lenZ t"fcﬁ (6) d8 ELTJ‘I e

Observing that, for 0 < ¢ < 1,

=T = ® [T = [* [r=w)
we find

@G = tim [Re [z @

which proves P1.

This criterion may be used to obtain simple sufficient conditions for
recurrence or for transience. By analogy with T3.1, which states that
one-dimensional random walk is recurrent if m < o0 and u = 0, one
may ask if two-dimensional random walk is recurrent under suitable
assumptions about its moments.
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T1 Genuinely d-dimensional random walk is recurrent if

(a) d=1 and m; < oo, p=0,
or if
(b) d=2 and my < 0, p=0.

(c) It is always transient when d > 3.

Proof: Part (a) was already proved in Chapter I, but in E1 below
we shall also sketch the proof of Chung and Fuchs [12], which uses P1.
Concerning part (b) we know from P7.9 that

P,(0,0) ~ Cn~1, as n— o0,

for some positive constant C, provided that the random walk is
strongly aperiodic. Since the harmonic series diverges, every strongly
aperiodic random walk in the plane, with mean vector p = 0, and
finite second moments, must be recurrent. But the condition of
strong aperiodicity can be eliminated quite easily: we must construct
a new random walk, with transition function Q(x,y) which is strongly
aperiodic, satisfies the hypotheses in part (b), and for which

> Qu00) < > Py(0,0).

n=0 n=0
This construction is based on the observation that a random walk with
P(0,0) > 0 is aperiodic if and only if it is strongly aperiodic. (If
P(0,0) > 0, then |#(6)] = 1 if and only if #(8) = 1. Thus the con-
clusion follows from T7.1and P7.8.) If P(x,y)satisfies the hypotheses
in (b) we can certainly find an integer ¢ > 1 such that P,(0,0) > 0.
If the random walk with transition function Py(x,y) is aperiodic, then
it is strongly aperiodic. If rot, then we yse P7.1 to construct an
isomorphism T of the d-dimensional group generated by the points x
in R where P,(0,x) > 0 onto R, and define

Q(*y) = P(Tx,Ty).
Now @(x,y) is strongly aperiodic,
Qn(O’O) = P,.g(0,0), n 2 0,
so that

2%%55mw-

n=0

By P7.9 the series on the left diverges, and that proves part (b) of T1.
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To prove part (c) we may, if necessary by relabeling the state space,
assume that the random walk is aperiodic as well as genuinely
d-dimensional. Now we observe that

1 < 11!
T—19(6) ° Re[1 = (0]

and conclude from P7.5 that

Re

0ecE,

1
a
(27)¢G = lsz‘ Rel — ‘4’(9)

dé
=—df <5 A7?
< Lwemmame s L
where A is the positive constant in P7.5. Since the integral of |6] -2

over C is finite when d > 3 (introduce polar coordinates!) the proof
of T1 is complete.

Remark: If it were possible to justify the interchange of limits in
P1, then one would have a slightly more elegant criterion:

** d-dimensional random walk is transient or recurrent according as the

real part of [1 — §(6)]~! is Lebesgue integrable on the d-dimensional
cube C or not.”

This statement is in fact correct. By Fatou’s lemma®

1 . 1
J.Rer—ggy 40 = [, tim R°1-—wmdo
= d
< lg{! Re1 — w)do = (27)G < oo.
Therefore Re [1 ~ ¢(8)]~! is integrable on C when G < <, i.e., when
the random walk is transient. But unfortunately no direct (Fourier
analytic) proof is known for the converse. The only proof known at
this time (1963) depends on a number of facts from the theory of
recurrent random walk—to be developed in Chapters III and VII.
Nevertheless we shall present this proof here—it is quite brief and will
serve as a preview of methods to be developed in later chapters. We
shall freely use the necessary facts from these later chapters, without
fear of dishonesty, as the resulting recurrence criterion (T2 below)
will never again be used in the sequel. To avoid trivial but tedious

reformulations we shall work only with aperiodic random walk and
prove

¢ Cf. Halmos [37], p. 113.
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T2 Aperiodic d-dimensional random walk is transient if and only if
Re [1 — §(0)]~! is integrable on the d-dimensional cube C. (In view of
T1 this is always the case when d > 3.)

Proof: As shown by the argument involving Fatou’s lemma we
need only prove that G < ¢ when Re [l ~ ¢(8)]"! is integrable.
Let us therefore assume that G = o0, and work toward a contradiction.
The random walk is then recurrent and aperiodic, and in this case it is
known that the series

(1) dﬂ=§¥ﬂ&%—ﬂmm

converges for all xe€ R. (That is shown in T28.1 of Chapter VII.)
It is further known that

(2) a(x) + a(—x) = 2(2m)-¢ f 11 _c‘;s(;‘)ade
—a 1
= 2(2m) L[l - cosx-0] Re {—gr df, xeR

(That follows from P28.4 whend = 1; whend = 2itis proved earlier,
in P12.1.) Finally it will be shown, in P29.4, that the function
a(x) + a(— x) has an interesting probability interpretation: it repre-
sents the expected number of visits of the random walk x,, n > 0,
starting at X, = x, to the point x, before the first visit to the origin.
Thus, in the notation of P29.4,

(3) a(x) + a(—x) = go)(x,x) = kZOP,[x,‘ =x;T > k],
where T = min [k | k 2 0; x, = 0].

The proof of T2 will now be terminated by studying the asymptotic
behavior of a(x) + a(—x) for large values of x. The Riemann
Lebesgue lemma (which will be proved in P9.1) may be applied to
equation (2) to yield the conclusion that

4) llm [a(x) + a(—x)] = 2(2=)" 4f Re #0) df < oo.

On the other hand, we may use equation (3) to obtain the desired
contradiction, in the form

®) lim [a() + a(-x)] =
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To achieve this select a positive integer N, and observe that T < oo
with probability one for recurrent random walk. It follows that

a(x) + a(—x) 2 i Px, =x;T > k] = i P,[x, = x]
k=0 k=0

N N N
- > Plx=xT<k =2 P00) - > Pfx, = x; T < &
k=0

k=0 k=0
For each fixed integer &
Pds, = xiT s Al s BT < A

ZKW-ASZ&M—W iaww

1=0

which tends to zero as |x| — 0. Therefore

lim [a(x) + a(—x)] = z P,(0,0)

|z|—

for arbitrary N. As the random walk was assumed recurrent it follows
that (5) holds. The contradiction between (4) and (5) shows that
aperiodic random walk cannot be recurrent when Re [1 — ¢(6)]~* is
integrable, and hence the proof of T2 is complete.

E1 To prove part (a) of T1 by use of P1, observe that

M [ re[r=igm) 0= [ ® [r=m) #

when 0 <t <1 and 0 < a < =, since the real part of [1 — t¢(8)]"* is
non-negative. Now

2 Re [T = mewi= B i

and, given any ¢ > 0, we may use P6.4 to choose a small enough so that
3) [Im¢(0) | < €] 6],

4 [Re (1 — 1(6)))* < 2(1 — 1)* + 2t [Re (1 — ¢(6)))°

< 21 — )% + 213262
when |6} < «. Consequently, combining (2), (3), and (4),

a 1 a do
f_, Re [1_— _z¢(0)] db=(1-1f 2(1 Sy VERCT

3J- o= l+e’x3.
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It follows from (1) that

N 1 1[= dx m
®) lim |__ Re [1 - :¢(o)] 6= 3 f.w T+~ 3
By letting € tend to zero we see that the limit in (5) is infinite, and by P1
the random walk in question is recurrent.

The Fourier analytical proof of part (b) of T1 is so similar to that of
part (a) that we go on to a different problem. We shall prove (without
using the strong law of large numbers that was used in T3.1) that one-
dimensional random walk is transient if m < oo, p # 0. Curiously it seems
to be impossible to give a proof using only P1 and P6.4. But if in addition
we use P6.6, to the effect that the function -2 Re [1 — ¢(6)] is Lebesgue
integrable on the interval [—m,n], then the proof is easy. As we may as
well assume the random walk to be aperiodic, we have to show that

(6) lim [ Re [1-1—:¢(0)] d6 < o

t”1 -

for some « > 0. We use the decomposition

1 1 _Re(1—¢)+(1—t)Reg
™ Re [1 - :¢] = Re(I = P + 2 (Img)?
Re(l1—¢), 1—t
= Pmey? T [T=1"

Choosing « sufficiently small so that
[t (61| > 5

when |0] < « (this can be done by P6.4), we see that
. [* Refl — 4(6)] J‘" Re [l — 4(0)]
{1}:{1 . Pmg) dd < ¢ . Tk df < oo

for some ¢ > 0. Now it remains only to estimate the integral of the last
term in (7). This integral is decomposed into the sum

1-1 1-—-1¢

— dl + — dl
1 — |3 1 — |2
91s1-¢ I ¢I 1—!<|0|S¢I ¢I
_ 1—-t¢t 4 dé
<(1-1t)"? f do + T;:i 7
10ls1-t 1-t<(0lsa

which remains bounded as ¢ ~ 1, so that (6) is proved.

E2 Consider one-dimensional symmetric random walk with the property
that for some « > 0

0 < lim |%***P(0,x) = ¢, < co.
[HIEX-]
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It is known from T1 that such a random walk is recurrent when « > 1 (for
then the first moment m will be finite). We shall now prove that the
random walk in question is in fact recurrent when « > 1 and transient when
« < 1. This will be accomplished by investigating the asymptotic
behavior of 1 — ¢(0) as 8§ > 0. When « > 2, the second moment exists
and we know from P6.4 that 1 — ¢(6) ~ c;62 for some positive ¢, as § — 0.
Thus we may confine the discussion to the case when 0 < « < 2. We
shall prove that

(1) ﬁml__ﬂ):qf” 1-cosx ¢ o

00 !aln o |x|n+1
when 0 < « < 2, and once this is done it is trivial to conclude from P1
that the random walk is transient if and only if 0 < « < 1. To prove (1)
we write

1-§6) = 3 (1 - cosnflP(0,),

2 Lﬁ‘fﬁ) = S |nt*eP@O) nlol"’|o| (1 = cos n).

Letting
f(x) = |x]~2*(1 — cos x), —0 < x < 0,
observe that (2) becomes

@) ‘_'l'm-‘*i(_") =a 5 101/0) + 5 feo)l6le,

where ¢, = |n|!**P(0,n) — ¢, —> 0 as n —> 0. Since
—cosx
[rwe= [ oita,

which exists as an improper Riemann integral for every positive « < 2,
we may conclude from (3) that (1) holds if

lim S 6]f(n6) = J: F(x) dx.

18010 ne -

But that is true because the sequence of sums above are just the ordinary
Riemann approximating sums to the integral of f(x).

Observe that when « = 2 the above argument permits us only to assert
(and even then one has to be careful) that (1) holds in the sense that the
integral on the right is infinite. It may be shown, when « = 2, that
1 — ¢(0) behaves like a negative constant times 62 In |6] for 6 near zero
(see problem 6).

In the next example we shall encounter a specific random walk of

the type discussed in E2 with « = 1. The recurrence of this random
walk will be obvious from the probabilistic context in which it arises.
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E3 Consider simple random walk x, in the plane, starting at x, = 0.
We write x, in complex form (i.e., for each n > 0, x, = a, + ib,, so that
the random variable a, is the real part of x,, and b, the imaginary part).
Let us now define the stopping time

(1 T=min[k|1 <k< x;a, =b)

Thus T is the first time the simple random walk in the plane visits the
diagonal Re (x) = Im (x). According to T1 the simple random walk is
recurrent and by P3.3 this means that T < <o with probability one.

We shall be interested in the hitting place xt rather than in the hitting
time T of the diagonal and define

(2) Q(0,n) = Py[xt = n(1 + 7)], n=20,+1, +2,....
The foregoing remarks concerning recurrence show that
2. QOn) =1,

or, expressing it differently, Q(m,n) = @On — m), mn =0, +1,..., is
the transition function of a one-dimensional random walk. In fact, we
can even deduce from T1 that Q(m,n) is the transition function of a re-
current one-dimensional random walk (which is just the original simple
random walk in the plane, observed only at those times when it visits the
diagonal Re (x) = Im (x)).

It is of interest to determine @(m,n) explicitly, and we do so, showing
that its characteristic function () is given by

@ U= 3 eOmer=1-sinfl  -m<osm
Using (3) a simple calculation (which we omit) will show that

2 2 1
(4) Q(0,0) =1- ;v Q(O,ﬂ) = ; THQT]. for n # 0.

In view of E2, equation (4) leads to the already known conclusion that the
random walk defined by Q(m,n) is recurrent.

Our proof of (3) depends on a trick. Remembering that x, = a, + ib,,
x, = 0, we define

(5) U, = v, =0, u, =a, + b, v, = a, — b, n>1
Then we may write
T=min(k|k>1,v, = 0], xT=“—27(1+,),

and conclude that

(6) ¥(6) = i Eo[¢i; T = k.

k=1
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The trick we mentioned consists in observing that the sequence of
random variables u, is independent of the sequence v,. One simply checks
that for every pair of positive integers m and n

(7) PO[um_un—1=';vn-vn—l=s]
= Po[“m — Uy = ']PO[vn = Vi = S]‘

Moreover, in so doing, one makes the pleasant discovery that the proba-
bility in (7) is zero unless |[r| = 1 and |s| = 1, in which case it is one
fourth. Thus we have observed that u, and v, are a pair of independent
simple one-dimensional random walks.

The rest is easy. Since T depends only on the sequence v,, but not on
the random walk u,, we may apply P3.1 to (6), to obtain

o) = 3 EofetIRlT = A,

and the observation that u, is a simple random walk gives

< 0\k 6
(8) wWo) =S (cos -) Po[T = k] = Eo[(cos -) :
K1 2 2
It remains only to evaluate Ey(sT) for arbitrary s in [—1,1]. T is the

first time of return to zero for the simple random walk v,, and as shown in
equation (5) of E1.2,

&) E(sT) = il sF(00)=1-v1 -4, s <L

We conclude from (8) and (9) that

(10) ¢(0)=1-—~/1—(cosg)2=1—sing,

which demonstrates (3) and completes this example.

Remark: A very similar problem concerns two independent simple
random walks u, and v,, both starting at the origin. Let

T=min[k|k 2 1,u, = v,]

denote the first time u, and v, meet, so that uy = vy is the meeting
place. It may be shown that, just as in equations (9) and (10), T and
u; have infinite expectation. It may also be shown (see problem 9)
that

(11)  §(6) = E[eu1] = 1 — }/(T — cos 6)(3 — cos 0).
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Whereas E1, E2, and E3 were designed to establish or to disprove
recurrence for specific random walks, the last example is intended to
illuminate general principles. We shall take a brief look at abstract
harmonic analysis on Abelian groups G and exhibit a class of functions
x1(g), g € G, called the characters of G, which exhibit exactly the same
behavior as the exponential functions e!** on R. Actually we shall
discuss only one specific group G, but one whose structure differs
considerably from that of the group of lattice points R.

E4 We take for G the following countably infinite Abelian group.
The elements of G are infinite sequences
g = (‘l’ €g, €3, - . .)

where each ¢, = ¢(g) is either 0 or 1, and only a finite number of 1's occur
in each g. Addition is defined modulo 2; whenge Gand he G, g + his
defined by

0 if ex(g) = ex(h),

«(g + k) = 1 otherwise.

Each g in G can be expressed in a unique way as a finite sum of generators
&x € G, g, being defined by
ex(8x) = 3(n,k), k=1 nz1.

The identity element of G will be

e=(00,...)
A complex valued function x{(g) on G will be called a character of G, if
M ix@l =1 x(g +h) = x(@xh) for g, he G.

It follows from (1) that x(e) = 1 (using none of the special properties of G)
and that x(g) is either +1 or —1 for each g in G (because every element of
G is of order 2).

A collection of characters (sufficiently large to be useful) will now be
constructed as follows. Let / denote the interval [—1,1]. Each Ae[
can be represented in binary form (uniquely if one adopts a suitable
convention concerning repeating decimals) as

2) A= kzl. %» where each A, = A (A) = +1 or —1.
Now we define, for each A e I,
(3) Xat(gk) = Ak’ k2> ln

XA(’) =1,

xi(g) = XA(gt;)xd(glz) cee XA(gl.)»
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for every g =g, + g8, + -+ g,€G. Clearly (3) implfes that x,(g) is
a character.

Classical harmonic analysis is based on the orthogonality of the ex-
ponential functions in P6.1. The analogue of this proposition in the
present setting is the orthogonality relation

lifg=nh

4) L f_lxx(g)xl(h) a={oxs7h

where d) is ordinary Lebesgue measure on /. Although the proof of (4),
based on (1), (2), and (3) is not at all difficult, the observation that such
orthogonality relations hold in a very general setting is profound enough
to have played a major role in the modern development of probability and
parts of analysis.® Continuing to imitate the development in section 6,
our next step is the definition of a ‘‘transition function”

) P(g,h) = P(e,h - g),
satisfying
Peg) 2 O, > Pleg) =1

9€G

and of its *‘ characteristic function”
6) $(A) = ZG Ple.g)x(g), Ael.
‘13

Now we can generalize parts (a) and (b) of P6.3. If we define the
iterates of P(g,h) by

Po(g,h) = 8(g,h),  Pi(g.h) = P(g.h),
Pl'bl(g’h) = IZG P(g'f)Pn(f'h)- n20,

then P6.3(a) becomes
(7) $"(A) = ZG P(eg)xig), Ael, n20,

and part (b) of P6.3 turns out to be

(®) Pied) =3[ #Mn@dh g n20

The proof of (7) and (8) depends on (4) in an obvious manner.

At this point we have all we need to associate a ‘‘random walk” on the
group G with a transition function P(g,h) on G. Even the measure
theoretical considerations of section 3 can of course be introduced without

¢ See Loomis [74]. There are some indications that much of the theory of
random walk extends to arbitrary Abehan groups; it is even possible that such
an extension might shed new light on purely algebraic problems concerning
the structure of Abelian groups.
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any difficulty. Given a transition function, we may therefore call the
corresponding random walk recurrent, if

9 S Pyes) = w,

and ask for criteria for (9) to hold, just as was done in this section, in terms
of the characteristic function ¢(A). This is easy, as equation (8) implies
that (9) holds if and only if

0 -1

(10) S J $"(N) dA = oo.
n=0 J~1
Let us “‘test our theory” in terms of a very down-to-earth example.
We consider an infinite sequence of light bulbs, and an infinite sequence of
numbers p, such that

P 20, 2 =1

k=1

At time 0 all the light bulbs are “‘off.”” At each unittime(t = 1,2,3,...)
thereafter one of the light bulbs is selected (the &'" one with probability
Di), and its switch is turned. Thus it goes on if it was off, and off if it was
on. What is the probability that all the light bulbs are off at time ¢t = »n?
A moment of thought will show that this is a problem concerning a random
walk on the particular group G under discussion, and that the desired
probability is P,(e,e), provided we define the transition function P(g,h) by

(11) P(eg) = p if g = gu, 0 otherwise.

(More specifically, the probability that exactly bulbs number 3, S, 7, and 11
are burning at time n, and no others, is P,(e,g) where g = g5 + g5 + g, +
£11, and so forth.)

In this “applied” setting the recurrence question of equations (9) and
(10) has some intuitive interest. Equation (10) is equivalent to the state-
ment that with probability one the system of light bulbs will infinitely often be
in the state where they are all off, and we obviously want a criterion in terms
of the sequence {p,} which specifies the problem. (We shall say that the
system is recurrent if {p,} is such that (10) holds.)

By equation (11) we get from (6)

N = 3 poley
and using (3)

$(A) = kil Pichis

so that (10) becomes

(12) i l (él p,‘)«,)" d\ = o.

na=0J~-1
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Just as in the proof of P1 we can write
o © l © 1

(13) 2 P(ee)= limY rPy(ee) = lim 53 ’"f $"(A)dA
) ¢’1 0 171 0 -1

y 1 J‘ ! dA
= :l:‘ -1 1 - t¢('\)

Here it is possible to interchange limits and integration, since

14 ! a J’ dA N J' dA

(14 al—t4(d) 1 —t4(N) 1 — té(})

{AletA) g 0] {Ale(a)> 0]

The first of these tends to the integral of [1 — ¢(A)]~* by dominated conver-
gence, and to the second integral one can apply the monotone convergence

theorem. Thus (13) and (14) give

© 1 d/\
(15) foj Py(ee) = % f T—gm S®

Let us now partition the interval [—1,1] into the sets
A=A == =ha=+LA=~-1], k21,
noting that A € A, implies that
-2 <)=L pA<1-2p,

where f. = px + pxs: + ---.  Hence (15) yields

Ze0p WAy
st [ Tm sl

where pu(Ac) = 2-* is the Lebesgue measure of 4.. Therefore we have
obtained sufficient conditions for recurrence and transcience of the “light
bulb random walk”:

(16) a sufficient condition for recurrence is z 2,‘ f
k

(17) a sufficient condition for transcience is . ﬁ < 0.
kel (3
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Remark: By direct probabilistic methods Darling and Erdés [S5] have
shown that condition (16) is in fact necessary and sufficient for recurrence.
For a generalization to random walk on more general Abelian groups see
[S10].

Remark: The most interesting general result, so far, concerning
random walk on groups is a generalization of T'1 due to Dudley [26].
He considers countable Abelian additive groups G, and asks what
groups admit an aperiodic recurrent random walk. In other words,
on what groups G can one define a transition function P(x,y), x,y € G,
such that P(x,y) = P(e,y — x), and

(a) no proper subgroup of G contains [x | P(e,x) > 0],
(b) 270 Pulee) = oo,

where e is the identity element and P,(x,3) is defined as in E4? The
answer is that G admits an aperiodic recurrent random walk if and only if
it contains no subgroup which is isomorphic to R, (the triple direct
product of the group of integers). Note that, consequently, it is
possible to define an aperiodic recurrent random walk on the additive
group of rational numbers!

9. THE RENEWAL THEOREM

In the study of random walk, as in any other area of mathematics,
there are some quite indispensable propositions, intimately related to
the subject but not actual goals of the theory. Two such propositions
will be proved here, the Riemann Lebesgue Lemma (P1) and the
renewal theorem (P3). The former belongs in this chapter, being a
basic result in Fourier analysis. The latter does not; it properly
belongs in Chapter VI where its most general form appears as T24.2.
But we shall wish to use P3 long before that and since there is a simple
proof of P3 due to Feller ([31], Vol. 2) which is based on P1, we chose
to put the renewal theorem in this section.

The Riemann Lebesgue Lemma concerns the Fourier coefficients of
functions f(6), integrable on the cube

C=1(0/|6] <mk=1,...,d]C E.
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All integrals will be over C, as in D6.3, and df is Lebesgue measure
(volume). The space R of lattice points is of the same dimension d
as E, and for a function g(x) on R

lim g(x) = ¢
|z}~ @

has the obvious meaning, i.e., g is arbitrarily close to ¢ outside
sufficiently large spheres in R.

P1 If f(0) is integrable on C, then
lim | e=%f(6)do = 0.
lzjl—= JC

Proof: First we derive Bessel’s inequality: if a function g(8) on C
is square integrable and has Fourier coefficients

a(x) = (2m)-¢ j fr9g(0)d6, xeR,
then

0 > la@)i* < 20)* [le@)? do.

z6R

The proof of (1) is elementary, unlike that of Parseval’s identity which
was mentioned in section 6; for if

gu(f) = > a(x)e=?, 0OekE,
(ol 21 M)
then P6.1 gives

05 @n) [16(0) - u(®? d0 = @n) [ 16O a0 - > Jate)l?

z|s M
for every M > 0, which implies (1).
To prove P1 we now decompose f(6). For every 4 > 0,
J(6) = gu(6) + hy(6), O€E
where
£4(0) = f(6) when |f(8)| s A, 0 otherwise,
hi(0) = f(8) — g4(0).

If a,(x) are the Fourier coefficients of g,(6) and b,(x) those of A,(6),
then

@) (2m)- f ¢r9f(8) dO = a,(x) + b(x), xeR.
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Since g4(0) is bounded, it is square integrable, so that (1) implies that
a,(x)— 0 as {x| > c0. Also

3 bux) s @< [l d8 = @m e [ sie) a0 = ,
(6118 > A)
where B, tends to zero as A — . It follows from (2) that
lim (27)-¢ J er0f(0) d0 < Tim a,(x) + lim b,(x) < B,
x| = 7] 17|~

orevery A > 0. By letting 4 — oo we are therefore able to complete
the proof of P1.

Now we shall apply the Riemann Lebesgue Lemma to the discussion
of certain aspects of aperiodic transient random walk. According to
T2.1

G(0,x) = i P,(0,x) < oo

for all x in R, if P(x,y) is the transition function of an arbitrary
transient random walk. We shall prove (a brief discussion of this
result precedes the proof of P3)

P2  For every aperiodic transient random walk
lim [G(0,x) + G(x,0)] exists.

{2}~
Proof: As in the proof of P8.1 we write, for 0 < t < 1,
(1) S rP0x) = S (2m) 4 Ie"""«ﬁ"(@) a8,
n=0 n=0

where ¢(0) is the characteristic function of the random walk. The
dimension is d > 1, and the integration is over the same d-dimensional
cube C as in P1. Replacing x by —x in (1), and adding the two
equations,

cos x- 0

em) [ 2 g4
= 2(2m)"¢ fcos x-BRe[

) i P[P(0,5) + Py(x,0)]

=i %

8o that

. —a 1
3) G(0,x) + G(x,0) = lel;T 2(27) J‘cos x-0 Re [1——”#(95] db
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For convenience, let us call
1
— -d —_— 1, .
w(6) = 2(2m)"4 Re [1 - th(O)] 6eC, 0<t<1

Now we use the aperiodicity of the random walk to conclude, from
T7.1, that

w(8) = limw(f) < 0, BeC — {0}
trx1

exists for every non-zero value of §in C. Foreveryreal?,0 <r < =
we define the sphere S, = [8]| |0| < r]. Then, again using T7.1,
equation (3) may be written

4) G(0,%) + G(x,0) = f cos x- 0w(6)d6 + lim f cos x- 0c,(6) 6.
tr1 Js,

r

Now we call

lim w,(0)dé = L,,

tr1 Js,
observing that this limit exists, in view of (4). It is crucial to note,
at several points in the proof, that w,(6) > 0 on C, and hence also
w(f) = 0, w(f) being the limit of w,(6). Setting x = 0 in (4), it
follows from the positivity of w(6) that

0 < L, < 2G(0,0),
and that

limL, =L <

r—0

exists. Now we shall estimate the second integral in (4) with an
arbitrary, fixed, value of x. Given any € > 0 we can choose p > 0
so that |1 — cos x-0| < eforall §in S,. It follows (since w,(6) = 0)
that

(1-¢L, < limJ‘ cos x- O w,(0)dl < (1 + €)L,
tr1 Js,
when 0 < r < p, and since e is arbitrary

(5) limlim | cos x-6 w,(0)df = L.
r=0 tr1 Js,
Substituting (5) into (4) we obtain
(6) G(0,x) + G(x,0) = lim cos x-0 w(6)df + L.

r=0 JCc-S5,
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Now let us set x = 0 in (6). Since w(6) = 0 on C we can conclude
that

7 w(0) is integrable on C.

Hence (6) takes on the simple form
8) G(0,x) + G(x,0) = j cosx-fw(f)dd + L, «xeR,
c

and the stage is finally set for the application of the Riemann Lebesgue
Lemma (P1). The function cos x- 8 is the sum of two exponentials,
and as w(0) is integrable we have

lim [G(0,x) + G(x,0)] = L < oo,

|z] =+
which completes the proof of P2.

It is not easy to evaluate the limit in P2 explicitly; nor is it clear,
perhaps, why this limit should be of any interest. Therefore we shall
discuss a special case of obvious interest, namely so called positive
one-dimensional random walk with the property that

P(0,x) = 0 for x < 0.
Obviously every such random walk is transient so that P2 may be
applied. Itis more to the point, however, that G(0,x) = 0 for x < 0,
so that P2 reduces to

lim G(0,x) = L < o0.

z=++ ©

The limit L will be evaluated in P3, where it is shown that

L=1 (,L -3 xP(O,x))
© z=1
when p < oo, while L = 0 when pu = o0.

This is the now “classical” renewal theorem in the form in which it
was first conjectured and proved by Feller, Erdés, and Pollard” (1949).
Its name is due to certain of its applications. If T is a positive
random variable, whether integer valued or not, it may be thought of

7 Cf. [31], Vol. 1, p. 286, where Feller credits Chung with the observation
that this theorem is entirely equivalent to a fundamental law governing the
ergodic behavior of Markov chains which was discovered by Kolmogorov [67]
in 1936. Given any probability measure p, = P(0,k) defined on the integers
k = 1, it is easy to construct a Markov chain with states a,, ag, . . ., 8o that p
is the probability that the first return to the state a, occurs at time k. That is
why our renewal theorem follows if one knows that the probability of being in
state a at time n converges to the reciprocal of the mean recurrence time of
state a. But this is exactly the theorem of Kolmogorov.
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as a random span of time. Frequently it is a lifetime, of an individual
in a large population—or of a mass produced article. Suppose now
that identical individuals, or articles, have life times T,, T,, .. ., which
are identically distributed independent random variables. If each T,
is integer valued we define the transition function P(x,y) so that

P(0,x) = P[T; = x] for x > 0, k21,
and P(0,x) = 0 for x < 0. Then, evidently,
P,(0x)=P[T, + T, +---+ T, = %], x>0 nx1,

and
[

G(0x)= > P[T, + Ty + -+ + T, = x].
n=1

Thus G(0,x) is a sum of probabilities of disjoint events. We can say
that T, + --- + T, = x if the n*" lifetime ends at time x (for example,
if the n** individual dies, or if a mass produced article has to be
“renewed” for the n*® time at time x). Thus G(0,x) is the probability
that a renewal takes place at time x, and according to P3 it converges to
the reciprocal of the expected lifetime

p = > xP(0,x) = E[T].

This conclusion is false, when T is integer valued, unless P(0,x) is
aperiodic, or equivalently, unless the greatest common divisor

g.cd. {x | P[T = x] > 0}
has the value one.
P3 For aperiodic one-dimensional random walk with P(0,x) = 0 for
x<0,p=2>2,xP0,x) < o0,

lim G(0,x) =

n-+ o

(=0 if p = ).
Proof: If
Ga(0,x) = D Py(0,x)
K=0

we have

Gr1(0,%) = D P(0,))G,(t,%) + 8(0,%),

and, letting #n — oo,

(1 G(0,x) = > P(0,))G(t,x) + 8(0,x), x€R.

teR
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This equation will be used to determine the value of

) L= lim G(0,%)

I+ ©

which exists according to P2. We shall sum the variable x in (1)
from O to n. Observing that P(0,t) = 0 for t < 0 and G(t,x) = 0
for t > x, one obtains

= i G(0,x) — Z Z P(0,t)G(t,x)

=0 z=0 teR
= Z G(0,x) — Z G(0,x)[P(0,0) + P(0,1) + --- + P(0,n — x)]
=0 =0

- éo G(O,9)[1 - :ZZP(O»)’)]

= 5 GOn - D),

=0
where

fk) = i P(0,%).

Z=k+1

Observe that
) > 1) =

whether p is finite or not. When p < o0, we let #— o0 in

@) 1= Zo GO — )f(x),

concluding by a dominated convergence argument from (2) and (3)
that 1 = Lp or L = p~?, which is the desired limit. Finally, when
p = o0, the value of L must be zero, for otherwise the right-hand side
in (4) would tend to infinity as n— co. Hence the proof of P3 is
complete.

Problems

1. Extend P6.4 by proving that ma < 00 whenever the characteristic
function has a derivative of order 2k at the origin.
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2. Extend the result of P6.6 to
m, 3 J"‘R $(6) — 1 + m3(1 — cos 6)
e (1 — cos 6)2

mg being finite if and only if the integral on the right exists in the sense of
Lebesgue.

do,

3. Show that two-dimensional random walk is transient if m < oo and if
the mean vector p # 0.

4. Prove that if ¢(0) is the characteristic function of a recurrent random
walk, then sois |$§(6)|2. Consequently two identical, independent, recurrent
random walks, starting at the same point, will meet infinitely often.

5. For what real values of « is
$(6) =1 — singa

the characteristic function of a one-dimensional random walk? For each
such value of «, describe the asymptotic behavior of P(0,x) as |x| — co.

6. If a one-dimensional random walk satisfies
P(0,x) ~ |x|% as |x|—> o,
what can be said about the asymptotic behavior of 1 — ¢(6) as |6] — 0?

7. Simple random walk in the plane. In complex notation the random
walk is z,, with z, = 0. If T is the time of the first visit of the random
walktothelines =m+{,m=20, +1,..., let

@Q(0,m) = Py[Re (z1) = m)].
Show that

i Q(0,m)e'™ = 2 — cos § — V(1 — cos 6)(3 — cos ).

8. Continuation. Use the remarks preceding the proof of P6.8 to
calculate

lim Py[Re (zr1,) < nx] —©0 < x < 0,

where
T, =min [k |k > 1, Im (z,) = n).

9. Let u, and v, be independent simple random walks on the line, with
u, = vy = 0. Let T be the first time they meet. Prove that T < o©
with probability one, and use the result of problem 7 to obtain the character-
istic function of uy = vy. Is T < oo also if u, and v, are identical but
independent Bernoulli walks?
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10. Simple random walk in three space. Let @(0,n) denote the probability
that the first visit to the x®-axis occurs at the point x = (x!, x3, x®) with
x! = x2 = 0, x* = n. (The starting point is the origin.) Show that if

W)= 3 qome,

then

[1 = $o)-! = K(3_2—)

— cos @

where K is the elliptic integral

ko =2 [ = = 206

11. Continued. 1If F is the probability to return to zero, explain why

1 (s 2
— — -1 - ———
G=(1-F)"=y K(3 — 0) do.

-

This integral was evaluated by G. N. Watson [104], who showed that

G =3(18 + 12v2 — 10V3 — 7V6)K?}(2V3 + V6 — 2V2 - 3)
= 1.5163860591. . ..

Thus the probability that simple random walk in three-space will ever return
to its starting point is F = 1 — G~' = 0.340537330. . ..

12. In the light bulb problem of E8.4, let N, denote the number of bulbs
burning at time n (N, = 0). Show thatfor0 < s < 1,0t < 1

i :T"' E[t™] = f{l [cosh (sp,) + t sinh (sp,)],

n=0

et > ‘—'E[N,,] =1 2 [1 — e
n=0 N 2,5

13. A die is cast repeatedly, the scores are added and p, is the probability
that the total score ever has the value n. What is the limit of p, as n — o
(Putnam Competition 1960)? Generalize this problem by proving P9.3
for a ““generalized loaded die’ with m sides which have the probabilities
1,92, - - -» §m Of coming up. In other words, prove the renewal theorem
in P9.3, by a simple method which avoids Fourier analysis, for positive
bounded random variables.

14. Is there a recurrent one-dimensional random walk x, which has the
remarkable property that each random walk y, = x, + an is also recurrent,
for arbitrary a € R?

Hint: One of the random walks in problem 5 will do.
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15. A particularly elegant continuous analogue of two-dimensional
simple random walk is the random flight investigated by Lord Rayleigh
(see [103], p. 419). Here

=X, +X+ -+ X, n>1

where the X, are independent complex random variables with |X,| = 1,
whose arguments are equidistributed between 0 and 27. Develop the
requisite Fourier analysis for spherically symmetric functions (see [5],
Ch. 9) to conclude that

(x| < 7]+ $Bmad < 7] = 7 [ L)) e

for n> 1, r > 0. When n > 2 the right-hand side is a continuous
function of r, and it follows that

P{jx,| < 1] = P[|x,| < 1] = Li(n + 1)
Remark: J,(x) is the Bessel function of order %k, which enters the
picture because, for £ =0, 1, 2, . ..

Ji(x) = Zer J“ g-tke+iz un 8 gg

-1



Chapter 111

TWO-DIMENSIONAL RECURRENT
RANDOM WALK

10. GENERALITIES

Just about all worthwhile known results concerning random walk
(or concerning any stochastic process for that matter) are closely
related to some stopping time T, as defined in definition D3.3. Thus
we plan to investigate stopping times. Given a stopping time T we
shall usually be concerned with the random variable xx, the position of
the random walk at a random time which depends only on the past of the
process. There can be no doubt that problems concerning xg
represent a natural generalization of the theory in Chapters I and II;
for in those chapters our interest was confined to the iterates P,(0,x)
of the transition function—in other words, to the probability law
governing x, at an arbitrary but nonrandom time.

Unfortunately it must be admitted that the study of arbitrary
stopping times is far too ambitious a program. As an example of the
formidable difficulties that arise even in apparently simple problems
consider the famous problem of the self-avoiding random walk. Let
x, be simple random walk in the plane with x, = 0, and let T denote
the first time that x, visits a point in R which was occupied at some
time less than n. Thus

T = min [k | k 2 l;xke{xo, xl,..., xk_l}].

This is certainly a stopping time, but one whose dependence on the
past turns out to be of much too elaborate a character to be susceptible
to a simple treatment. Although it is of course possible to calculate
the probability that T = n for any fixed n, the distribution of xg

presents a problem that seems far out of reach; for each x in R, the
105
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event “xy = x”’ depends on the entire history of the random walk up
to time T, and T may be arbitrarily large. Even a seemingly more
modest problem, namely that of finding

Lim {P[T > n};*™

lies bevond the horizon of the present state of the art. (The above
limit, which mav be shown to exist without any trouble, holds the key
to 2 number of interesting phvsical problems. Its recent calculation
to four presumably significant digits [33], offers no significant clue to
the mathematical complexities of the problem. We shall conclude
this chapter, in example E16.2, by discussing a related but much
easier problem that will nevertheless use in an essential way the results
of this entire chapter.)

That is one of the reasons why our field of inquiry has to be
narrowed. Another reason, of greater depth, was mentioned in the
Preface. We shall study exactly those stopping times which render
the “stopped” random walk Markovian. These will all be of the
same simple tvpe. We shall take a subset 4 C R of the state space.
It will always be a proper nomempty subset, and 1ts cardinality will be
denoted by |4, a positive integer if 4 is finite, and 4. = o otherwise.
And our stopping time will always be of the form

T=T,=min[k]|] < k < xc;x,€4],

in other words, T will be the time of the first visit of the random walk to
aset 4.

Now we give (in D1 below) the principal definitions using measure
theoretical language, in the terminology of D3.2.  This isundoubtedly
the most intuitive way—but nevertheless we repeat the process once
more afterward. In equations (1) through (3), following D1, we
shall give some of these definitions in purely analytical form, in other
words, directly in terms of P(x,v) without the intermediate construction
of a measure space (Q,#,P).

One notational flaw should not be passed over in silence. We shall
define, in D1, a function @(x,y) and its iterates Q,(x,y). These will
depend on the set 4 and should therefore logically be called @,(x,¥)
and ¢, ,(x,3)—but no confusion will result from the omission of 4 as
a subscript.

First we indicate the domain of the functions to be defined. They
will all be real valued; so, if we say that f(x,y)is definedon R x (R — A),
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this means that f(x,y) is defined for every x in R and every y in R but
notin A (f maps R x (R — A)into the real numbers). We shall define

D1 Qu(x,y) for n 20 on (R - A) x (R - A4),
H,™(x,y) for n 2 0 on R x A,
HA(x)y) on R x A’
I ,(x,5) om A x A,
24(%,y) on R x R.

The definitions are, in terms of the time T = T, of the first visit to A,
Qn(x’y) = P.[x, = y’T > n];
H,™(x,y) = P,[xr = y; T =n] for xe R — A,

=0 for xeA,n2>1,
= §(x,y) for xe A, n = 0;

Hy(x,y) = P,[x; = y; T < 0] for xe R — A4,
= 8(x,y) for xe A;

Ma(x,y) = Pfxr = 3; T < 0];

gA%y) = D Qu(x,y) for xeR — A,y€R — 4,
n=0
= 0 otherwise.

It should be clear how to cast these definitions in a purely analytic
form. For Q.(x,y) we define Qy(x,y) = 8(x,y); then Q(x,y) =
@:(x,y) = P(x,y) when (x,y)isin (R — 4) x (R — A). Finally, just
as in P1.1

Qns1(%,y) = . ZA Qn(x,8)Q(2, ).

eR~
As for H,V(x,y), withx € R — A,n > 1, we could now simply take
(1) H, ™(x,y) = tEBZ_A @n-1(%:2)P(t,y).
Alternatively, we could write, when xe R — 4, n > 1,
2 H™xy)= > - > PEx) - P(,.-1,)
2,€R-A4  zp_,€R-4

and then prove the equivalence of (1) and (2). It should also be clear
that H ,(x,y), in the case when x € R — A4, is simply

® Hiw9) = 3 His)),

Now it is time to employ these definitions to obtain some simple
identities that will be extremely useful in the sequel. One of them
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(P1(b) below) concerns the convergence of the sum defining g ,(x,y)—
which perhaps is not quite obvious from D1; others concern relations
between H,, Il,, and g,. In later sections such relations will be
shown to be familiar ones in the mathematical formulation of potential
theory—but that is irrelevant at this juncture.

Pl For arbitrary random walk (recurrent or transient)

(a) :Zn P(x,)H,(t,y) — H4(%,y)

_ [N x(%,y) — 8(x,y) for x€ A, y€ A,
" 10 for xeR - A, ye A.

(b) 0 < gu(%) < g(3y) forall xR, yeR

and if, in addition, the random walk is aperiodic, then
2a(x,x) < o0, x€R.
(c) FrxeR - A, yeAd,
Hy(xy) = 2 gaxHP(t,3).
(d) For xe R — A, ye A,
Glxy) = 2 H=1G(t.).
Proof: When x € 4 and y € 4, the left-hand side in P1(a) is
; P(x,)H (t,y) — H (x,)
= P(xy) + ZA P(x,t)H \(t,y) — &(x,)-

teR -~

Thus we have to show that

(x,y) = P(x,y) + z P(x,t)H ,(t,y), xed, yed.
t A

€R -

Decomposing II ,(x,y) according to the value of T,
Mxy) = Bfxr = y; T < 0] = 5 Pxr = y; T = k]

=Plxr=yT=1]+ kZQP:[XT =y, T =k]
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Here
P:[x'l' =Y T = 1] = P(x)y)’
and when k > 2,

Plx, =3 T=k= 3 Px,=t;% =y T=4§

= ZZZ: P(xt)P[x; = ;T = k — 1].
Hence
Mu(x,3) = P(xy) + 2 P(x1) Z Plx; =y;T=Fk 1]
= P(x,y) + ,:Z:: P(xt)P[x; = y;1 < T < 0]
= P(x,y) + ;;_A P(x,t)H (2,5).

When x€ R — A4 and y € A we have to show that
Hy(x,y) = ‘Z’!P(x!t)HA(t»y)’
€

the right-hand side in P1(a) being zero. This is done, just as in the
first half of the proof, by decomposing H ,(x,y) according to the

possible values of T.

The proof of (b) depends on the interpretation of g,(x,y) as the
expected number of visits of the random walk x, with x, = x to the
point y before the time T of the first visit to the set 4. Since there is
nothing to prove when either x or y lies in 4, we assume the contrary.

If in addition x # y, then
ga(%,y) = Zo Qu(x,y) = Zl P[x, = 3; T > n],
and letting T, = min[k |1 < k < o0, X, = ¥],

gA(x)y)

Me

Pfx, =y, T, = kT>n]

l1n=1

nMS

PT, = k< TIP,[x, = ;T > n — K]

1n

Z P.[T, -k<T]ZPy[xf—y,T > j]

=P[T, <T;T, < w]gA(y,y) < 840 )-

I
8 T\s n[\/]a
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It follows that for all x,y in R

24A(%Y) < g4(3.3)-

The problem of showing that g,(y,y) < o for aperiodic random walk
can be reduced to a slightly simpler one by the observation that
24(3,9) < g5(3,y) when B is a subset of 4. Thus it suffices to let
B = {0}, gx(x,y) = g(x,y), and to show that

£2(x,x) < ©

when x # 0. This is true for transient, as well as for recurrent
random walk, but for different reasons. In the transient case clearly

&(x,x) < G(x,x) < o0.

In the recurrent case

g(xx) =1+ 2 P,[x, = x; Ty > n]
n=1
where T, = min[k|1 < k < o, x, = y]. Since the random walk
is aperiodic, P,[Ty < 0] = F(x,0) = 1 by T2.1. In addition it is
easy to see that

P,[T, < T] = n(o.:) (x,0) > 0.

But g(x,x) is the expected value of the number of visits to x (counting
the visit at time 0) before the first visit to 0. It is quite simple to
calculate this expectation (it is the mean of a random variable whose
distribution is geometric) and the result of the calculation is

g(x’x) = [n(o.:) (x’o)]-l < .

The reader who is reluctant to fill in the details will find that P3 below
yields a much shorter proof that g,(x,x) = g(x,x) < oco.

To prove (c) we decompose H ,(x,y) as follows. For xe R — A4,
yed,

@

Hxy) =2 > P,y =T =n;% =)

n=1 t6R-A

> S Pitas = T2 n]P(t3)

n=1 teR~- A

Z A(x,)P(t,y) = ng(xvt)P(t’y)’
teR— A teR

which proves (c).
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Part (d) is of absolutely no interest when the random walk is
recurrent, for then both sides are infinite (or possibly both are zero in
the periodic case). However, the proof which follows is quite general.
We write, forxe R — A,y€ A,

G(x’y) = io Pn(x’y) = 20 Pz[xn = y]

1l
NMs
M

P:[xn =y;T = k]

3
]
(=}
x
]
-

Il
NMs
M=

Px, =T =k;x; = 1]

-
m
'S
3
[]
(=)
=
L}
-

]
Ms
M=

P,[T = k x; = £]P[x,_, = y]

{ D PT =k x = ’]}{,.20 P[x, = y]}

teA \k=1

= > H(x0G(,y).

teA

That completes the proof of P1.

..
1
>
3

]

8 o

x
[]
o

™M

A very simple but powerful technique, successful because the
random variables X, = x,,; — x, are identically distributed and
independent, consists of reversing a random walk.

D2 If P(x,y) is a random walk with state space R, then the random
walk with transition function P*(x,y) = P(y,x) and with the same state
space 1s called the reversed random walk. We shall denote by G*(x,y),
Qn*(%,y), H*(x,9), 4*(x,5), 84*(%,y), etc.,... the functions defined
in D1 for the reversed random walk.

As obvious consequences of this definition
P2 G*(x)y) = G(y’x)’ Qn‘(x)y) = Qu(3%),
I *(xy) = M u(y,%), &4%(%y) = ga(y:%),
each identity being valid on the entire domain of definition of the

function in question. Note that, for good reasons, no identity for
H ,*(x,y) is present in P2,

As the first application of reversal of the random walk we derive an
identity concerning the number of visits N, of a random walk to the
point x € R, before its return to the starting point. We shall set

. T
T=min[k|l sk<o0;x =0}, N,=> §axx,).
n=0
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Then the expected value of N,, when x, = 0, is

BN = B 8(six)] = 5 Pofso = xiT > 1]

nm=]

But
Po[’n =xT> n] = Z P(Ott)Qn—l(t’x)r
t#0

where @,(x,7) is defined according to D1 for the set A = {0}. Using

P2, forn > 1

Polx, = x; T > n] = > P*t,00Q,-,*(%8) = D Qu_1*(x,t)P*(t,0).
tw 0 t#0

But this is the probability that the reversed random walk, starting at x,

visits 0 for the first time at time n. Thus

Po(x, = x; T > n] = F,*x,0), Eo[N,] = i Fo*(x,0) = F*x,0).

n=]
This enables us to prove

P3  For recurrent aperiodic random walk

EoN.] = 1 for all x # 0.1
Proof: All that remains is to observe that
F*(x,0) = F(0,x), and by T2.1 F(0,x) = 1 for all x in R.

As a corollary of P3 we get a simple proof that g,(x,y) < co for all
x and y if the random walk is aperiodic. The reduction to the case
when 4 = {0} and x = y was accomplished in the proof of P1, and it
is easy to see that

1 = Eo[N,] > Qu(0,x)g(0)(x,%)
for every n > 1. By choosing n so that @,(0,x) > 0 we see that

Lioy(*%) < c0.
As a second application one can prove

P4 For an arbitrary random walk
z Mu(x,y) < 1 forall xe A

vEA

Z Mu(x,y) < 1 for all y € A.
16A
1 This answers problem 6 in Chapter I. In the theory of recurrent Markov
chains f(x) = Eo[N;] was shown by Derman [21] to be the unique non-
negative solution of the equation f(x) = Pf(x)—which happens to be constant
for recurrent random walk. We shall prove uniqueness in P13.1.

and
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Proof: According to D1
Z My(x,y) =P,[T < 0] < 1,

VEA

where T = min[k|1 < k < o, x, € A]. The second part follows
from the observation that II,*(x,y) = II1(y,x), so that

D My(xy) = D> M*¥yx) <1

ZEA ZEA

by the first part of P4. For recurrent aperiodic random walk P4 will
be strengthened considerably in the beginning of the next section
(P11.2).

Remark: The terminology and notation introduced in this section
will be used throughout the remainder of the book. The rest of this
chapter (sections 11 through 16) will be devoted to two-dimensional
recurrent random walk. For this case a rather complete theory of
stopping times T = T, for finite sets A C R may be developed using
quite elementary methods. These methods provide a 3ood start, but
turn out to be insufficient in other cases—namely for transient random
walk as well as in the one-dimensional recurrent case. Therefore the
theory in this chapter will have to perform the service of motivating
and illustrating many later developments.

11. THE HITTING PROBABILITIES OF A FINITE SET

Through the remainder of this chapter we assume that we are
dealing with aperiodic recurrent random walk in two dimensions.?
Further, all probabilities of interest, i.e., all the functions in D10.1
will be those associated with a nonempty finite subset B of R. The
methods and results will be independent of the cardinality | B| except
in a few places where the case |B| = 1 requires special consideration.

The primary purpose of this section is to show how one can calculate
Hpg(x,y) which we shall call the hitting probability measure of the set
B. To begin with, we base the calculation on part (a) of P10.1 from
which one obtains

2 This will be tacitly assumed. Only the statements of the principal theorems
will again explicitly contain these hypotheses.
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Pl ForxeR,yeB,andn >0
D Poa(xt)Hs(ty) = Hy(x,y) + ZB Ga(x,)[I15(t,y) — 8(t,5))-
te

teR

Proof: Operating on part (a) of P10.1 by the transition function
P(x,y) on the left gives

sz(x.t)HA(t.y) - EP(x.t)HA(t,y) = :2; P(x,0)[Tg(t,y) — 8(t,y))-

Now we do this again n — 1 times, and the resulting n + 1 equations,
counting the original one, may be expressed in the abbreviated form

PH=H+ N1 -1, P,H=PH + P(I1 -1I),...,
P,,,H=PH+ P(I1 - 1)
Adding these equations, using / to denote the identity operator, one
finds
Po,wH=H+ (I +P+---+ P)I1-1).

This shows that P1 holds, if we remember that / + P + ... + P,
stands for

Gn(x'y) = kiopk(x’y)v

in view of D1.3.

The next lemma uses the recurrence of the random walk in an
essential way. Itis

P2 z Mgt,y) = z Mg(y,t) = 1 for every y in B.
teB teB

Proof: Consider the reversed random walk with transition function

P*(x,y) = P(y,x). If we call [1z*(x,y) what one gets if one forms

Il for the transition function P* in accordance with D10.1, then by
P10.2

g*(x,y) = Mg(y,x), for x,y in B.

This fact was already exploited in the proof of P10.4. Since
P,*(0,0) = P,(0,0), it is obvious that the random walk P* is recurrent
whenever the original random walk is recurrent. Therefore P2 will
be proved if we verify that

D Ngxy)=1, =xeB

veB
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for every aperiodic recurrent random walk. Here it is convenient to
use the measure theoretical definition of 1, giving

Z Mg(x,y) = P,[Ts < ] 2 P,[T, < ],

since T, = min[k|1 < k < o0;x, =x] 2 Tz. But

P,[T, < ] = i F(x,x) = i F(0,0) = F

k=1
in the terminology of section 1, and F = 1 since the process is
recurrent. ‘That completes the proof.

Now P2 opens up an important possibility. It enables us to trans-
form P1 into

tszx Pn+l(x’t)HB(t’y)
= HB(x’y) + tzs[cn + Gn(x»t)][na(t»y) - S(t,y)],

where the ¢, are arbitrary constants (independent of t). We choose
to let ¢, = — G,(0,0) and define

D1 A.(x,y) = G,(0,0) — G,(x,y), x,y in R,
a,(x) = A, (x,0), xin R.

At this point P1 has beome
P3 D P, y(xt)Hs(ty)
teR
= HB(on') - Z A,,(x,t)[ﬂ,,(t,y) - S(t,y)],

teB

forxeR,ye B, n 2 0.

The further development is now impeded by two major problems.
We wish to let n— oo in P3 and naturally ask

(i) Does lim ., A, (x,t) exist?

(11) If the answer to (i) is affirmative, what can be said about the other
kmit in P3, namely

lim > P, y(xt)Hg(t,y)?

R teR
In order not to interrupt the continuity of the presentation we shall

answer these two questions here, and then devote the next two sections
to proving that the answers are correct. In P12.1 of section 12 we



116 TWO-DIMENSIONAL RECURRENT RANDOM WALK

shall prove in answer to (i) that the limit of 4,(x,y) exists for all x,y
in R, which we record as

@)’ lim 4,(x,y) = A(x,y), lim a,(x) = a(x).

The proof of this assertion in section 12 will use in an essential way
two of our assumptions. The first is that the random walk is aperiodic,
which is important, because the limits in question need not exist in
the periodic case. The second assumption is that the dimension of
the process is two. This is essential only for the proof and in fact we
shall present a different proof, in Chapter VII, which shows that

lim A4,(x,y) = A(x,y)
R D

exists for every aperiodic random walk.
Concerning question (ii), let us try to simplify the problem. If the
answer to (i) is affirmative, then it follows from P3 that

lim 3 P, \(xt)Hs(t,y)
R=® teR
exists for every pair x€ R, y € B. Let us fix y and call the above sum

fa+1(x). Iterated operation by the transition function P(x,y) shows
that

fn-n(x) = %P(x't)fn(t)‘

Here we have used the obvious fact that 0 < f (x) < 1, to justify an
interchange of summation. As we know that the limit of f,(x) exists,
we may call it f(x), and conclude, again by dominated convergence,
that
f(x) = ZR P(x,y)f(y), xeR
ve

In section 13, P13.1, we shall show, again using the aperiodicity and
recurrence of the random walk, that the only non-negative solutions of
this equation are the constant functions. This means that the limit
we inquired about in (ii) above exists and is independent of x, so we
may call it ug(y) (as it may well depend on y and on the set B) and
record the answer to question (ii) as

(i)’ im > P, (x0)Hs(t,y) = us(y), x€R, yeB.
R—*X teR

In the remainder of this section we proceed under the assumption
that (i)’ and (ii)’ are correct and this reservation will be explicitly
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stated in the conclusions we obtain in propositions P4 through P8 and
in the main theorem T1 at the end. The reader to whom this
departure from a strictly logical development is abhorrent is invited to
turn to the proof of propositions P12.1 and P13.1 at this point.

By applying (i)' and (ii)’ to P3 one can immediately conclude
P4 Hp(x,y) = pa(y) + ;A(x.t)["a(’»y) = ¥,y

for x € R, y € B (subject to (i)’ and (ii)’).

Our next move is to consider a very special case of P4, by restricting
attention to sets B of cardinality two. Nothing is lost, and some
simplification gained by letting the origin belong to B, so that we let
B = {0,b} where b is any point in R except 0. Consider now the two

by two matrix I15. In view of P2 it is doubly stochastic. This means
that if we call I154(0,6) = II, then IIg4(5,0) = II,

IM5(0,0) = Tg(dd) =1 — II.
To gain further insight it is of interest to restrict both x and y in P4

to the set B. P4 then consists of four equations, and keeping in mind
that Hy(x,y) = 8(x,y), we represent them in matrix form as follows:

(1 0) . (FB(O) p,,(b)) on (a(—b) —a(—b))
01 #8(0)  p(b) —a(b)  a(b)
The above matrix identity shows that I cannot be zero, and it readily
yields the following solution (in the sense that we think of a(x) as a
known function, and of I1, ug(0), ug(b) as unknowns).
1
a(b) + a(—"b)
_ a() __a(=}b)
wl0) = T s oty M5O = amr a<py
(subject to (i)’ and (ii)’).

By substitution of the result of P5 into P4 for values of x not in B
one can now obtain explicit formulas for Hg(x,0) and Hy(x,b) in the
case when B = {0,}. For example
A(x,0) + A(0,6) — A(x,b)

A(0,6) + A(b,0) ’
A result that will be of more lasting interest, however, concerns the
function gg(x,y), in an important special case.

P5 For B={0b), b#0, Iy005)= 0,

(1)  Hg(x,b) = xeR, b#0.
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D2 If B = {0}, i.e., the set consisting of the origin, gg(x,y) is denoted
by gol(%,y) = g(x.y)-
Thus g(x,y) is the expected number of visits of the random walk,

starting at x, to the point y, before the first visit to 0. We shall show
that

P6 g(x,y) = A(x,0) + A(0,y) — A(x,y), x€R, yeR,
(subject to (i)’ and (ii)’).

Proof: When either x = 0 or y = 0 or both we get g(x,y) =
A(0,0) = 0, as we should, according to D10.1. When x =y,
£&(x,y) = g(x,x) is the expected number of returns to x before visiting
0, or

(2) glx,x) =1 +k§l(1 - M = M-3,

where I1 = I, ,)(x,0). Therefore the result of P6 is verified in this
case by consulting the formula for IT in P5. Finally, when x # y,
and neither is 0,

3) g(x,y) = Ho (%, y)8(3,y)

by an obvious probabilistic argument. But now the substitution of
the formula (1) for Hyg(x,y) and of equation (2) for g(y,y) into equation
(3) completes the proof.

We need one last auxiliary result before proceeding to draw con-
clusions from P4 for finite sets B of arbitrary size. It is a subtler
result than perhaps appears at first sight—in fact there are one-
dimensional aperiodic random walks for which it is false, as we shall
discover in Chapter VII.

P7 For x # 0, a(x) > 0; (subject to (i)’ and (ii)’).
Proof: Remember first of all that
a(x) = lim [G,(0,0) — G,(x,0)] = 0
by P1.3, so that only the strict positivity of a(x) is in doubt. Suppose
now that there is a point 5 #0 in R where a(x) vanishes. Using
P6 we then have g(b,—b) = 2a(b) — a(2b) =0. Since a(b) =0 and

a(2b) > 0, it follows that g(b, —d) = 0. This is impossible in two dimen-
sions as it says that there is no path (of positive probability) from b to
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— b which does not go through the origin. Being precise, it states that
whenever

P(b,xl)P(xl,xz) R P(x",—b) > O
then at least one of the points x,, x, ..., x, is the origin. A simple
combinatorial argument settles the matter. There is a path of

positive probability from any point to any other. Therefore there is
a positive product of the type above, such that not all of the differences

b*2+2,

x; — b, x; — x),..., —b — x, are multiples of b (parallel to the vector
b). Call these differences y,, y,, ..., ¥,.; and reorder them so that
the arguments arg (y,) are in nondecreasing order. We can do this
so that, calling the newly ordered set z,, =2, ..., 2,,;, we have
argb < argsz, <argz, <...<argz,,,; < argh + 2n. Then we
clearly have a path with probability (see diagram)

P(bb + 2)P(b + z,b + 2, + 2;)- - P(b + - + 2,,—b) > 0

which goes from b to —b without going through 0. That proves P7
by contradiction.

We are nearing our goal of expressing Hp, I, and up in terms of
the function a(x), for arbitrary finite sets B. Since this is a trivial
matter when |B| = 1, but one which requires annoying modifications
in the analysis, we assume from now on that |B] > 2. The key to the
necessary calculations is the inversion of the operator A(x,y), with x
and y restricted to B. We shall say that the operator A(x,y) restricted
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to the set B has an inverse if there exists a function Kg(x,y), with x and
y in B, such that
D3 > A(xt)Kg(t,y) = 8(x,y), for x,y in B.
teB
This is just the definition of a matrix-inverse, and according to a
standard theorem of algebra, this inverse is unique, if it exists.

P8 The operator A(x,y), restricted to any finite subset B of R with
|B| 2 2 has an inverse Ky (subject to (i)' and (ii)’).

Proof: If P8 were false, there would be a function t(x), x € B,
such that
z v(s)A(s,y) = 0 for ye B,
seB
and such that v(x) does not vanish identically on B. We shall assume
this to be so and operate by v on the left in P4 (i.e.,, we multiply P4
by v(x) and sum x over B), obtaining

) = kaly) 2 o), yeB.
2€

As pg(y) 2 0 on B, we have either ¢(y) > 0 on Bor v(y) < 0 on B.
But we know that 4(x,y) > 0 since it is the limit of the sequence of
functions 4,(x,y) = G,(0,0) — G,(x,y), which are non-negative by
P1.3. The situation is further improved by P7 which adds the
information that A(x,y) > Ounless x = y. Therefore the operator 4,
with x,y restricted to the set B, represents a matrix, with zeros on the
diagonal, and with all other elements positive. Now this matrix 4
has the property that v4 = 0 where v is a nonzero vector, all of whose
components are of the same sign. This is obviously impossible, and
the contradiction proves P8.

Next we introduce the notation
D4 For BC R, 2 5 |B| < o0,

KB('x) = ZH KB(y’x)' KB(x) = 2:8 KB(x'y)o x€R,

Ke(-+) =2 > Kulx,y),

z€B y6B
and prove the main result of this section.?

3 The first proof of T1, for symmetric random walk, is in [93], and a complete
treatment in [94], which contains the main results of this chapter, with the
exception of section 16. Partial results may also be found in [43]. Recently
Kemeny and Snell [55] have extended T1 to a very large class of recurrent
Markov chains.
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T1 For aperiodic recurrent random walk in two dimensions, with
BC R, 2 < |B| < w,

Hy(x,y) = ps(y) + ‘EZI; A(x,t)[TLg(t,y) — 8(t,3)), xeR, yeB,
where
K1) > 0 wsly) = gD for ye B,

Ma(x,y) — 8(x,5) = Ka(x,y) — W for % y<B.

T1 is subject to the truth of (i)’ and (ii)'.

Proof: Restrict x to B in P4 and operate by K on the left in P4.
This yields

(1) Kg(x,y) = Kg(x-)us(y) + Mp(x,y) — 8(x,y)
for x, y € B. Summing x over B one has, in view of P2,
(2) Kp(-y) = Kp(- - )ps()-

If we had Kjg(--) = 0 here, it would follow that Kg(-y) = 0 for all y
in B. But then Kj, regarded as a matrix operator, would be singular,
which is impossible since Ky has as its inverse the operator A(x,y)
restricted to B. Therefore Kg(--) # 0.

Now Kj(:-y) = Kpg(- - )ug(y) shows that either Ky(-y) = 0 on B or
Ky(-y) <0 on B. Since 3,5 Kg(-t)A(t,x) = 1 for xe B and A(x,y)
2 0, Kp(-y) must be non-negative on B so that Kg(--) > 0.

Equations (1) and (2) yield the proper formulas for ug and II,.
Finally the proof of T1 is completed by using P4 to express Hy in
terms of ug and Il,.

12. THE POTENTIAL KERNEL A(x,y)

First we shall prove that

Pl lim 4,(x,y) = lim D [Py(0,0) — Py(x,y)] = A(x,y)
n-»o RO =

exists for aperiodic two-dimensional random walk (and is given by (3)
below).
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Proof: Of course we are interested only in the recurrent case, the
truth of P1 in the transient case being not only obvious, but also quite
irrelevant to the work in the preceding section. The proof will be
Fourier analytical, and we adopt the notation of Chapter II, letting
#(0) denote the characteristic function of the random walk. Using
P6.3 we have

M o) = @m)* [{25 11— 4000 db.

(Equation (1) is the result of a straightforward calculation based on

3 Psy) = @)t [0 11+ 40) + -+ $(0) dB)

k=0

The integration is over the usual square C = [0 | |0,| < =;7i = 1, 2]
and it is clearest and simplest to use Lebesgue integration for the
following reasons. First of all the integrand in (1) is undefined at
0 =0 when 1 —¢(0) =0. Secondly, we then have the dominated
convergence theorem to work with. It will be useful since |1 — ¢*(6))|
<2 and 1 — ¢*(0) tends to zero, as n — oo, almost everywhere on C
(indeed at all but finitely many points). Hence the existence of the
limit in (1) will be assured if we can prove that

2) ll—_—-j-:(—z;) is Lebesgue integrable on the square C.
If (2) is true, then we shall know that the limit in P1 exists and has the
representation
elx 0
3) a(x) = hm a,(x) = (2n)"? f T— & 0) xeR.
To prove (2) we use two elementary inequalities,
1 — &% < |«[|6],
and
[1 - #(0)] = Re[1 — §(6)],
which together imply
1 — e*f 16}
|15 < e gy

Thus it suffices to show that the function on the right is Lebesgue
integrable on the square C.
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This last step uses P7.5 which asserts that for aperiodic random walk
one can find a constant A > 0 such that Re [1 — ¢(6)] = A|6|2 when
6eC. Thus

1] < L
Re [1 — 4(8)] ~ Al6]

and |0|~! is indeed Lebesgue integrable since we are in dimension
d = 2, where
d6 f dé = 2%272 < 0.

—— S —
clo| 6]
10l1snv2

0eC,

Observe that this completes the proof—but that the same proof would
break down at the very last step in one dimension, due to the fact that
there

R

c |6 x|

Much more sophisticated methods are required to show (in Chapter
VII) that P1 is true even for one-dimensional random walk.

We proceed to two more results which have a natural proof by
Fourier analysis, and which will be useful in continuing the work of
section 11. The first proposition (P2) is a general law governing the
asymptotic behavior of A(x,y) for two-dimensional aperiodic recurrent
random walk. The second result (P3) is a sharp version of P2, valid
only for a very restricted class of random walks. Incidentally, for
reasons which will appear later, we provide the function 4(x,y) with
the name of potential kernel.

P2 Let A(x,y) be the potential kernel of an aperiodic two-dimensional
recurrent random walk. For every fixed pair of points y, and y, in R,

ll|im [(A(x,31) — A(x,y2)] = 0.

Proof: The statement of P2 is clearly equivalent to stating that for
an arbitrary fixed y in R
lim [a(x + y) — a(x)] = O,

|zj—+

i.e., that given any € > 0, there is a positive M (which may depend on
e and y) such that |a(x + y) — a(x)| < € when |x| > M. The proof
is based on (3) in the proof of P1, which gives

als + 3) = a(x) = (2n) [e24(0) o,



124 TWO-DIMENSIONAL RECURRENT RANDOM WALK

where

~ et
)
") = 155
However, we saw in the proof of P1 that ¢(8) is Lebesgue integrable on
the square C. Therefore the Riemann Lebesgue Lemma (P9.1) gives

lim | ée*%(6)dé = 0,
z}->
which completes the proof of P2.

It is of course of considerable interest to know more about the
asymptotic behavior of a(x) for the simple random walk with P(0,x) = }
when |x| = 1. But it turns out to be hardly more work to discuss a
somewhat larger class of random walks, which satisfies the following
conditions
(a) P(x,y) is two dimensional, and aperiodic,

(b) p = xP(0,x) = 0,
() Q(6) = > (x-6)2P(0,x) = E[(X-0)*] = 0|0} < oo,
(d) E[|X|3+%] = > |x[3*°P(0,x) < o for some § > 0.

Of course simple random walk satisfies these conditions, and we
also know (T8.1) that (b) and (c) imply that the random walk is re-
current. In addition (c) introduces the isotropy requirement that @(6)
be proportional to |8|2 rather than to any positive definite quadratic

form. That is essential and so is (d) in order to obtain a result as
sharp and simple as the following.

P3 A random walk satisfying (a) through (d) has the property that
. 1 1
ltlll-?; [a(x) - ;r?ln |x|] =c+ ;zd.
The definition of the constants ¢ and d is:
1 2
0<c=(2m J' [ - ] do < w,
<e=Cn7 lr—em e Y <

2
d=‘y+ln1r—1-r/\,

where
y = 0.5572 ... is Euler's constant,

) ( — l)n
A= is Catalan’s constant.
ug (2n + 1)
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For the simple random walk, o* = 1/2 and
lim [a(x) - gln [x{] =1 8 + Z
|2}~ ™ mw w
Proof: We begin by checking that

1 2
WO = T %0 ~ o)

is Lebesgue integrable on the square C. Let us write, as we may in
view of (c),

2
uo) = Sl xo),

1 = 10 [ - 1+ 40)]-
By P6.7

im 12 _ 2
wi~0o 1 — ¢(8)  o*
and according to T7.1, 1 — §(60)=0 only at §=0 in the square C.

Therefore it suffices to prove that x(6) is integrable on C.
Now

> 0,

02102_|2 — 1+ ¢(6) = E[¢X° — 1 — iX-0 — }(iX-6)7)],

if X is a random variable with values in R such that
P[X = x] = P(0,x), x € R.

Here we used condition (b) in inserting the useful term 1X.-6. Now
we use the positive number 8 in condition (d) by making the obvious
assertion that there is some & > 0 such that

e‘—(l+z+£2—’)

for all complex = in the half plane Re 2 < 0. That gives (setting
z = 10-X)

< h|z|2+¢

Ix(6)] < h|6]~*E[|0-X|>*+].
Using the Schwarz inequality and condition (d)
Ix(6)| < k|6]~*E[(|6]*|X|*)**'%] = K|6]°~2E[|X|>*] < M|6}°-7,
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for some M < oo. Thus x(6), and hence ¢{#8), is integrable, for

av2 d
fc|o|o-=do < f |6[2-2 do = znf 2 <.
161s2v2 o
The next step is to decompose
_ e!zo
a(a) = (2m)* [ =g a8

== (2")- —Ico‘?;‘—"o do + (2m)~3 J' (1 = e=o)(6) do.

The last integral tends to the constant ¢ in P3, by the Riemann
Lebesgue Lemma in P9.1. Therefore the proof of P3, apart from the
calculations for simple random walk, will be complete if we show that

. 1 — cos x- 0 2
lxlllinm [211_’. |6]2 —In lxl] =r-z A+ Inm.

To accomplish this we decompose

1 1 - cosx-8
7‘; ——l—o'z—' dé = I,(x) + Ig(x).

Here I,(x) is the integral over the circular disc |6] < = and Iy(x) is
the contribution from the rest of the square. The proof will be
completed by showing that

lim [L(x) — In|*[] = + In3

and

lim Iy(x)= In2 — ;Z-r/\.

1z]=

Introducing polar coordinates it is seen that I,(x) depends only on
[%|. Speciﬁcally

23 n -
I(%) = J’ 1 - lcacI):x 0d0 _ ___J‘ dtf 1 cos(|x|rsm t)
™ oic
alzlsint

f dt f—ﬂdu.

u
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Now we shall use as our definition of Euler’s constant*

1 — @®
7'=f 1 cosudu_J‘ cosudu‘
1

Substitution into the formula for I,(x) yields

12 1
Il(x)=§f: [y+ln]x|+ln(sint)+ln1r+ f °°‘°"‘d]dz

niz| sint

Taking account of

2 5/2

—f In(sint)dt = —In 2,

m Jo
and of

n/2 ®
lim 2 (" 5% du = 0,

|z~ T 0
nlz|sint

one has
lim [I)(x) ~In|x|]] =y —In2 + In,
|z}

as was to be shown.
By use of the Riemann Lebesgue Lemma

1 1 — cosx-6

dm b = i gy [ et

1611s7.102)<7n
16l2n

1 do
2n [or2

1611182155
6l2n
Again introducing polar coordinates, one obtains

n/cos t n/4
lim In(x) = & J I ‘l' = 3™ 1n (cos 1) dt.
0

lz|—

This definite integral may be shown to have the value In 2 — 2A/x.

¢ This happens to agree (the proof is not quite trivial) with the usual definition
of

y= lin:[1+1/2+°--+l/n—lnn].
R
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We omit the explicit evaluation of the limit in P3 for simple random
walk, as this will be done more easily in the beginning of section 15.
The result of P3 for simple random walk has incidentally been obtained
by several authors in a number of quite unrelated contexts, cf. [76],
[96], and Appendix II by Van der Pol in [51].

13. SOME POTENTIAL THEORY

The equation

> P(x,3)f(y) = f(x), x€R,  or briefly Pf = f,

ver
is Laplace’s equation in a very thin disguise indeed. When P is the
transition operator of simple random walk in two dimensions, we have

Pf(x) — f(x)

=3f(x+ 1) + fx - 1) + flx + 1) + f(x — 1) - 4f()],
where we have adopted the complex notation x = (x1,x%) = x! + ix2.
But then Pf — f = (P — I)f where P — I is nothing but the two-
dimensional second difference operator. Hence the equation Pf = f is
the discrete analogue of Laplace’s equation

_ 2f
Af_ale-*-W—O’

where f(x) = f(x,,x,) is a twice differentiable function, and therefore
we may expect the solutions of Pf = f to have some properties
reminiscent of those of entire harmonic functions.

Although our results will automatically lead to the far from obvious
conclusion that such analogies can be both useful and far-reaching, the
purpose of this section is quite modest. We shall give a very super-
ficial description of three of the key problems in classical two-dimensional
potential theory. The solution of these three problems in the classical
context is quite easy and well known. Admittedly the problems we
shall consider will not explain adequately the basic principles of
potential theory. But it is merely our purpose to use these three
problems to guide us in our treatment of analogous problems we shall
encounter in the study of recurrent two-dimensional random walk.

One last point deserves considerable emphasis: Our three problems
A, B, C below concern classical two-dimensional potential theory,
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which is also known as logarithmic potential theory. The same
problems make sense in three dimensions, in the context of Newtonian
potential theory, but there they have somewhat different answers.
Only in Chapters VI and VII will it become quite clear that the
structure of logarithmic potential theory is that encountered in
recurrent random walk, whereas Newtonian potentials arise in the
context of transient random walk.

The remainder of this section is divided into three parts, where the
three problems A, B, C are first discussed in their classical setting, and
then stated and solved in the context of two-dimensional random walk.

Problem A. Characterize the real valued harmonic functions, i.e.,
functions u(x,y) satisfying Au(x,y) = 0 at every point in the plane.
In particular, what are all the non-negative harmonic functions?

The well-known answer is that u(x,y) must be the real part of an
analytic function. In particular, suppose that u(x,y) > 0 and
harmonic in the whole plane. Then there exists an entire analytic
function of the form

f(3) = u(x,y) + dv(x,y).
The function
g(z) = e-f(z)

is also analytic in the whole plane, its absolute value is
|g(z)| = e—u(z.v)’

and since we assume that u(x,y) > 0 everywhere it follows that
|g(z)| < 1 for all 2. But by Liouville’s theorem a bounded entire
function is constant. Therefore u(x,y) is a constant function.

There is another simple proof ([7], p. 146) based on the mean value
property of harmonic functions, which works for every dimension
d > 1. Suppose that u is a non-negative harmonic function, and that
u(x) < u(y), where x and y are two points of d-dimensional space.
To arrive at a contradiction, we integrate u over two (solid) spheres:
one of radius r, with center at x, and another of radius r, with center
at y. Calling I(r;) the two integrals, and V(r,) the volumes of the
two spheres, we have

u(x)V(ry) = I(ry), u(y)V(rg) = I(ra),
so that

ux) _ I(ry) (ra\,
w0~ 13 ()



130 TWO-DIMENSIONAL RECURRENT RANDOM WALK

Since u is non-negative, it is evidently possible to let , and r, tend
to infinity in such a way that the first sphere contains the second,
which implies I(r,) = I(r;), and so that the ratio r,/r, tends to one.
(Simply give r, the largest possible value so that the sphere around y is
contained in the sphere about x.) Therefore

.u(_x) > ("_2)‘1_).]
u(y) L4
which shows that u(x) > #(y). This contradiction completes the
proof that non-negative harmonic functions are constant.
To formulate the analogous random walk problem, we make the
definition

D1 If P(x,y) s the transition function of a recurrent aperiodic random
walk, then the non-negative solutions of

S P(y)f(9) = f(x), xeR

VER

are called regular functions.

In the random walk case, the difficulties of problem A (the problem
of characterizing regular functions) will now be illustrated with three
examples.

El Let P(x,y) be the transition function of periodic random walk.
We do_n_’t care whether it is recurrent or not, nor what the dimension is.
Then R is a proper subgroup of R. Define

f(x) =1 for xeR,
=0 for xe R — R.
Then

Bi(x) = 3 Pey)f(3) = 3 POy = 9f() = 3 PO/ + ).
But P(0,¢) = 0 unless ¢ is in R, so that
Pf(x) = ‘% PO,0)f(t + x).

When t€ R, then ¢ + x is in R if and only if x is in R. Thus Pf(x) = 0

when x is in R — R and Pf(x) = 1 when x is in R. Hence f(x)is a non-
constant function. This example in fact shows that aperiodicity is necessary
in order that P have the property that all regular functions are constant.
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E2 Consider Bernoulli random walk in one dimension, with P(0,1) = p,
PO0,-1)=gq,p+qg=1,p>q. As was shown in E1.2 there are two
linearly independent regular functions, when p # ¢, namely

fx =1 and f(x) = (g)z

This shows that we cannot hope to prove that all regular functions are
constant for transient random walk.

E3 Dropping the restriction of non-negativity, and calling solutions of
Pf = f harmonic, let us look at simple symmetric random walk in the
plane. There are then so many harmonic functions that it is interesting
to look for harmonic polynomials,

2(z) = kz Ay px*y™, ay n real,
.m

where 2 = x + y, and Y a sum over a finite number of pairs (k,m) of non-
negative integers. The degree of p(z) is the largest value of & + m occur-
ring in any term of the sum. In the classical theory of harmonic functions
every harmonic polynomial of degree n can be expressed uniquely as a
linear combination of

a, Re (2¥) + b, Im (2*), a,, b, real, O0<k<n

In the random walk case one might expect a similar result and so we make
two conjectures, each reflecting certain essential features of the classical
result.

(1) For each n > 1 there are exactly 2n + 1 linearly independent
harmonic polynomials of degree n.

(2) Among the polynomials in (1) there are two which are homogeneous
of degree n, i.e., polynomials p(2) such that p(tz) = |t|"p(2).

Following an elegant approach of Stéhr [96], we show that (1) is correct,
but that (2) is false. Two simple lemmas are required. Let V be the
operator P — 1, so that

V@) =f(z + 1) + f(z = 1) + f(z + i) + f(z = 9)] = f(2).

Lemma 1. If f(2) is a polynomial of degree 7 or less, then Vf(2) is a
polynomial of degree at most n — 2 (or zero if n = 0 or 1).

Proof: Since V is linear it suffices to apply V to simple polynomials of
the form x’y* and to check that the result has no terms of degreej + k& — 1
or higher.

Lemma 2. Let p(z) be a polynomial of degree n — 2 or less (p(z) = 0
if n =0 or 1). Then there exists a polynomial g(2) of degree n or less
such that Vg(2) = p(=2).
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Proof: We may assume n > 2; otherwise the result is trivial. Let us
write p(3z) lexicographically, as

P3) = ap_g 0% 2
+ an-3.1xn_ay + “n—a.ox"_a
+ oo
+ @on-2Y" "2 + Gon-3¥" "2+ + a0,y + a0

The first nonvanishing term in this array is called the leading term. Sup-
pose it is bx’y*. We make the induction hypothesis that Lemma 2 is true
for all polynomials with leading term b&'x'y* *lexicographically later”
than bx’y*, i.e., satisfying j’ < jorj' =jand ¥’ < k. Now

b +3
ER YA

is a polynomial of at most degree n, and VA(z), according to Lemma 1 is at
most of degree n — 2. In addition, it is easy to see that VA(z) has the same
leading term as p(z). In the equation

Ve(a) = plz) — Vh(z)

the right-hand side is therefore a polynomial of degree at most n — 2
which is either identically zero, or has a leading term which is lexico-
graphically later than that of p(z). Using the induction hypothesis, the
above equation has as a solution a polynomial g(z) of degree n or less. But
if g(2) is such a solution, then

Vig + h)(3) = p(2),

so that g(z) = g(2) + h(3) is a solution of Vg = p, which is of degree n or
less. That proves Lemma 2, since the induction can be started by verifying
the induction hypothesis for constants or linear functions.

To get the conclusion (1) let us now look at the collection of all harmonic
polynomials of degree n or less as a vector space V,, over the real numbers.
We don’t know its dimension; in fact, what we want to show is that

h(3) =

dmV,=14+2+---+2=2n+1.
"
n times

(if n = 0, V, consists of the constant function only, so that “1” forms a
basis; V, has a basis consisting of the three polynomials 1, x, and y). To
get a proof for arbitrary n > 0 we consider the larger vector space W, = V,
of all (not necessarily harmonic) polynomials of degree less than or equal
ton. Thus W, has the same basis as V/;, but W, has the basis consisting
of 1, x, y, x2, 2, and xy. It is easy to see that

(n+ 1) +2)

dim W, = 2
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According to Lemma 1 the linear operator V maps W, into W,_,, and
according to Lemma 2 the mapping is onto. But

Va = [8(2) |P(z) € W,, Vp(z) = 0]

and by a familiar result from linear algebra, the dimension of the null
space (also called the rank) of the transformation V of W, onto W, _, is

dim V, = dim W, — dim W,_, = & 1)2("+2)— ("‘21)"= 2n + 1.

Hence (1) is proved.
For each n one can exhibit a basis by calculation. Thus we get, for

n=20: 1

n=1: x5

n=2: x2—y%xy

n=3: x®— 3xy? 3x%y — y3. So far (2) is correct, but, going to degree
n=4: x*— 6x%? + y* — x? — 2, 23y — x5,

Only one of these is homogeneous of degree 4 as required by (2). Finally,
increasing n to

n=2>5: x5 — 10«32 + 5xy* — 10xy?, 5x*y — 10x2y® + y5 — 10a2y.

It is therefore impossible, even by forming linear combinations, to
produce a single homogeneous harmonic polynomial of degree 5.

After this excursion we return to regular (non-negative harmonic)
functions and derive the answer to problem A as stated following D1.

P1 If P is the transition function of an aperiodic recurrent random
walk, then the only non-negative functions regular relative to P are the
constant functions.

Proof:® Suppose that f(x) is regular and not constant. If f(0) = «
then there is a point z in R where f(2) = B # «. We may obviously
assume that 8 > «, for otherwise we make a translation such that z
becomes the origin, and again obtain the situation 8 > a.

We define the random walk as

xn=x+sﬂ=x+xl+"'+xﬂ)

starting at the point x. Then T=min[k|k > 1;x, = 2] is a
stopping time, and since the random walk is aperiodic and recurrent,
T < oo with probability one.

8 Suggested by J. Wolfowitz. For an alternative proof, see problem 1 in
Chapter VI.



134 TWO-DIMENSIONAL RECURRENT RANDOM WALK
Since f is a regular function
Eo[f(x4)] = Zx P(0,%)f(x) = f(0) = «
for every n > 0. Similarly
E.[f(x,)] = f(x) for all xin R.

Therefore
z = Eo[f(x.)] 2 Eo[f(x.); T < n]

= 3 Ef(x); T =]

= 3 PuT = KELf(x-0) = § PiT = KIf(a)

= BPO[T < ’l],

for eachn >1.
Hence
a > B lim P[T <] =B,

and this contradicts the assumption that 8 > a.

In Chapter VI we will encounter several other attacks on this
problem—in particular an elementary proof of T24.1 to the effect that
the only bounded regular functions for any aperiodic random walk are
the constant functions. This weaker result holds in the transient case
as well.

The reader is now asked to agree that problems (i) and (ii) raised in
section 11 have been completely answered. Problem (i) was disposed
of through P12.1 and (ii) by P1 above. Therefore we have now com-
pleted the proof of every statement in section 11, in particular of the
important T11.1. Now we are free to use T11.1 in proceeding further.
We shall actually do so in connection with problem C, a little later on.

Problem B. The classical problem in question is the Exterior
Dirichlet Problem. Given a bounded domain (simply connected open
set) in the plane whose boundary oD is a sufficiently regular simple
closed curve we seek a function u(x) such that

(i) Au = 0 on the complement of D + 9D

(i1) u(x) = ¢(x) on 0D

(iif) #(x) is continuous and bounded on the complement of D.
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This problem is known to have a unique solution.® This is also the
case in the discrete problem as we shall show in P2. The particularly
simple representation of the solution in P2 below has the following
classical counterpart. Associated with the domain D is an exterior
Green function gp(x,y) defined for x and y outside D. It is a harmonic
function in each variable, except at the point x = y, where it has a
logarithmic singularity. When y is a point on the boundary we call
the exterior normal derivative of gp(x,y)

9
Hy(x,y) = 5. &o(%y), ~x€R— (D + 9D), yedD.

Then the solution of the exterior Dirichlet problem has the representa-
tion as the line integral

u(x) = ja Ho(x,9)0(9) d.

As the notation was intended to suggest, H , is the correct continuous
analogue of the hitting probability measure Hp(x,y) defined in D10.1,
and the Green function g, is also the counterpart of gp in D10.1.
(Unfortunately one has to look quite hard for the discrete analogue of
the above relation between Hj, and g, by means of a normal derivative.
It can be shown to be the very unassuming identity (c) in P10.1.)

Here is now the random walk counterpart of problem B. The
dimension of the random walk again is irrelevant to the conclusion
(the reason being that we treat only recurrent random walk, so that
d < 2 by T8.1).

P2 If P is the transition function of an aperiodic recurrent random
walk, then the exterior Dirichlet problem, defined by

(i) Pf(x) = f(x) for x in R - B,
(i) f(x) = @(x) for x in B,
(iii) f(x) bounded for all x in R,

has the unigque solution
fx) = ZB Hy(xy)p(y) x€R.
Ve
Here B is a proper subset of R and if |B| = o, ¢(x) is of course assumed
to be bounded.

¢ For a concise treatment of the two-dimensional case, see [79], Chapter V.
The result is false when in dimension d = 3.



136 TWO-DIMENSIONAL RECURRENT RANDOM WALK

Proof: First we check that the soiution grven in P2 really satisfies
(1), (i1), and (iii). First of all the sertes represennng f:x) converges,
since H {x,y) is a probability measure on B foreach xin R. Condition
(1) 1s satisfied in view of part (a) of P10.1, (i1} is true since Hy(x,v) =
8(x,y) for x and y both in B, and (i) 1s aiso wue since Hy is a
probability measure, so that f(x} < sup, .z of v)|.

To prove uniqueness, suppose that /. and /, are two solutions and
leth = fi — f;. Then 4 1s a solution ot the exterior Dirrchlet problem
with boundary value p(x) = 1) on B. If we define Q(y,v) and its
iterates @ (x, y) for x and y in R — B according to D1U.1 (@ 1s simply
P restricted 0 R — B), then

Mz = S Qi ey for xsR - B.
ye‘R_'—H
Now A4(x) is bounded, being the difference of two bounded functions,
so if h(x)l < W on R, then
(=) € M D Quxy) = MP[Ts > n]
ver -8

for every x in R — B and everv n > (). As the random walk is
recurrent and aperiodic

lim P[T; > 2] < lim P[T, > n] =0,

where y is an arbitrary point in B. Therefore &(x) = 0, which proves
P2.

Problem C. This problem concerns Puoisson’s equation. On the
domain D in problem B, or rather on its compact closure D = D + ¢D
a non-negative function p(x) is given. The problem is to find a
function f(x) on R — D such that

(1) Af(x) =0 on R — D

(i) Af(x) = —p(x) on D,
and finally a third condition is needed in the setup of logarithmic
potential theory to ensure uniqueness. A very strong but convenient
one is

(i) f05) + 32 | [ ) o] ) 0 a8 12| > o

In the physical interpretation of this problem p(x) is 2 given charge
density on the body D, and f(x) is the potential due to this charge in
the plane surrounding D. The volume integral in condition (iii)
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represents the total charge. It is well known [79] that this problem
has a unique solution, given by

1
fx) = ZL p(Y)In|x — y[~*dy, =xeR.

The solution as given here turns out to be negative for large |x|.
In the discrete case it will be more convenient to have it positive, in
particular since there is no counterpart in the discrete theory for the
singularity of In |x — y|~! at x = y. So there will be a change of
sign in the discrete formulation of problem C in condition (ii). That
having been done, as the reader may have guessed, we shall find that
the kernel In |x — y| corresponds to A(x,y) in the discrete theory.
(The asymptotic evaluation of A(x,y) in P12.3 is highly suggestive in
this direction. Quite naturally it is the simple random walk in the
plane which should most closely approximate the continuous analogue,
because the second difference operator gives in a sense a better approxi-
mation to Laplace’s operator than does any other difference operator.
That is the reason why A4(x,y) was called the potential kernel in P12.2.)

Our discrete version of problem C will be further modified by
replacing (iii) by the condition that the solution of Poisson’s equation
be non-negative.

D2 When P(x,y) is the transition function of aperiodic recurrent
two-dimensional random walk, and BC R, 1 < |B| < o, we call a
non-negative function p(x) such that p(x) = 0 on R — B a charge
distribution on B. A function f(x) on R is called a potential due to the
charge p on B if

(i) Pf(x) — f(x) = O for xe R — B,

(ii) Pf(x) — f(x) = p(x) for x€ B,

(iii) f(x) = O for x€ R.

Problem C consists in finding the potentials due to a charge p on B.
A partial solution to this problem will be provided in

P3  The potential kernel A(x,y) = a(x — y) of a recurrent aperiodic
random walk of dimension d = 2 has the property that

(a) ;P(x,y)a(y) —a(x) = §(x0), «xeR.
A solution of problem C is therefore given by
(b) f(x) = 2 Axy)p(y), x€R.

ve€B
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Proof: Since the set B is finite, equation (b) is an immediate con-
sequence of (a). The proof of (a) happens to be quite lengthy in
general, but a very quick proof is available for symmetric random walk
(see problem 3). Going back to fundamentals

a(x) = 3 [P00) — PxD), xeR,

K=0
and one finds

n

z P(x,3)an(y) = z [Pi(0,0) = Py, 4(2,0)]

VER k=0

= an(x) + 8(3’.‘,0) - Pn-‘-l(x’o)'
Hence, using for instance P7.6
im 3 P(x,3)aq(y) = a(x) + 8(x,0).

n= yeR
Unfortunately this does not enable us to conclude, as we would like,
that one can interchange limits to obtain P3 right away. However,

one can conclude by an obvious truncation argument (Fatou’s lemma
for sums instead of integrals) that

2 P(x3)a(y) < ax) + §=,0)

v&eR

for all x in R. Calling the difference f(x) we may write
ZR P(x,y)a(y) = a(x) + 8(x,0) — f(x),

where f(x) 2 0 on R.

Now we resort to a complicated probabilistic argument, based on
P11.4. It will yield the useful conclusion that f(x) is constant
(independent of x). We shall need only the special case of P11.4
where B = {0,b}, b # 0. Abbreviating the notation to

H(x) = Hp(x,0), p=pp(0), II = TIgb,0),
one obtains, setting y = 0 in P11.4,
H(x) = p — [a(x) — a(x — b)]II.

Now the transition operator P(x,v) is applied to the last equation on
the left, i.e., x is replaced by ¢, we multiply the equation through by
P(x,t) and sum over ¢. Using part (a) of P10.1 for the left-hand side,
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and our conclusion that Pa — a = & — f for the right-hand side, one
gets
H(x) + Mg(x,0) — 8(x,0)

= p — H[a(x) + 8(x,0) — f(x) — a(x — b) — &(x,+b) + f(x — b)).
Here I14(x,0) should be interpreted as zero when x is notin B. In the
above equation we now replace H(x) by u — [a(x) — a(x — b)]II, and
then set x = 0. The result turns out to be

=11 - £(0) + f(-b)].
Since I1 is not zero, f(0) = f(—b), and since b is an arbitrary point in

R — {0}, f(x) is independent of x!
Now call f(x) = f and return to the equation
ZR P(x,y)a(y) = a(x) + &(x,0) — f.
ve

Operating on this equation by the transition operator P on the left, and
repeating this process n — 1 times gives n + 1 equations (counting
the original equation). When these n + 1 equations are added some
cancellation takes place, and the final result is

2 Pasi(xy)a(y) = a(x) + Gu(x,0) — nf.

VER
This calls for division by n, and when we let n — o, noting that

tim 2% _ fim &0 _

n-o N n- o n ’

we obtain

o1
0 < lim n ;Pn§l(xty)a(y) = _j

Nn=-x©

Hence f < 0, but since we know that f > 0, we conclude that f = 0,
completing the proof of P3.

Remark: The proof of P11.4 goes through for any recurrent
aperiodic random walk with the property that

a(x) = lim a,(x) = lim [G,(0,0) — G,(x,0)]

exists. And the proof we just gave of P3 used only P11.4. Hence
the equation

> P(x,y)a(y) - a(x) = §x,0), x€eR,

yéR



140 TWO-DIMENSIONAL RECURRENT RANDOM WALK

holds for every aperiodic recurrent random walk which has a potential
kernel 4(x,y) in the sense that lim a,(x) = a(x) exists.
n=s 0

In Chapter VII we shall find that the potential kernel A(x,y) does
exist for every aperiodic recurrent random walk. In addition the result
of P3 will be strengthened considerably. The stronger version of P3
for aperiodic two-dimensional recurrent random walk will read:

IfPf— f=00nR - B,Pf— f=p200nB,andf > 0on R then

f(x) = constant + > A(xt)p(f), x€R.
teB

In particular the equation

2 P(x,y)8(y) — g(x) = 8(x,0)

Yy&R
has only the non-negative solutions g(x) = constant + a(x). To
illustrate why the one-dimensional case is going to offer greater
difficulties, it is sufficient to consider simple random walk in one
dimension with P(0,1) = P(0,—1) = 1/2. This process is recurrent,
and it can easily be shown (see E29.1) that

. 1 1 — cos x8

a(x) = ’Einla,,(x) = ZI’ _,l——cosada = le.

However there are now other non-negative solutions of Pg — g = §,
besides g(x) = a(x) = |x|. In fact, it is easy to check that the most
general non-negative solution is

a+|x} +bx with a>0, -1sbsl

14. THE GREEN FUNCTION OF A FINITE SET

This section will complete the potential theory of two-dimensional
recurrent random walk. We resume where we left off in section 11,
namely with P11.4 or T.11.1:

(1) Hgxy)
= pg(y) + 2_; Ax[Mgt,y) - 8(t,y)], =x€R, yeB,

where 2 5 |B| < . When |B| = 1, the situation is of course
uninteresting since Hy(x,y) = 1.
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In addition to the results which were available when equation (1)
was derived, we now have P12.2 which says that for fixed y, and y,
in R,

@ lim [A(x31) ~ A(xa)] = 0.

By combining (1) and (2) we shall prove in a few lines that the hitting
probabilities Hy(x,y) have the following remarkable property. As
|x| — o0, Hg(x,y) tends to a limit for each y in B. We shall call this
limit Hpg(co,y) and observe that Hg(co,y) is again, just as is each
Hgy(x,y), a probability measure on the set B. In other words,

Hg(oo,y) 2 0 and z Hg(c0,y) = 1.
VEB

The intuitive probability meaning of Hy(c0,y) is quite obvious. Itis
still the probability of first hitting the set B at the point y, the initial
condition being that the random walk starts “at infinity.”” The
existence of the limit of Hy(x,y) as |x| — co thus implies that the
phrase “at infinity”’ has an unambiguous meaning at least for certain
purposes. The direction of x (say the angle between the segment 0
to x and the horizontal axis) has no influence on the value of Hy(x,y)
when |x| is very large. In anticipation of certain results in the one-
dimensional case in Chapter VII (where the analogous theorem may
be false) the following explanation for the existence of the limit is
particularly appealing. The space R of dimension 2 is rather “large.”
The random walk starting at x with |x] large will traverse a path which
with high probability winds around the set B many times before hitting
it. Its final approach to B will therefore be from a direction which is
stochastically independent of the direction of x. A still more
picturesque way of saying the same thing is that the particle is almost
sure to have forgotten which direction it originally came from—
provided it came from sufficiently far away. Thus we shall prove

T1 For aperiodic recurrent two-dimensional random walk, with
1 < |B| < o the limit

Hy(0,y) = lLim Hy(xy), yeB
exists and determines a probability measure on B. If |B| =1,
Hg(co,y) = 1 and if |B| 2 2, then

Hy(c0,y) = ﬁ—ﬁ% = ua(9).
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K is the inverse of the potential kernel A(x,y) restricted to B, as defined
in D11.3 and D11.4.

Proof: When |B| = 1, there is nothing to prove. When |B] > 2,
we consult equation (1). The function ug(y) in T11.1 is precisely the
desired limit. Therefore we have to show that the sum in equation
(1) tends to zero as {x| — cc. Now we fix y, and call

ot) = Mgt,y) - &(t.y), teB.

In view of P11.2, c(t) has the property that 3,5 ¢(t) = 0. Therefore
we may express

2, Axt)()= 2. [A(xt) = A(=0)(t)

as a finite sum of terms which according to equation (2) tend to zero
as |x| — . This observation yields

lim > A(x0)[M,(ty) - 8(ty)] = 0

Isi=o tep

and completes the proof of the theorem.

E1 Consider symmetric aperiodic recurrent two-dimensional random walk,
i.e., we are adding the requirement P(x,y) = P(y,x). When |B| = 2,
what about Hpg(oo,y)? We saw that Hy(o0,y) = pg(y) in equation (1)
above and in P11.5 ug(y) was calculated: If B = {0,}

_ a(b) ___a(=b)
#s(0) = a(d) + a(—b)’ #a(b) = a(b) + a(—=b)

But symmetric random walk has the property that a(x) = a(—x) for all x
in R (from the definition of a(x) as the limit of a,(x)). Therefore we have

Hy(oo,y) = 1/2 at each of the two points of B.

Next we turn to the Green function gg(x,y) of the finite set B,
defined in D10.1. When the set B consists of a single point, gg(x,y)
was calculated explicitly in P11.6.  This leaves only the case |B| 2 2,
for which we shall derive
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T2 For aperiodic recurrent two-dimensional random walk, and
2<|Bj <o

gs(%y) = —A(xy) - ( 3t Z n(s)A(s,y) + Z A(x,0)u*(1)
+ ZB tza A(x,0)[T1(t,5) — 8(t,9))A(s,3), xy€R.
The matrix Il is given by T11.1 and so are
_ _ Kg(-9)
[J.(S) = F'B(") = KB(' _)’
= _ - _ Kﬂ(t')
n*(t) = pp*(t) = Ko( )

Proof: First we check that the formula in T2 gives gg(x,y) =
when either x or y or both are in B. Supposing that x is in B,

tz‘; A(x,t)[ 1 g(2,8) — 8(t,5)] = Hp(x,5) — ps($)-

The right-hand side in T2 therefore becomes
1
—Axy) -3t > ueA(sy) + 2 Alx, (2
B( ) seB teB

+ 2 Halx)A(5.9) = 2 w(9)A(s5)

= —A(xY) - 77 8( 3+ Z A(x,t)u*(t) + Z 8(x,5)A(s,y)

1
e > A(x,t)u*(t) = 0.

teB
When y is in B the verification is the same, using in this case
ZB [Mg(ts) - 8(‘:‘)]‘4(5»}’) = Hp*(y.t) — p*(t) = 8(y.t) — us*(?).
s€

Here Hg*(y,s) is the hitting probability measure of the reversed
random walk (D10.2) with P*(x,y) = P(y,x). That is clearly the

correct result in view of
nB‘(x'y) = nB(y»x)» A.(x»y) = A(y»x)
and

2 [Ms(ts) = 8(t.5)]A(s,y) = 2 A*(3o)[*(s,t) = 8(s.1)]

seB se€B

= Ha*(t) = ps*(t).
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For the rest of the proof we may assume that neither x nor y is in B.
We shall use a method which is often useful in classical potential
theory, i.e., we find a “partial differential equation” satisfied by
gs(x,y) and solve it. The theory of the Poisson equation in P13.3
will turn out to provide the appropriate existence theorem.

The equation we start with is

(1 Hg(x,y) — 8(x,y) = %ga(x.t)l’(t.y) - ga(x.v),

for all x,y in R. This is an obvious extension of part (c) of P10.1, to
the full product space of all pairs (x,¥) in R x R. Here, and in the
rest of the proof, we define Hg(x,y) = 0 forxe R, ye R — B.

Now we fix a value of x in R — B and let

2) u(t) = gg(x,t) + A(x,2), teR.

Substitution into equation (1), using P13.3, gives

3) D u()P(t,y) — u(y) = Hg(x,y), yeR.

teR

The next step consists in solving (3) and we shall show that every
solution of (3) is of the form

4) u(y) = constant + Z Hg(x,t)A(t,y), y€R,
teB

where of course the constant may depend on x.
First of all we rewrite equation (3) in the form

(5) > P¥y,tyu(t) — u(y) = 0 for ye R — B
“ = p(y) 2 0 for ye B,

where p(y) = Hg(x,y). Thus u(t) is a solution of Poisson’s equation
discussed in D13.2, and by P13.3 equation (4) indeed is a solution of
(3). But since P13.3 did not guarantee uniqueness we have to resort
to other devices to show that (4) holds.

From equation (2) we have about u(t) the a priori information that

A(x,t) < u(t) s A(x,t) + M(x),
where

M(x) = sup gg(x,2).
teR
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Introducing the reversed random walk, we have
M(x) = sup gg*(t,x) = sup Hpyi*(1,%)25*(%,%)
teR teR
s gB‘(x’x) = gB(x’x) < @©.

Thus the function u(t) has the property that u(t) — A(x,t) is bounded,
and, in view of P12.2,7 this is the same as saying that u(t) — a(—1¢) is
a bounded function on R.

Now let

w(y) = Z Ha(x.f)A(f»y)-

teB

Then
h(y) = u(y) - w(y) = u(y) — a(-y) + tZBHa(x.t)[A(O.y) - A(ty)]

is a bounded function of y (since 4(0,y) — A(t,y) is bounded for each
t according to P12.2). Furthermore u(y) satisfies (5), so that

z P*(y,s)h(s) = h(y) for ye R.
sek

By P13.1, h(y) = ¢(x), a constant depending on x of course—and
therefore we have proved that u(y) = ¢(x) + w(y) is given by equation

(4)-

The rest is easy. We now have

gu(%y) = —A(xy) + o(x) + MZBHa(x.t)A(t,y)
—A(x,y) + ¢(x) + %#(S)A(%y)

+ 3 3 A [Hgs) — 8(sH)A(tY).

s€B teB

To complete the proof of T2, we now have only to show that

de) = - gy + 3 A0

but this was done at the very start of this proof, when we verified that
T2 was correct whenever y is in B.

7 Observe that we are not using the full strength of P12.2 which states that
A(x,t) — A0,t) —~ 0 as |tj - oo. This seemingly academic point will be
crucial in section 30, T30.2, where we shall imitate the present proof for one-
dimensional random walk. Even then A(x,t) exists and A(x,t) — A(0,t) is a
bounded function of ¢, but it may not tend to zero as |t| — . We shall have
occasion to refer to this remark in section 30.
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The result of T2 can be used to develop further the theory along the
lines of classical logarithmic potential theory. There are no great
surprises in store as the entire development exactly parallels the
classical theory. We shall outline the principal facts—delegating the
proofs to the problem section at the end of the chapter.

We fix a set B, with cardinality 1 < |B| < o0 and omit the sub-
script B in Hg, pg, Kg, g, gg, as this will cause no confusion at all.
Remember that a charge on B is a non-negative function vanishing off
the set B. And let us define the potential due to the charge ) on B as
1) A(x) = D A(xt)(t), x€eR.

teB
It may be shown that potentials satisfy the minimum principle; i.e.,
every potential Ay(x) assumes its minimum on the set B, or rather on
the subset of B where the charge ¢ is positive (for a proof see T31.2).

The minimum principle can be shown to imply that among all
charges ¢ on B with total charge 3,5 ¥(x) = 1, there is exactly one
with the property that its potential is constant on B. This particular
unit charge is called the equilibrium charge p*(x) of the set B. Itis
easily shown that

@ pi(x) = 1if |B] = 1
p¥(x) = %Ex—; when |B| 2 2,
and of course,

@) Ap*(x) = K_(l—) when x¢€ B

1
2 ——— when xe R - B.

To make the last and subsequent statements meaningful when |B| = 1,
we define

1
The potential Au* is called the equilibrium potential of the set B.

The constant [K(--)]~?, the “boundary value” of the equilibrium
potential on B, is called the capacity

“4) K(-') = o, = 0 when |B] = 1.

1

) CB) = g5

of the set B.
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There are two other equivalent definitions of capacity. It is easily
shown that there is one and only one constant C such that for every
unit charge ¢ on B

(6) min AY(x) < C < max AY(x).

z€B zeB

This constant C is defined to be the capacity of B, and it is true that
C = C(B).

Another useful definition of capacity is in terms of the Green
function g(x,y) of the set B. Itis

Y C' = 3 AGetus(t) - lim g(x5)

teB

It will presently be shown in T3 below that

lim g(x,y) = g(x,)

lyl—s @

exists for all x in R, that C’ is indeed independent of x, and finally
that C' = [K(--)]"!. This then is a third definition of capacity.
Of all the three definitions it is the most useful one in uncovering the
properties of C(B) as a set function on the finite subsets of R. The
two most important laws governing C(B) are:

(8) If B, C B, C R, then C(B,) < C(By).
(9) If B, and B, have a nonempty intersection, then
C(B, U B;) + C(B, (N B;) < C(B,) + C(By).

The reader who investigates the analogy with classical logarithmic
theory in [79] will find the name of capacity for C(B) to be a misnomer.
C(B) is really the discrete analogue of the so-called Robin’s constant,
which is the logarithm of the logarithmic capacity.

Because of its importance in the study of time dependent phenomena
in section 16, we single out the asymptotic behavior of gx(x,y) for
further study.

T3 For recurrent aperiodic two-dimensional random walk

lim gy(x,y) = gs(x,0), x€R

Wl
exists for subsets BC R with 1 < |B| < co.
When B = {b},

gB(x’w) = a(x - b)'
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When |B| > 2,

1
,0) = > A(x,0)pg*(t) — -——
£5(x,0) tZB (x:0)ns*(?) Ks(-)
K(t-)
Kg(--)
Proof: When |B| = 1, it suffices to assume b = 0. Then

gs(xy) = A(x,0) + 4(0,y) — A(x,y),
by the remarkable result of P11.6 in section 11. By P12.2

lim g(x) = ax) + lim [A(0,3) = A(x)] = a(x).

where pg*(t) = te B.

The proof when |B| 2 2 is in fact just as stralghtforward One
simply uses the explicit representation of gg(x,y) in T2 and then
applies P12.2 to it. The verification is left to the reader.

15. SIMPLE RANDOM WALK IN THE PLANE

The potential kernel for simple random walk can be calculated
numerically by a very simple iterative scheme. We have

(1) ax) = (2m)* [T2550 ‘

where

— cos x40
- ¢(9)
#(68) = 4[cos 8, + cos 6,],

but it will turn out to be unnecessary to evaluate this integral except
for points x on the diagonal x* = x2. Using P13.3 one has, first of all,

2) #a(z+ 1) + a(z - 1) + a(z + {) + a(z — 1)] — a(3) = §z,0),

using complex notation for the sake of convenience. The obvious
symmetry properties of the integral in (1) show that, if 2 = x + 1y,
Z=x -1y,

a(2) = a(—2) = a(3) = a(—2) = a(iz) = a(—13) = a(Z) = a(—13).

Hence it suffices to calculate a(2) for 2z in the half-quadrant 0 < y <
Setting 2 = 0 in (2) gives, since a(0) = 0,

a(l) = a(—1) = a(i) = a(—-i) =1

db,
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Next we evaluate the integral in (1) for 2 = n(1 + ¢), n = 1.

w_ 1 [ * 1—cosn(f + 6,)
a(n + ni) = %,L f., e i ey 40, db;

_ 1 m r 1 — cos n(8, + 6,)
=N Bt o (o5 46, by
1 — cos ) cos )

The transformation « = (6, + 6,)/2, B = (6, — 6,)/2 has Jacobian
% and transforms the region of integration into the set |«| + |B]| < =.
Obvious symmetry properties of the integrand enable us to write

. 1 * (* 1— cosnx
“‘”*"‘)=Tﬁf_nf_,1 —cosozcosﬁdmd}9
_ 2 (* 1 — cos2na 1 J"' sin? na

wJ_, |sinq] m J_q [sin ¢
2 u[n . ]
== 2k — 1)a| de
=5 ;‘Z.:lsm( Yo
_ 4 1 1 1 1 1.
RS R T S ma

The values of a(z) computed so far suffice, by proper use of (2), to
construct a table for arbitrary values of z. Here is a sample.

y=0 1 2 3 4
x=0(0
1)1 i
T
2 4—§ ——l+§l—6
T 7 | 3n
48 | 92 8 92

The first table of this kind was constructed in 1940 by McCrea and
Whipple [76]. As they pointed out, once one row is filled in it is very
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easy to obtain the entries in the next one by the following iterative
scheme.

ny

0 1 .-« n a4+l

Suppose the numbers corresponding to the black dots are known, i.e.,
we know the values of a(k + im)for0 s m < k < n. Then one can
get a(n + 1) since a(n) is the average of a(n + 1), a(n — 1), a(n + 1),
and a(n — ¢) = a(n + ). Next a(n + 1 + ¢) is found, n + 1 + ¢
being the only neighbor of n + ¢ where the value of a(3) is unknown.
In this way the values of a(z) in the (n + 1)st column indicated above
by circles, can be determined in the order indicated by the arrows.

As |3| — oo along the diagonal 2 = n(1 + 7) one obtains

lim [a(z) - Zln |z|]

jz| =+
4 1 1 2
= lim[2(14 3+ 4 ) - 2@V
2n]1 4 281 2 1
- im[Z3 - ;'"2"]-.":2[ SEzina] v oms
4 2 1 2
=;‘y-—;—r‘y+;ln8=1—r‘y+;ln8.

But in view of P12.3 this limit must exist as |2| — oo, quite independ-
ently of the direction of 2, so that we have confirmed the limit given
in P12.3 for simple random walk.

Furthermore, as pointed out by McCrea and Whipple, the
approximation of a(3) by

3;[21n|z| + In8 + 2]
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is remarkably good even for rather small values of 3. Part of their
table of the approximate values for 0 < Re(2) < Im(2) < 5is

Im (2) 0 1 2 3 4 5
Re (2)
0 -—- 1.0294 1.4706 1.7288 1.9119 2.0540
1 1.2500 1.5417 1.7623 1.9312 2.0665
2 1.6913 1.8458 1.9829 2.1012
3 1.9494 2.0540 2.1518

which should be compared to the table of a(z).

Im (2) 0 1 2 3 4 5
Re (2)
0 0 1 1.4535 1.7211 1.9080 2.0516
1 1.2732 1.5465 1.7615 1.9296 2.0650
2 1.6977 1.8488 1.9839 2.1012
3 1.9523 2.0558 2.1528

As an application of the preceding result let us calculate the hitting
probabilities Hg(x,y) for some finite set B. By T11.1 and T14.1

Kg(t )Kg-
Hyx) = Hy(,) + 3 () [Kultoy) - “ERal )]
teB
for all ye B, xe R. Suppose that the largest distance between any
two points in B is m > 0. It follows then that Kg(¢,y) for t€ B,
y € B as well as

Hg(0,y) = %%’—;. y€B,

can be expressed in terms of known values of the function a(x) with
|®| < m. Furthermore our remarks about the accuracy of approxi-
mation of a(x) by (=)~ ![2In |x| + In 8 + 2y] imply that, when the
point x is reasonably far away from the nearest point of B (say at a
distance 3 or more), then

Hg(0,5) + > 1—2r In [x - ¢ [Ka(t.y) _ Ka(lt{'-a)(l.{.,)(.y)]

teB
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will yield an excellent approximation to Hg(x,y). Observe that the
term In 8 + 2y could be dropped in view of

Finally, when x is very far away from the set B, Hg(x,y) will of
course be well approximated by Hy(o0,y). For the sake of specific
illustration we let B be the three point set

B = {z,, z,, 23}, 3y =14 2,=0, 2z3=1.

Then the operator A(x,y), restricted to the set B, has the matrix
representation

01 2
mw
A=(Azyz)=(1 0 1], ij=123.
10
k1
Its inverse is
-1 i 1
mw
nf 4 4\2 4
=32 -G )
1 LA
mw

Ka(-) = {31- 23}

so that by T14.1, Hy(c0,y) is the vector

™ ™ -2 ™
{4(,, = 1) 2(m = 1) = — 1)}'

The irrationality of the answer reflects its dependence upon the
entire history of the process, as the probability of any event determined
by a finite number of steps (say n steps) of the simple random walk
would necessarily have to be rational (in fact an integer times 4~").

There are curious exceptions to this phenomenon, however, as the
following example shows.
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The hitting probabilities Hg(0,y) of theset B = {—1 — 1,0, 1 + 1}
“should be” {3/%, 2/8, 3/8} as ‘““shown”’ by the following ‘ heuristic”
argument. The points in B each have four neighbors, not in B, from
which they may be reached.

i

¥ l+i*

e

Il_?‘

The point 1 + i shares two of its neighbors with the origin. Count-
ing each of the shared neighbors as 1/2, this gives the point 1 + ¢
three neighbors, the origin two and the point —1 — i three. Assuming
the chance of being hit proportional to the number of neighbors from
which this event can take place (and having divided the neighbors up
fairly !) the hitting probabilities should be those given above. A short
calculation, just like the one carried out before, confirms that
{3/8, 2/8, 3/8} is the correct answer!

Now we embark on some calculations for infinite subsets B of R
which make use of a special property of simple random walk: the con-
tinuity of its paths, i.e., the fact that P(x,y) = 0 unless x and y are
neighbors.

Let B be the lower half plane, i.e.,

B=[s|Imz < 0].

We define gg(x,y) as usual, to wit gg(x,y) = 0 unless both x and y are
in the upper half plane R — B, and in this case D10.1 gives

ga(x,y) = i""‘"’”'

where Q(x,y) is the transition function restricted to R — B and @, its
iterates. We shall show

(3) gs(%,y) = A(x,5) — A(x,y) for x,y in R - B.
Here j = y* — )2
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The proof is an example of the so-called reflection principle.®
Letting T = Ty denote the time of the first visit of the random walk
to B, one can write, forxand yin R — Bandn 2 1,

Py(x,y) = P[x, = y] = P,[x, = y; T > n] + P,[x, = y; T < n]

= @n(xy) + 21 Px, =y T = k].
But
Px,=9;T =k =P,Jx,=5;T = k] for k < n,
which is quite obvious although a formal proof proceeds via
P[x, = y;T = k] = E{P [, = y]; T = &}
= EfP (X =7 T = &}
=P[x, =5, T = k),
the idea being simply that Im (x;) = 0 so that transitions from x, to

y in time n — k have the same probability as those from x,; to 7 in
time n — k. Hence

P (x,y) = Qn(x»y) + kil Px[!n =5 T = k]

= Qn(x’y) + P:[xn = }-’-; Ts ”]‘

The event T < n being implied by the event x, = j (as xe R — B
and y € B), we conclude

P(x,y) = Qu(x,y) + Py(x,5), n21
Also Py(x,y) = Qo(x,y) = 8(x,y) and Py(x,5) = 0, so that

ga(x9) = 3 Qu(x3) = 3 [Pu(s) = (s3]

n=0

= 3 (PU00) = Pus3) - 3 (PA00) - Pis)]

n=0
= A(x,5) - A(x,y),
which was promised in equation (3).

8 The proof of (3) which follows was invented by McCrea and Whipple (76),
who lamented the fact that it lacked rigor at one point. Their difficulty lay in
having defined A(x,0) = a(x) by the integral in (1), fully aware, but without
being able to prove that a(x) = 3o [Pa(0,0) — P,(x,0)].

As for the reflection principle, its roots go back much farther. In physical
applications it often appears under the name of the method of images. See
pp. 70 and 335 in [31], Vol. 1, for further comments.
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To calculate the hitting probabilities H5(x,y) of the lower half plane
B the theorems of sections 11 and 14 are not available, since B is an
infinite set. Instead we can use the completely general identity

(4) H,(x,y) = ‘Z,tg,.(x,t)P(t.y), xeR - A4, Y€ A

which was part (c) of P10.1. Due to the symmetry of the present
problem, nothing of interest is lost if we take the point x = in, n = 1
on the imaginary axis, and the point y = k, —o0 < k < 00 on the
real axis. Because of the continuity of the paths, it is only for y on
the real axis, the boundary of B, that the probability in (4) will be
positive. In this case (4) gives

(5) Hg(in,k) = Ygg(in,k + 1),

and in view of (3)
(6) Hg(in,k) = }a[(n + 1) — k] — }a[(n — 1)i — k).
First we let n = 1 and calculate, using (1)
Hy(i,k) = Ya(2i + k) - }a(k)

1 2 [* cos k0, — cos (k8, + 26,)
~ 16m3 f_, J._,, 1 — 3(cos 8, + cos 8,) db, dby.

]

The evaluation of this integral seems hopelessly tedious, so that
a different method is indicated (see problem 7 in Chapter II). We let

#0) = i Hyik)e*, 6 real,

k=

noting that this Fourier series is a characteristic function, since

Hyik) 2 0, S Hyik) = 1.

k= - x

In addition,

#0) = > Hlri)e.
A formal proof of the last identity, based on (5) or (6) would be
lengthy. The easiest way of getting it is to regard the hitting place x,
of the process x, with x, = in, as the sum of n identically distributed
independent random variables with the distribution Hg(s,k) (the
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process having to hit the lines Imz=n— 1,n - 2,...,0 in suc-
cession). Then one gets the difference equation (part (a) of P10.1)

Hy(i,k) = $Hg(s,k — 1) + Hg(i,k + 1) + $Hy(24,k) + 38(k,0).
Taking the Fourier series on each side
$(6) = 1€°4(6) + 1e¢(6) + 14%(0) + &,

and this quadratic equation has two solutions, the only possible one,
in view of [$#(0)| < 1, being

(7) $0) = 2 — cos § — V(1 — cos 6)(3 — cos 8).

A very simple calculation shows that

8) lim ¢" (f) = -0,

- ® ’l

It so happens that

e-lal = 1 ® ewx

1 dx

7)o 1+ x2

is the characteristic function of the Cauchy distribution. Using the
Lévy continuity theorem, mentioned in connection with the Central
limit theorem in P6.8, one can conclude that

, . 1[* dt 1 1
(9) '}Ll’!; k,.z_wﬂ(”"k) = ; J:» 1—_’_—12 = i + - tan™ " x.
To obtain an amusing application of this result, let us consider an
apparently more complicated problem. Let C be the whole plane
with the exception of the first quadrant, i.e.,

C=R-[z|Rexs>0and Imz > 0].

What is g(x,y) when x and y are in R — C? Using the reflection
principle this question is just as easy to answer as the corresponding
one answered for the half plane B in equation (3). One simply
performs two reflections, once in the real axis and once in the imaginary
one and gets

(10) &dxy) = A(x,5) — A(x,y) + A(x,—7) — A(x,-y).

Now we take for the starting point of the random walk x, = 3 =
r + is, a point in the first quadrant R — C and ask for the probability
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p(2) that absorption occurs on the real axis rather than on the imaginary
one. This probability is

@© 1 w i
p(z) = 2 H(zk) = ;glgc(z,x + k).

k=1

Using (10) this is

p(z) = < Z[a(z——k+x)—a(z—k—t)+a(z+k—1)
e —a(z + k +1)).
Using (6) one finally gets

o

p(2) = i Hg(is,r — k) — Z Hg(is,r + k),
k=1

k=1
or
r-1 @®
(11) p(z) = D Hylisk) — >  Hpg(isk).
k= - k=r+1
Finally we shall let |z] — o0 in such a way that

lim tan“f=a, 0<ac<o
Jel~ ) 2

In other words, |z| — oo, z making an angle « with the imaginary axis.
Now we apply (9) to (11), writing 7 = stan « + es wheree = ¢(z)-+ 0.
The two error terms (a sum of the hitting probabilities from & = stan «
to stan @ + es and another term like it) go to zero in view of (9).
Hence

stana a
(12)  lim p(2) = 11m D Hy(isk) — lim > Hg(is,k)
2|~ =® ku - $=® ymgtana
21 sunaH . k 2 L 2
= = -1 - ta = - a.
‘Lrg kzo s(15,R) — tan (tan «) -a

Any other answer would of course have been disconcerting (see
problem 11).

16. THE TIME DEPENDENT BEHAVIOR

Consider the following simple case of the Exterior Dirichlet problem
(problem B in section 13). D is a given domain in the plane, and we
seek a function u(x) such that

(i) Au(x) = 0 on the complement of D + éD,
(i) u(x) = 1 on 8D,
(i) u(x) is continuous and bounded on the complement of D.
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This problem has the very unspectacular unique solution, u(x) = 1.
The situation becomes interesting only when we compare u(x) to the
solution of a nonstationary problem, which has the above Exterior
Dirichlet problem as its limiting, or steady-state case. This is the
following

Diffusion problem: Find the solutions u(x,t) of
(i) oufot = $Au, for t > 0, x outside D,

(ii) u(x,t) = 1 fort > 0, x on 2D

(iii) lim .4, u(x,t) = O for all x outside D.

Such problems arise in the theory of heat conduction. The
solution u(x,t) represents the temperature at the point x at time ¢ in
the region exterior to the body . The boundary of D is kept at
temperature one (condition (ii)) and the initial temperature is zero
(condition (iii)). It is known that this problem has a unique solution
u(x,t) and that

lim u(x,t) = u(x) = 1 off D.
t->o

In other words, the temperature of the surrounding medium rises,
approaching at every point the boundary temperature.

If this seems obvious, consider as a precautionary measure the
analogous Dirichlet and Diffusion problems in three dimensions. To
make everything as simple as possible, let D be the unit sphere. Then
the exterior Dirichlet problem has at least two solutions

u(x) =1 and u(x) = |x|°1.

The solution to the diffusion problem is again unique, but its limit
behavior is now different, as one finds that

lim u(x,t) = |x|°%.
t— ®

Thus a compact set in three-space is apparently not “large” enough
to ‘““warm up the surrounding space’’ to its own temperature. In the
next few pages we shall find further hints concerning this phenomenon,
but the complete probabilistic explanation will not be clear until
Chapter VII. It is intimately connected with the difference between
recurrent random walk (such as simple random walk in the plane) and
transient random walk (every genuinely three-dimensional random
walk is transient).

A far more delicate question, and one which is indigenous to the
recurrent case, concerns the rate of convergence of u(x,t) to the
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stationary state solution u(x). As conjectured by Kac, and proved by
Hunt [44], 1956, the answer is

(1 tlim [1 = u(x,t)] Int = 2mgp(x,20).

Here gp(x,y) is the exterior Green function of the domain D mentioned
in the discussion of problem B in section 13, and g,(x,0) in equation
(1) is of course the limit of gp(x,y) as |y| — co.

The plan of work for the remainder of this chapter is now very
simple. We shall formulate the discrete analogue of the diffusion
problem of arbitrary aperiodic recurrent two-dimensional random
walk, and then try to prove a theorem which corresponds to equation
(1) above. The content of this theorem will be probabilistically
interesting. It will concern the probability law governing the time
Tg when the random walk first visits a given set B. This will be the
first time in this chapter that we are able to obtain a result concerning
the time dependent behavior of the random walk. All the previous
results concerned the hitting place x;  rather than the hitting time
Tg itself. For example

Hy(x,y) = P,[x;, = y] when xe R — B,

and even our explicit formula for gg(x,y) gave no information at all
concerning the distribution of Tp.
We shall use the notation

Dl T;=min[k|k > 1; x, € B], and call
Tg = T when B = {O} and R, = Py[T > n), forn > 1,
F, =0, F, —PO[T—n]fornzl U, = Py[x, = 0]
= P,0,0) forn > 0

Since the random walk is recurrent, Ty < oo with probability one
whenever B is a nonempty finite set.

The diffusion problem is formulated as follows. The function
u(x,t) becomes a sequence of functions f,(x) with n > 0, x € R, since
the time parameter must be discrete. The time derivative 8/6t[u(x,t)]
then should correspond to f,,,(x) — f,(x), and since the Laplacian
1A corresponds to the operator P — I, we arrive at the equation

an - fn = fn+1 - fn
or more simply Pf, = f,,,. Thus the discrete version of the diffusion
problem consists of the three conditions
(1) 2yer P ))fa(¥) = fasa(x), x€R-B, n20,
(i) fa(x) =1 forall n > 0, xe€ B,
(ii1) fo(x) = O for all xe R — B.

II
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It is a trivial matter to verify that this system of equations has a
unique solution. The function fy(x) is specified completely for all x
by (ii) and (iii). Substituting its values into (i) determines f,(x) on
R — B. But on B, fi(x) is given by (ii) so that f,(x) is uniquely
determined. And so on, by induction: once f, is determined every-
where, equation (i) determines f,,, on R — B, and then (ii) gives
fas10n B.

To avoid time consuming iteration, we shall simply write down the
solution, and then verify that (1), (ii), and (ii1) hold. Let fo(x) = 0
on R — B, fo(x) = 1 on B, and for n > 1 let

fa(x) = P,[Tg < n] for xe R — B,

=1 for xe B.

Conditions (ii) and (iii) hold trivially, and (i) follows from

PT<n+1]= Z P(x,y) + Z P(x,y)P,[T < n],

veB yeR~-B

forxeR - B,n > 1.
Therefore the random walk analogue of equation (1) should concern
the rate of convergence of the sequence

1 = fu(x) = B[T, > ]

to zero as n tends to infinity. We shall show that the correct analogue
of In ¢ in (1) is the reciprocal of

R’l = Po[T(o) > n] = Po[T > n].

In fact, simple random walk in the plane has the property that R, is
asymptotically =(ln n)~!, as will be shown later, in El.

T1 For aperiodic recurremt two-dimensional random walk, Ilet
B = {0}. Then

: Px[TB > ”]
Liul oy e

where gg(x,0) is defined and shown equal to a(x) in T14.3.

= gg(x,0) = a(x) for xin R — B

Proof: The proof of this theorem depends entirely on the following
lemma, which will be proved as soon as we have explained why it
implies the truth of T1.
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P1 For aperiodic recurrent two-dimensional random walk

R
lim — =1,
’l"°°Rn+1

We may write
P,[T > n] = i PT=Fk+1] = i 2. Qu(x,y)P(»,0),

k=n k=ny20

where, of course, @(x,y) is the transition function P(x,y) restricted to
R — {0}, and Q,(x,y) are its iterates, i.e.,

Qi(x,y) = Px, = y; T > k] for k > 1, Qq(x,y) = 8(x,y).
Letting

£53) = ga3) = 3 Qi)

one obtains

PAT>n=35 S Quedny)P(30) = 3 #(x) 3 Q.(tP(5:0)

k=20 y=0 yveo

Setting

1

vo(?) = R Z Q,‘(l,_)')P(y,O), teR - {0}'

n+lyao

one has
P[T >n R,.
4)) [ B ] _ B 2 > glxtyva(t),  x # 0.
n n tx0

To complete the proof of T1 it suffices to show that the right-hand
side in (1) tends to a(x) as n— o0. In view of P1 it will suffice to
prove
(2) lim Z &(x,)v,(2) = a(x), x # 0,

R ® te0
To reduce the problem still further, observe that (2) could easily be
deduced from

3) |‘l'im g(x,t) = a(x),
(4) va(t) = 0, Z v,(t) = 1,
(5) lim v,(f) = O for each ¢ # 0.

N-s X©
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But we know that (3) holds from T14.3. To establish (4) and (5) we
go back to the definition of v,(z) which implies

vmw=%nn=4

Introducing the reversed random walk with probability measure Py*[ ]
defined by P*(x,y) = P(y, x), one finds that

vn_y(t) = Ri P*[x, = ;T > n)
n

_P*x, = ;T >n] P*x,=1¢T>n]
B Po[T > n] B P,*[T > n]

Hence v,_,(f) is a conditional probability measure on R — {0}.
Summing on ¢ over R — {0} gives (4).
To prove (5) we have to show that for each ¢

Pox, =4, T > n] _

(6) lim = 0.

Sy Po[T > n]

Here we have dropped the ‘‘stars’ as we shall prove (6) for an arbitrary
aperiodic two-dimensional recurrent random walk. We can select
the integer m > 0 so that P,(2,0) = « > 0,

Pyx, =t; T > n)
Py[T > n]

Pjn < T <n+ m

Po[T > n]

P,(1,0) <

or
Po[x, = t; T > n] < 1R, — Ryim
P,[T > n] o R,
and the right-hand side goes to zero as n — o0 in view of P1.

Now the proof of T1 is complete, except for the proof of P1. But
P1 is equivalent to

lim -Ii‘ = 0,
n-—+ o n

and as F, < U, for n > 0 it will suffice to show that

) im 2 = 0

n~o R, ’

We shall make use of P7.6 to the effect that

) msé nzl
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for some constant 4 > 0. (This requires some care, as (8) is valid
only when condition (3) in P7.6 is satisfied. But since our random
walk is recurrent one can find three distinct non-zero points x, not
colinear, such that P(0,x) >0, and that suffices to satisfy condition
(3) in P7.6.) In addition, we only require the identity

n
%) Z U, =1, n 20,
k=0
which follows by summing on n in
n
Un = Z FkUu—k’ n2l,
k=1

which is nothing but P1.2. For each integer m < n we have

l=zUkRn-k
k=0
S(Uo+ U+ -+ U)Ry_p+ Upyr + -+ U,
or
1 1
R>l—(U,,,+1+---+U,,,+,‘)>I_A(m'+l+'”+m+k)
k= Uy + -+ Up = A A 4
l+ 5 +5 4+ =
1 2 m

for each choice of positive integers k and m. Letting m = [ck] (the
greatest integer in ck)

1 1 1
l—A(m+l+----v-m+k)~l—Aln(l+-c-)

as k— 0. Choosing ¢ > 0so that AIn (1 + 1/¢) < 1/2,

1

Rez 7%

for sufficiently large k.. Hence, using (8) for the second time,

Uy _2Ink
R, = &

when & is sufficiently large. This upper bound tends to zero, proving
(7), completing the proof of P1 and hence of T1.
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Theorem T1 was worded in a somewhat peculiar manner in order

to suggest that perhaps
. PTg>n

(1) .l.l-.ull’xo[[TB_>n]] = gg(x,0), xeR - B,
for every set B of cardinality 1 < |B| < . Unfortunately the step
up from |B| = 1to |B| > 1 causes considerable difficulty, so that we
refer to the recent (1963) literature [60] for the proof of the above
assertion. As an instructive way of countering the difficulty we offer
the following attempt at proving (1) for arbitrary finite sets B by
mathematical induction on the size |B| of B. It has been proved for
|B| = 1, so that we assume it proved for sets of cardinality p and
proceed to |B| = p + 1. When |B| = p + 1 we write B = B’ U 3,
where |B’| = p, and z is the new point. Then the following equation
is probabilistically obvious. Forxe R — B

Px[TB' > "] = Px[TB > "] + z Px[TB = k;TB' > n]
k=1
=P,[Tps>n]+ D P[T,y = k;xy, = z]P,[Ts > n — k]
k=1

We simplify the notation by writing

a, PfTy>n 12
) b, Po[T > n) + b, ,‘Zlckdn—k
where

a, = P[Ty > n), b, = Po[T > nl,
cn = x[TB = "; x’l'p = z]) d'l = PZ[TB' > n]'

According to the induction hypothesis we know that

3) lim 2 = gp(x,0), x€R — B
n-s© Yp
Also, using P1 together with the induction hypothesis,
4) }1_\.1; d’l',"‘ = gp(2,0), =2e€R-B, k20,

Therefore it seems reasonable to conjecture that

(5) lim
= gp(2,0)Hy(x,2) for x, ze R — B'.
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But if (5) holds, then substitution of (3), (4), and (5) into (2) shows that

lim g P‘o[glf’ : ,:;] £5(%,)

for all x in R — B. Observe that

(6) ge(%,y) - gB'(zvy)Hﬂ(x'z) = g5(%, ), yeR - B,

which is obtained by decomposing gz(x,y) into the sum of the
expected number of visits to y before hitting B, and those visits to y
occurring after the first visit to the point z in B. It is obvious how to
construct a formal proof, using P3.2. In view of T14.3 we can let
|¥| = o0 in (6). The result is

- gB’(zv w)HB(x’z)

:[TB > "] —
nlim PO[T > n] = gg(x,0), xeR B,
which completes the induction and therefore proves (1), assuming that
(5) is true.
Finally, we shall derive a sufficient condition for (5), and hence (1)
to hold. It is quite simply that

(7) fim R,

< 00.

(Before reducing (5) to (7) it should be pointed out that Kesten has
proved (7) for arbitrary recurrent random walk [60]. And in the two-
dimensional case even the limit in (7) exists and equals one. For
simple random walk this will be verified in E1 below.)

Now we shall assume (7) and for a fixed point x # 0 in R and some
integer M > 0, we consider the sum

InM) = g3 BT = Ry

Decomposing I(n,M,x) into a sum from k2 = M to k = [n/2] and
another one from [n/2] + 1 to n — M one gets

I(n,M,x) < R"R""” P.[M < T < [n/2]]

+l;—"P,[[n/2]+lsTSn—M]

< %’L" P[M<T]+ '—;ﬂ P,[[n/2] < T].
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Using T1 we get
I(n,M,x) < ka(x)R,,%‘é'fm

for some & > 0, and finally, using (7),
(8) lim lim I(n,M,x) = 0.

M-+® n-sco

Using (8) we can show that if, as before

by=Po[T>nl=R, ¢ =P[Ty=n;%x, =3]
then
1
9) lim o~ Z exbn_y = z ke
n—o Un gy k=1
This is clear bccausc, given any ¢ > 0, we can choose M such that
(10) lim F z Cbn_x S hm %P,[T, = kR, _,
a-o Oq 2y

= lim I(n,M,x — 2) < e.

n—-®

And as for the tails, P1 implies that

hm—z‘kbn -k = ZC,‘,

n-w by &
while
n l n l n
(ll) 2 Ckbn-x < b. & S b Z P,[T, = &]
’lk-n -M+1 Rkmn~-M+1 Rkan-M+1

= bl{P:-z[T >n—-M]-P_,[T > “]}

which tends to zero by T1.
But according to (4)

(12) lim fi— = gp(2,0) =

n-s o

where d, = P,[Tg > n], as before. Decomposing

(13) l 2 Cln-i = _ 2 xbn i
n k=] 'l k=1
1

M=

exldn_x — gbn-i],

Rkl
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it follows from (10), (11), and (12) that the last term in (13) tends to
zero as n tends to infinity. And from (9) and (12) we conclude that

lim 1 i Gl = ¢ i ¢
= k=1

N~ 0 bﬂk 1

= &s(2,) 2. P{Ts = ki Xy, = ]
= gB‘(zaw)HB(x:z)'
This is equation (5) so that we have established the sufficiency of condi-
tion (7) for (5) and hence for (1).
E1l For simple random walk in the plane

R,‘=P°[T>n]~l—t:—r;asn—>oo.

Proof:® We have

2
Usner =0, Un =4 (%))

and Stirling’s formula provides the estimate
1

U2,~;» n— oo,
Hence
U°+ U2+"'+U2n~%lnn, n— o0.

Using the identity
2n
> URppoy =1, nx0,
k=0
as in the proof of P1, one obtains
Ryn_aifUo + -+ Un) + Usksa + -+ Ugp 2 1.

Here we let k& depend on n, choosing

k= k(n)=n— [i%']

Then
U°+...+U2k~¥~!n("——k)

™

as n— o0, and
Usksa + -+ Uza~ 0

9 This proof is from [27].
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as n— o0. Hence, for each ¢ > 0,

(=K o >1-e

m™
for all large enough values of n, so that

lim 2"R > 1.
k4

On the other hand, e
1= 3 RUy 42 RUs + -+ Uy,
giving -
lim -l—-— R, < 1.

That completes the proof of El. The important thing for our
purpose is that

lim Ra _ fim 27 _
,.E.T,Rz,, newo Inn

Hence equation (7) holds and, in view of the discussion following the
proof of T1, various extensions of T1 are valid for simple random walk.
The next two examples are devoted to two of these. E2 concerns
equation (1) which in view of E1 may be written as

hmlﬂl‘r,['r,, > n] = go(x,0), xR — B.

n=—+ 00
E2 For simple random walk we shall use the above result to obtain a
novel version of the famous double point problem. Let A4, denote the
event that x,, X,, . . ., X,, the positions of the random walk at times 0, 1, . . .,
up to n, are all distinct. It is known that

2 <y=I1lim{P[4,}" <3

exists. As pointed out in section 10, it requires no great art to calculate
y quite accurately, but the difficulty of the problem is indicated by the fact
that it is not even known whether

4 P[An + l]
'}l_‘"l P[A,.] = '} m P[Anbl l An]
exists.?® Of course this limit has the same value as the preceding limit, if it
exists at all.
Imitating this problem, while avoiding some of its essential difficulties,
we define B, as the event that x,, ¢ {x,, ..., X,_;}. Thus B, is the event

10 See Kesten [S16] for the best results, including the existence of the limit
of P[An, 2] As], a8 n — 0.
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that the random walk at time n finds itself at a new point, i.e., one which
was not visited before. We shall show that

lim PB,., | B = 1/2
Proof:
Po[B.Ba.i]
Po[B,]
By reversing the random walk it is seen that
Py(B,] = P,[T > n] = R

l,[Bn+1 | Bn] =

and similarly, that
Py[B,B, 1] = 2 P(0,x)P,[T > n, T, > n),
where -
T=min[k|1<kx,=0], T,=min[k|]l <k x, =x]

Now it is quite clear, from the symmetry of the simple random walk, that
P.[T > n, T, > n] has the same value for each of the four points x where
P(0,x) > 0. But we prefer to spurn this opportunity to make an apparent
simplification, in order to prove the result for an arbitrary random walk in
the plane which is aperiodic, symmetric (P(x,y) = P(y,x)), has the property
that P(0,0) = 0 and finally is such that T1 holds for sets of cardinality two.
(This is always true but we have proved it only for simple random walk.)
For each fixed x # 0 we let B = {0,x}. Then

PT > n; T, > n] = Po[T > n; T, > n]
S POY)P[Ts > n —1].

VER-B

Hence

lim BT > 7T > ) 5, PO.p)esl3.0)-

now R, veb
Since |B| = 2 and the random walk is symmetric,
W(t) = p*(t) = Ho(ooit) = 12,  teB
(see E14.1), and using T14.3,
g5(y,0) = 34(3.0) + 14(y.%) — 7 ( 3 = 3[a(y) + a(y — x) — a(x)].
Hence we conclude from P13.3 that
Z P(0,y)gs(y,0) = z P(0,y)gs(y,0)
véR-B ver
= 4{a(0) + 1 + a(x) — a(x)] = 1/2.
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That gives
: Po[Bann] = 1
im =R, ~2
which is the desired result, since R, = Py[B,].
E3 Let
n
Nn = 2 8(0,!;‘)
K=1

denote the number of visits of the random walk to the origin in time n. We
propose to show, for every recurrent aperiodic random walk in the plane
which satisfies equation (7) in the discussion following T1, that

1imm;a_=_1]=1

n~-® n

for all x in R and for every integer m > 1. When m = 1, observe that

PR =1 _ 1 5 pro kg,

Rn n k=1

Hence the desired result was proved in the course of deriving (8) and (9)
from condition (7) in the discussion following the proof of T1. Nor is it
difficult to extend the argument to the case m > 1. One has

PN, =m] = kZIP:[T = K]Po[N,_, = m — 1],
which leads to a simple proof by induction; for if

=P0[Nn=m_1]_>l

f -
as n— o0, then we truncate
P,[N, = m] ) Bt
=== P,[T = kR, . fa-
e A

l n
+ R 2 P:[T = k]Rn—k.fn—k'
n k=n-M+1
In view of (11) the last term tends to O for each fixed M > 0. If M is
chosen so that | f, — 1| < e when k > M, then we get

Tim P:[N;z= m] _

n-o n

1{ < e

which completes the proof since e is arbitrary.
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Problems

1. For an entirely arbitrary random walk (recurrent or transient) prove
that

M ,(x,x) = M 4(3,9),
if the set A consists of the two distinct points x and y.
2. For transient random walk show that

L(xy) = G(xy) — %ﬁg?»}')

3. In this and the next two problems we develop the theory of recurrent
aperiodic symmetric random walk in the plane by following a different route
from that in sections 11, 12, and 13. The proof of P12.1 is taken as the

basis of further developments. It yields

— cos x*0

a(x) = (2m)-? f T 40
Now use the monotone convergence theorem (this is not possible if the
random walk is unsymmetric!) to conclude that for every x € R

3. P(xt)alt) = (2m)? f L)c(";)‘“’ d = a(x) + 8(x,0).

4. Prove that the operator 4 = A(x,y), restricted to a finite set B,
|B| > 1, has one simple positive eigenvalue, that its other eigenvalues are
negative, and that its inverse K has the property

K(-) = Z ZK(x»y)aéO
1€B yeB

Hint: Following the author [93], who imitated Kac [50], suppose that A,
and A, are two distinct positive eigenvalues of 4, with eigenfunctions u,(x)
and uy(x), x € B. Since 4 is symmetric, ¥, and u, may be taken real and
such that (uy,u;) = (ug,u3) = 1, (uy,u5) = 0. Here (f,g) = Z.e5 f(x)g(x).
One may choose real constants «,, «;, not both zero, such that v(x) =
o, U, (x) + aguy(x) satisfies > ,.p v(x) = 0. Now show by direct computation
that

(v Av) = all\l + a§/\3 > 0.

On the other hand, using the definition of a(x) = A(x,0) in problem 3,
show that

(v,Av) = —(Zn)"f > v(x)etr?
2€B
with equality if and only if v(x) = 0 on B.

"1 - $(6)-1db < 0
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5. According to P13.2 the hitting probability function Hpg(x,y) is
uniquely determined by its properties

(a) > P(x,t)Hg(t,y) — Hg(x,y) =0, xeR-B
teR

(b) Hg(x,y) = 8(x,y), xeB

(c) |Hg(x,y) | £ M for some M < oo.

Show that the function

Kg(-y) Kg(t-)Ks("y)
3 *+ 5 A0 K - S

has these three properties. This may be done by using only the results of
problems 3, 4 and of P12.2 and P13.2. Thus T11.1 may be proved for
symmetric random walk without the manipulations in P11.1 through
P11.8.

6. How must the conclusion of P12.3 be modified if one drops the
‘““isotropy’’ assumption (c) to the effect that Q(8) = o?|6|*?

7. Verify the properties of capacity, stated without proof at the end of
section 14,

8. Let x,, x5, ..., x, denote n fixed distinct points of the plane R, and
let B denote the set B = {x,, x5, ..., x,,y}. For two-dimensional aperiodic
recurrent symmetric random walk prove that

lim Hg(co,y) = 1/2.
Iyl -

9. Simple random walk in the plane. The random walk, starting at
x, = x # 0 must visit either one, two, three, or all four of the four neigh-
bors 7, —i, 1, —1 of the origin before its first visit to 0. Calling N the
exact number of neighbors visited, calculate

po= lim P[N=1n], n=1234

|z}~
(It seems amusing that the ratios p,:p,:ps:p, are very close to, but not
quite, 4:3:2:1.)

10. Does there exist a triangle, whose vertices are lattice points x,, X,, X3
in the plane such that for simple random walk

H, 2y 20(00,%) = 1/3, for £ = 1,2,3?
11. Explain why it would have been disconcerting, at the end of section
15, to obtain any answer other than 2a/m.
Hint: The probability p(2) of absorption on the real axis satisfies
(P — Ip(z) = 0 when Re(2) > 0, Im (2) > 0,

with boundary values p(k) = 1 for k> 1, p(tk) = O for £ > 1. Hence
the continuous analogue of p is a function which is bounded and harmonic
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in the first quadrant, with boundary values 1 and 0 on the positive real and
imaginary axes, respectively. (The solution is the actual hitting proba-
bility of the positive real axis for two-dimensional Brownian motion—see
Itd and McKean [47], Ch. VII, or Lévy [72], Ch. VIL.)

12. For simple random walk in the plane let A, denote the event that
x,# X for k=0, 1, ..., n—1, i.e., that a new point is visited at time ».
The point x, + (x, — x,,_,) is the point which the random walk would
visit at time n + 1 if it continued in the same direction as that from x,_,
to x,. If B, is the event that x, + (x, — x,_,) # X, fork=0,1,...,n,
show that
4:

mw

lim Po[B, | 4,] = 2 —

13. For simple random walk in the plane, let T denote the time of the
first double point (the time of the first visit of x, to a point which was
occupied for some n > 0). Let

f(x) = Po[xy = 5],  h(x) = P[T; < T],
where T = min [k | 2 > 0, x, = x], and prove that

h(x) -% h(y)P(y,%) = 8(x,0) — f(x), x€R,
h(x) = 2 a(x — y)f(y) — a(x), x€R,

VER

and finally observe that

Eola(x1)] = 1, Eo[|x1|?] = Eo[TIE[[x,|?].

14. Generalize the results of problem 13 to arbitrary aperiodic recurrent
random walk in the plane with Eo[|x,2|] < o0, and simultaneously to the
following class of stopping times: T must have the property that, with
probability one, the random walk visits each point at most once before time
T. Note that the generality of this result is precisely the reason why one
cannot expect to use problem 13 to obtain the numerical value of Ey[T] for
simple random walk.

15. Simple random walk in the plane. Let A be a finite subset of R, and
94 the set of those points which lie in R — 4 but have one or more of
their four neighbors in A. If a function ¢ is given on 94, then the interior
Dirichlet problem consists in finding a function f on AU @4 such that
f = ¢ on 04 and Pf(x) = f(x) for all x€ A. Show that this problem has
a unique solution, namely

f(x) = E[p(xy)], x€AU 04,

where T = min [k | k > 0, x,, € 94]. Does this result remain valid when
|A| = oo? Can it be generalized to arbitrary aperiodic random walk (by
defining 04 as R — A)?



Chapter IV

RANDOM WALK ON A HALF-LINE®

17. THE HITTING PROBABILITY OF THE RIGHT HALF-LINE

For one-dimensional random walk there is an extensive theory
concerning a very special class of infinite sets. These sets are half-
lines, i.e., semi-infinite intervals of the form a < x < @ or ~0 <
x < a, where a is a point (integer) in R. When B C R is such a set
it goes without saying that one can define the functions

Qn(x'y)’ Ha(x»}’)» gB(x’y)' x’y in R,

just as in section 10, Chapter III. Of course the identities dis-
covered there remain valid—their proof having required no assump-
tions whatever concerning the dimension of R, the periodicity or
recurrence of the random walk, or the cardinality of the set B.

In this chapter, then, the random walk will be assumed to be
genuinely one dimensional, i.e., according to D7.1 the zero-dimensional
random walk with P(0,0) = 1 is excluded but no other assumptions

1 A large literature is devoted to the results of this chapter, usually dealing
with the more general situation of arbitrary, i.e., not integer valued, sums of
random variables. In 1930 Pollaczek [82] solved a difficult problem in the
theory of queues (mass service systems) which was only much later recognized
to be a special case of the one-sided absorption problem (in section 17) and of
the problem of finding the maximum of successive partial sums (in section 19).
The basic theorems in this chapter were first proved by elementary combina-
torial methods devised in [91] and [92]. For the sake of a brief unified
treatment we shall instead employ the same Fourier analytical approach as
Baxter in [2] and Kemperman in [57]. Kemperman'’s book contains a bibliog-
raphy of important theoretical papers up to 1960. The vast applied literature
is less accessible since identical probability problems often arise in the context
of queueing, inventory or storage problems, particle counters, traffic congestion,
and even in actuarial science.

174
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are made concerning periodicity, which plays a very secondary role;
only occasionally in results like P18.8, P19.4 which involve application
of the renewal theorem will it be essential that the random walk be
aperiodic. Similarly, the recurrence of the random walk will not be
so important here as in Chapter III. When B C R is a finite set it is
clear that

(1) > Hyxy)=1  x€R,

veB

at least in the aperiodic case, if and only if the random walk is re-
current. But when B is a half-line it will turn out that the criterion
for whether (1) holds or not is quite a different one. Let B be a
right half-line, i.e., B = [x|a < ¥ < ], and consider Bernoulli
random walk with P(0,1) = p, P(0,—1) =¢=1—p. Whenp =¢
the random walk is recurrent so that (1) holds since every point is then
visited with probability one, and therefore also every subset B of R.
When p > ¢ the random walk is transient, but (1) is still true since
every point to the right of the starting point is visited with probability
one. Hence (1) can hold for transient as well as recurrent random
walk. For a case when (1) fails one has of course to resort to a
transient random walk, and indeed Bernoulli random walk with p < ¢
provides an example. These examples indicate that it is not quite
trivial to determine when (1) holds. We shall see, and this is not
surprising, that (1) is equivalent to the statement that the random
walk visits the half-line B infinitely often with probability one,
regardless of the starting point, and an extremely simple necessary
and sufficient condition for (1) to hold will be given in Theorem T1
of this section.

The object of our study is to gain as much information as possible
about the hitting probabilities Hpy(x,y) and the Green function
£2s(x,y) of a half-line. To start with the hitting probabilities, one
might approach the problem by trying to solve the exterior Dirichlet
problem

(2) D P(xt)Hg(t,y) — Hy(x,y) =0 if xeR — B, y€B

teR

together with the boundary condition
Hg(x,y) = &x,y) when x€ B and y € B.

These equations are obviously correct in view of P10.1, part (a).
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Another possibility would be to utilize part (c) of the same proposition,
namely

() Hyxy) = : RZB gs(x)P(t,y), xeR- B, yeB.

The methods we will actually use will be based on an identity very
much like (3). In the process we shall require simple but quite
powerful methods of Fourier analysis, or alternatively of complex
variable theory. To avoid convergence difficulties, which one might
encounter if one tried to form Fourier series like

2, 8s(x,y)e?

veR
(a series which need not converge, as later developments will show)
one is tempted to introduce generating functions. In other words,

ga(5y) = 3 @ulx7)

n=0
is replaced by the series

.

D 1'Qu(x,y),

n=0
with 0 < ¢ < 1. It will be unnecessary to give this series a name,
however, since far more drastic changes in notation are both con-
venient, and in accord with tradition in this particular subject. We
shall, in short, switch back to the notation and terminology in D3.1,
describing the random walk x, with x, = 0, as
x=X,+---+X,=8,

the X; being independent identically distributed integer valued
random variables with P[X; = x] = P(0,x). Thus we shall arrange
matters so that x, = 0 as a general rule, and exceptions from this

general rule will be carefully noted. The principal new definition
we need for now is

D1 T=min[n|1 <n< o;S, > 0],
T =min[rn|1 <7< o;S, 20)]

Thus T is the first time that the random walk x, is in the set B =
[1,00). It is infinite if there is no first time. In the notation of
Chapter III,

PIT < ] = 5 Hy(0),
P[S; = y; T < ] = Hg(0,y) for y > 0 if B = [1,00).
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Similarly
P[T' < 0] = Z T5(0,y),

y=0

P[S; =y, T < o] = [l5(0,y) for y > 0 if B’ = [0,00).

The real work of this chapter now begins with a lemma which
imitates and extends equation (3) above.

-1 ©

Pl E[ z t"e“’sk] = Z t“E[e'®S«; T > k]

K=0 k=0
= [1 - (8)]-}{1 — E[f"er]}

Jor 0 <t <1, and —0 < 0 < 0. The same result holds with T

replaced throughout by T'.

Remark (a): When T = oo, tT = 0, so that it is not necessary to
define ¢St when T = o0.

Remark (b): We notice that P1 extends (3) as follows.

© © 0
Z tE[e!%S«; T > k] = Z tk Z @,(0, y)e'?v
k=0 k=0

y=—®

is a Fourier series, its Fourier coefficients being

@

Z tQ,(0,y) when y < 0, 0 when y > 0.

k=0

Now we write P1 in the form
[1 - t4(6)] D t*E[e'*S<; T > k] = 1 — E[Te%1].
K=0

Each side is a Fourier series, and we may equate Fourier coefficients.
On the left-hand side one uses the convolution theorem (P6.3),
keeping in mind that ¢(8) is the Fourier series of P(0,x). Fory > 0
(and this is the most interesting case) one gets

© 0 O
- Z e+l Z Q.(0,x)P(x,y) = — z t*P[T = k;S; =y], y>0.

k=0 I=—-® k=1
Changing signs, and letting ¢ 7 1 (i.e., t approaches one from below),

i i Qu(0,x)P(x,y) = P[Sy =], y>0.

k=0 1=-w
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But if B = [1,00) this is nothing but
0
2 £s(0,)P(x,y) = Hy(0,y),

Z= -
which we recognize as equation (3).

Proof of P1: Although the foregoing considerations can obviously
be made to yield a proof of P1, we proceed more quickly as follows.2

The first identity in P1 is just a matter of definition:

E[e®; T > k] = E[¢!*5%A,]
where A, is a random variable which is one or zero according as
T >korT < k. So we go on to the important part of P1, writing

T-1 © o
E Z the'fS. — E z t*e'%8. _ E Z %168,
0 0 T
There are no convergence difficulties, since |f| < 1. Now

E D e = [1 — 14(6)] Y,
0
while
E Z 146108, = z E[f™+*e'% 1+ ] = z t¥E[tTe'051¢!% 1+ « =517,
K=T k=0 k=0
But S;,, — S;is independent of T and S;—here is a typical applica-
tion of P3.1(b) in section 3. One obtains

E'S the = [1 - (0] — 5 #g(OE[Teo™]
= [1 — t(8)]~}{1 — E[£"e"x]).

That concludes the proof of the first part, and the argument for T’
is omitted, being exactly the same. In fact, it is interesting to observe
that no use at all was made of the definition of T, other than its
property of being a stopping time.

Our observation that P1 is valid for any stopping time T should
have a sobering influence indeed. As we have so far used none of the
properties of our special stopping time T it would appear that we are
still far from our goal—which is to calculate E[t"e'*r], and similar
characteristic functions, as explicitly as possible. Indeed P1 is of no
help at all for arbitrary stopping times and whatever success we shall
have will depend on the special nature of T and T’ as hitting times of
a half-line.

2 For an even shorter proof of P1 and of P4 below in the spirit of Fourier
analysis, see Dym and McKean [S7; pp. 184-187].
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The results from classical analysis that we now introduce will be
helpful in working with the very special type of Fourier series, which
we have already encountered—namely Fourier series of the form

@

0
z a,e’*® or z a,e'*®.
k=0 k= - o
D2 If a Fourter series y(0) = 37, _ . c,e'™*® is absolutely con-
vergent, i.e., if 5%, _ o lc| < o0, it will be called exterior if in addition
¢ =0 for k > 0, and interior if ¢, = 0 for k < 0. If a complex
valued function f(z) is analytic in the open disc |3| < 1 and continuous
on the closure |z| < 1, it is called an inner function. If f(z) is analytic
in |z| > 1 and continuous and bounded on |z| 2> 1, then f(z) is called an
outer function. The symbols ,, f, will be used to denote interior Fourier
series and inner functions, while |, f, will denote exterior Fourier series
and outer functions.

P2 Given an interior Fourier series i,(0), there is a unique inner
function f(2) such that f(e'®) = ,(0) for real 6. Similarly J,(0) can
be extended uniquely to f (z).

Proof: The extension of

@

Yi(B) = > cpe®
. k=0
18

fi(2) = Z 3%, (2] =1,
K=o

which is an inner function. Uniqueness follows from the fact that
an analytic function in |2| < 1 is determined by its boundary values.®
The proof for ¢, and f, is the same, with [z| > 1 replacing |3| < 1.

P3 Given a pair f, and f, such that
fi(2) = f(z) when |z] = 1,

one can conclude that there is a constant c such that
fig)=cfor jz| <1, f(2)=cfor |z| 2 1.
Proof: Define g(z) as f,(z) when |z]| < 1, as f,(z) when |z| > 1,
and as the common value of f; and f, when |2| = 1. Then g is
analytic everywhere except possibly on the unit circle. However

3 If there were two functions, their difference would have a maximum
somewhere in |2| < 1. This contradicts the maximum modulus principle.
If necessary, consult [1] on this point and concerning the theorems of Morera
and Liouville which are used below.
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£ is continuous everywhere and also bounded. The continuity of g
suffices to apply Morera’s theorem: one integrates g around a point 3,
with |z, = 1 and verifies that the integral is zero. Morera’s theorem
then guarantees that g is analytic at z,. Since 3z, is arbitrary, g is
analytic everywhere. But such a function, if in addition bounded,
reduces to a constant by Liouville’s theorem. Thus g(z) = ¢ which
implies P3.

A pair of useful inner and outer functions are f; and f, defined by

k
SEES 8 >0

D3 flt:z) = e~
fltia) = e}
of) = e}
Their crucial importance in our work is due to
P4 Whenz = €% 0real,0 st < 1
1 — 1§(8) = ) (t:3)f(2;2).

Proof: First observe that f(¢;2) as given in D3 is really an inner
function of z for 0 < ¢t < 1. One has the estimate

1
1 -1

when 3| < 1 so that |f(¢;2)| < 1 — ¢ for |3 < 1, and similarly
|fe(2:2)| = 1 — tfor |z| > 1. Analyticity is also obvious since

aotk mtk
3 FES > 0)) s SRS > 0 s n

ifE[z’k;Sk > 0] = i P i fP[S,‘ = n],
Tk sk

and so is the fact that f; and f, satisfy the appropriate continuity and
boundedness conditions.
To check P4, note that in view of |t$(0)] < 1,

-] lk
T %)
1 —tp@)=e 2%,

@© tk X @© lk 08
> 5 8%6) = > 7 Ele™]
k=1l k=1
®© ok
= 5 Ele"™;S, > 0]

=
L]
-

2t &t
+ 2 FE™;8, < 0] + > £ P[S, = 0].

k=1 K=1
That gives the desired factorization of 1 — t¢.
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Now we are ready for the first results of probabilistic interest.

P5 (a) 1 - E[f'a] = f(t;2),
(b) 1 - E[" ] = (0 (t:2),
© 3RG> K = Foke]
(d) i t“E[2%; T > k] = [f.(t;2)] "

Here 0 < t < 1, |3| < 1in (a) and (b), while |z| = 1 in (c) and (d).

Proof: To obtain parts (a) and (c) (the proofs of (b) and (d) are
quite similar and will be omitted) we let

ge(z) = D tE[#*; T > k),

k=0

h(z) = 1 — E[f"z%).

One easily verifies that g,(z) is an outer function, according to D2,
and A,(2) an inner function. An easy way to do this, say in the case
of g.(z), is to look at

@© 0 @©
8¢9 = > PE[™T > K = D> &> #P[S, = 3; T > 4]
k=0 y= - k=0

which clearly is an exterior Fourier series. In view of P2, g,(2) is an
exterior function.
Now we can write P1 in the form

£(¢) = [1 — t§(6)] ~thy(e*),
and in view of P4
c(0)fi(t;3)fe(t52)8e(2) = hy(2)

when |z| = 1. Since f,, f,, and ¢(t) are never zero (they are
exponentials!),

8e(2)fe(;3) = w;l_}(i(zt)?'j, jzi = 1.

By P3 there is a constant k (it may depend on ¢ but not on 2) such that
ge(3)f(t;z) = k for [z] 2 1
h(2) = ke(t)f(t;2) for |2| < 1.
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To determine this constant let 2 — 0 in the last identity (this is one of
several easy ways of doing it). Clearly

lin()) hy(z) = lin'; fi(t;2) =1,
so that 2 = [¢(t)]". Hence
h(3) = fi(t:3),
which is part (a) of P5 and
84(3) = [c(0)fe(2;3)])7?
which is part (c).

E1l For one-dimensional symmetric random walk, certain simplifications
of the formulas in D3, P4, and P5 are worth examining in detail. From
P(x,y) = P(y,x) it follows that P[S, = k] = P[S, = —&], or

E[¢*%;S, > 0] = E[e~*%;S, < 0].
In other words,
(1) fit;3) = f(t;3) for 0 <t <1 and |3 = 1.
P4 then gives
@) 1 — 1§(60) = (t) | filtse)],
and by PS (a) this becomes
3) 1 — 14(6) = o(t) | 1 — E[rTesr]]2.

Equations (2) and (3) constitute a very interesting form of a classical
theorem in Fourier analysis. In its first and simplest form it is due to
Fejér [30], 1915, and concerns the representation of non-negative trigono-
metric polynomials. It states that if

W0) = ao + 2 5 [ay cos k8 + b, sin k6]
k=1
is non-negative for all real values of 6, then there exists a polynomial of

degree n

f(z) = kzosz* )
such that
4) W(0) = | f(e*)|? for all real 6.

Equation (3) of course constitutes a generalization of (4) in the sense
that 1 ~ t¢(0) may be an infinite trigonometric series rather than a trig-
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onometric polynomial. But we get an actual example of (4) by con-
sidering a random walk such that P(0,x) = 0 when |x| > nand P(0,n) > 0.
Then

1~ t4(6) = 1 — tP(0,0) — 2t S P(0.k) cos &6,

and since ¢(0) is real and [¢(8)] < 1
1 — t4(6) = o)
is a non-negative trigonometric polynomial of degree n. Setting
f(3) = V(1) {1 — E[t"3%1]},
equation (3) shows that
1 — t4(6) = (0) = | f(2)|> when z = €,

and we have an example of the Fejér representation in equation (4) if we
can demonstrate that f(2) is a polynomial of degree n in 2. But this is
obvious since

o

1) = 5 ot
with
¢ = V) 8(k0) — VD) 5 P[T = j; S = Al#,
=l

and ¢, = 0 for kK > n since P(0,x) = 0 for k > n, which implies that
PT=/;,S; =k <P[Sy =k] =0 for k > n.

Let us apply this result to the determination of E[tT] for simple random
walk! It is probabilistically obvious that Sy = 1. Thus

W(0) =1 —t4(8) =1 — tcosb,
while
f(2) = V() {1 — 2E[t"]}.

Now we shall solve the equation

1 —tcosb=¢ct)|1 — eE[tT]|?, —o0 <8< o0
for ¢(t) and E[t"]. Expanding the right-hand side,

[e(®))*(1 — tcos 8) =1 — 2cos 0 E[tT] + {E[t"]}?,
and since @ is arbitrary,

tle(t)] " = 2E[¢7],
[e(0))* =1 + {E[¢"]}~
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There is only one solution if one requires that 0 < E[tT) < 1 when 0 <
t <1, and itis

E[{’] = l-—tl.-‘_a,
ot) = 1+vi-¢ "21“"

For arbitrary symmetric random walk one must of course be satisfied with
somewhat less. Taking0 <t <1land0 < 2z =7r < 1, P5gives

VAD[1 — E[fT51]] = e, 2, F{iro -0 mthis, >0}

€ prpiBxl
= e-lkzlfs{' l.

where we have used the symmetry property in concluding that
4P[S, = 0] + E[r*;S, > 0] = E[r'*'].

One can write

z %E['IS,I] = i z“ rint

x

S RIS, = 1.

k=l - - 'T3
The sequence r'*! has the Fourier series
< 1—r3
Inltno s
Zrc‘ 1+ 93— 2rcosé Osr<l,

and the sequence
= ; 7 PIS: = n]

has the Fourier series

D af®=—In[l—f)), Os<t<l

e — ®

As both sequences are absolutely convergent one can apply Parseval’s
formula (P6.2) and conclude

L] in 1 = 1—-1r2
DR I ey LIS O L

Putting the pieces together, it is clear that we have
(5)  Ve(®){1 — E[/*r*1]}

1 1-v3
= euﬂu T+1a-arooee 10 (1 —18(O) “, 0< tr < 1.
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Finally, setting r = 0 in (5) gives
(6) ot) = emflmu-temmas 0 < g <,

One can of course go further on the basis of (5) and (6). To indicate
the possibilities we shall let r tend to one in equation (5). The Poisson
kernel

1 1-p
2n T+ 72— Zreos b

has the important property (cf. [1] or [105]) that
lim f " K(r,00(0) d0 = y(0)
v -3

if the function y(6) is continuous at § = 0. And of course
lim E[t™r%1] = E[t7],
1

K(r.0) =

(regardless of whether T < oo with probability one or not). Thus it
follows from equation (5) that

7 Ve){1 —Ef"}=v1i—-t, 0s<t<l

But now (7) will yield the answer to the question whether or not T < o
with probability one. P[T < oc] = 1 if and only if

S P[T = k] = lim E(T] = 1.

According to D3

o
im ct) = -3 £P%=0),
(72}

and this limit is strictly positive by P7.6 which tells us that for some 4 > 0
SiPS =043 k<
1 1

Therefore equation (7) gives

lim {1 — E[tT]} = P[T = 0] = 0,

71
so that T < oo with probability one for every symmetric random walk on the
line (provided, of course, that P(0,0) < 1).

E2 There is another type of random walk for which very explicit
results may be obtained,* defined in D2.3 as left-continuous random walk.

+ A far more complete discussion of special classes of random walk which
permit explicit calculation is given by Kemperman [57], section 20.
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It is characterized by the property of the transition function P(x,y) that
P(0,x) = 0 when x < -1, P(0,-1) > 0.

It will be useful to introduce two analytic functions, to wit

Pa)= 5 PO —1)2 |s|s1,

ne(0

fi(3) = 3 — tP(a), 3] s 1, 0st< 1.
In terms of P(z) and f(2) one obtains
(1) 1 — t(6) = e~*[e" — tP(e?)] = e~* f, (),

where $(0) is the characteristic function of the random walk.

Everything that follows depends on the property of f(z) that for each t,
0 < t < 1, st has exactly one simple zero in the disc |z} < 1. This zero,
denoted by r = r(t), is on the positive real axis. This statement is relatively
easy to verify. First we look for a zero r satisfying 0 < r < 1. This
means that » = 0 when ¢t = 0, and

T =P0)= PO~1)+ 3 POk - 1,

when 0 < t < 1. Thus we are looking for a point of intersection between
the straight line r/t and the graph of P(r), plotted against . That there is
such a point with 0 < r = r(t) < 1 is clear from the intermediate value
theorem: at r = 0 the straight line is below P(r) since P(0,—1) > 0, and
at r = 1 the straight line is above, since t-! > P(1) = 1. To prove
that this is the only zero in the unit disk, and that it is simple, we use
Rouché’s theorem (cf. [1]). This useful lemma from the theory of analytic
functions will yield the desired conclusion if we can exhibit a function
£(3), analytic in ]3| < 1 and with exactly one simple zero there, such that

[f(3) +&(®) | < |g(s) ]|

on every sufficiently large circle with center at the origin and radius less
than one. (The content of Rouché’s theorem is that the validity of the
above inequality on a simple closed curve implies that f(z) and g(z) have
the same number of zeros inside this curve.) A very simple choice for g(3)
works, namely g(3) = —3, for then the inequality reduces to

t| P@)| < |al.
This is true for 0 S ¢t < 1 and t < |3} < 1, since
t|P(s)|st 3 POn—1)|z* s tPO,—1)+ |z|[1 = P(0,—1))
n=0

< |3| when t < 3| < 1.
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In terms of the function r(¢) our main results concerning left continuous
random walk are

2) ft;z) =1 — '(70. 3] =21, 0st<1,
3) «)f(t;3) = “z‘_‘z(t‘;) lsj<1, 0<st<]l,
*) a(t) = ER1)

The proof parallels very closely that of PS. Equation (1) may be
expressed as

5) 1 — 19(6) = w(t:e)m,(t:e%),
where
u(t;z) = zk—__ti’((tz;), u(tiz) =1 — '(—;)-

It is quite easy to verify that %, and u, are inner and outer functions accord-
ing to the definition D2. The singularity of u(¢;3) at the point z = r(t) is
only an apparent (removable) one since this point is a zero of the numerator
z — tP(z). Now one uses P4 to go from equation (5) to

() fi(t;3)fe(t:3) = u(t;3)uq(t;3), 3| = 1.
Just as in the proof of P5 one has to divide by »; and by f,. This is possible
since u; # 0 in |z| < 1, r(t) being a simple zero. One gets a pair of
functions

_ dt)filt:3)
W& == s h
“c(t ;z)
@) =Faay 2D

with the desired properties: &, is an inner function, A, an outer function,
and h(z) = hy(3) on |z| = 1. By P3 both functions are constant, and
have the same value k. To determine &, let |3] - c0. One finds

lim u,(t;3) = lim f(t;3) =1,
lg] - 3]~

so that 2 = 1. Therefore
u(t;3) = fo(t;i3), |3l 21,

which gives equation (2), and similarly (3) comes from the fact that A is
one in |3 < 1. Finally equation (4) is obtained by letting $— 0 in
equation (3).
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Now it is time to investigate the stopping time T, in the hope of estab-
lishing the highly reasonable result that P[T < o] = 1 if and only if
@ = 0, where p is the mean of the random walk (D6.4). Using P5 and
equations (3) and (4),

T _r(t) =z —tP(3)
() 1 - E[t7s*r] = tP0,—1) z — r(t)

Letting 3 ~ 1 (along the real axis)

) 1-t
@ =B =, - T =7

Thus the question of whether T < oo with probability one hinges upon the
behavior of r(t) as t # 1. But r(t) is defined as the root of the equation
rft = P(r). It is clear from this definition of r(¢) that it is a monotone
increasing function of ¢. To get more information we consider three
separate cases, (i) and (iii) being illustrated in the graph below.

Case (i): w= kil kP(0k) = P/(1) = 1 > 0.

Graph of P(r)

1) LT S — PlI)=1

P(0,-1)

P(O,~1)

|
7
|
1

r(l) =</

Case (/) Case (/ii)

In this case

lim r(t) = p < 1,
tr1

so that by equation (7)
lim{l — E[t"]} = P[T = 0] = 0.
t1
Case (ii): p=0.
Now
im r(t) =1,
tx1
but, using the definition of r(t)

A-t 1= PH®] _, _ nt) 1- PQ)]
-t 1— 1) Pir()] 1 - 1(2)
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Hence (7) gives

r 1 — P(r)

hm {1 — E[t"]} = P(O 0 [1 r'ﬂ ) T=r

and
r 1-Pr) . 1-Pr)
im 55y T=r = Im 5=,

so that again

=P()=p+1=1,

P[T =] =
Case (iii): p<0.

Again r(t) tends to one as ¢t _» 1 and one can follow the argument in case (ii)
to obtain

1 .1 — P(r)
PO 1) ["‘.‘:ﬂ‘ T—r ]=P(0.—1)'

lim {1 — E[t7]) = P[T = o] =

In Case (iii) it is also of interest to compute P[T’ = o©]. Because the
random walk is left continuous,

P[T' = ] =

F being the probability of a return to 0 (D1.4). One gets, using P5 and
equation (4)

1 - F=lim ¢(t)P[T = 0] = —
t”1
Observe that this is equivalent to saying that G = (—pu) ™%, a result which
was obtained by entirely different methods in E3.1 of Chapter 1.

The general question of when the hitting time T of the right half-
line is finite is answered by

T1 The following four statements are equivalent for genuinely one-
dimensional random walk.

(a) P[T < ] =1, (b) P[T < 0] =
© iép[s,,>01=oo, ) E%P[Sk20]=oo

so that either (c) or (d) serves as a necessary and sufficient condition for
T and T’ to be finite. In the particular case when the first absolute
moment m = 3 |x|P(0,x) exists, (a) through (d) hold sf and only if

p =D xP(0,x) 2 0.
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Proof: Setting z = 1 in the first two statements of P5, one has
1 - E[f] = e § ¥7%>0,
1 — E[f"] = e § ¥ 7%=,

This shows that (a) is equivalent to (c) and (b) to (d). But (c) and
(d) will be equivalent if we can show that the series > &~ !'P[S, = 0]
converges. This follows from the estimate in P7.6 in Chapter II,
but we also offer the following direct proof. From (b) in PS5, setting
z=0,
1 —E[t™;Sy =0] =e- g E P8, =0)
If the series 3 k~'P[S, = 0] were divergent, we could conclude that
P[T' < 0;8;. =0] =1,

but this implies that P[X, > 0] = 3~.,P(0,x) = 0. By applying
the same argument to the reversed random walk it follows that also
P[X, < 0] = 0 so that P(0,0) = 1. But this is a degenerate case
which we have excluded so that 37_, 2~ !'P[S, = 0] converges and (a)
through (d) are equivalent.

For the last part of the theorem we use results from Chapter I.
If p > 0, then lim,_., n"'S, = p > 0 with probability one (this is
P3.4), so that T < co. When p = 0, the random walk is recurrent
by P2.8 so that every point is visited, and a fortiori every half-line.
Finally let u < 0. Then it is a consequence of the strong law of
large numbers that lim,., S, = —c. Now suppose that we had
T < oo with probability one. Then, for reasons which must be
evident, P[T; < o] = 1 for every half-line B = [x| b < x < ©].
It follows that Iim,., S, = + 00, and this contradiction completes
the proof of T1.

18. RANDOM WALK WITH FINITE MEAN

For the purpose of this section only, let it be assumed that the
random walk has finite first absolute moment

m = i |x|P(0,x) < co.

= ~
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In the event that u > 0, it follows from T17.1 of the last section that
the hitting time T of the right half-line [1,00) is a random variable,
in other words, that T < oo with probability one. In this case the
expectation of T and also of S; is of interest—in fact of far greater
interest for the theory in the next three chapters than one might guess
at this point. We begin with

Pl Ifp = 0 then E[T] = co, and if p > 0, then

E[T] = ¢ P59 < oo,
Proof:

-3 . @ . 1 _ E[t‘l‘]
E[T) = > kP[T = k] = lim t*P[T > k] = lim ————
[ ] kzl [ ] ti'l kZo [ ] tr1 1 -1t
as is verified by straightforward calculation. This limit may be
finite or infinite. From part (a) of P17.5

1 — E[fT) = - § 5750,
so that
1 — E[f)

°°lk
ele P(S, <0)
1 -1t

and
E[T] = lim e §PB.<0) - eii"lsxsm < oo.
tr1

By Theorem T17.1, the series in the last exponent is + co (diverges)
when p = 0, whereas it is finite when p > 0. (Strictly speaking the
theorem in question gives this result for the series whose general term
is k= 'P[S, > 0] when p < 0, and we arrive at the desired conclusion
by considering the reversed random walk P*(x,y) = P(y,x) whose
partial sums are —S,.) That completes the proof.

P2 Whenp > 0, E[S;] = pE[T].

Proof: This result in fact holds for a large class of stopping times,
as is hardly surprising since it is of the form

E(X, + - + X;] = E[X,]E[T]

which says that T may be treated as if it were independent of the
sequence of identically distributed random variables X;. The usual
proof is based on Wald’s lemma in sequential analysis, which in turn
may be derived from a simple form of a Martingale system theorem
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(Doob [23], p. 350). But for the sake of completeness, here is a direct
proof.
From P17.1

-1 1 — E[t"¢]
1 — t4(0) -6

S PE[Em T > k) =
k=0

Since 1 > 0 we know from P1 that

a®

> P[T > k] = E[T] < .

k=0

Thus it appears reasonable to let ¢ ~ 1, and to avoid difficulty on the
right-hand side we do this only for such 8 that ¢(6) # 1. Then

= _ =i 1 — E[e?%]
RZOE[e'”n,T >k =12 7 R

when ¢(f) # 1. Since the random walk is nondegenerate there is a
deleted neighborhood of § = 0 where ¢(f) # 1. Letting 6 — 0,
assuming only values in this neighborhood,

lim L = 1
om0 1= §(0)

by P6.4. Thus we conclude

S 1. 1 - E[]
E[T] = 2:01’['!‘ > k] = ;ll:!;_—io:
But 8, is a positive random variable and by P6.5 the existence of
lim 1- E!e‘”r]
00 -0

implies that E[S,] is finite and equal to this limit. That gives
E[T] = u~'E[S,] which was to be proved.

One problem concerning first moments remains to be treated, and
that turns out to be the most interesting and difficult one. It con-
cerns E[S;] for random walk with mean u = 0. To illustrate several
aspects of this problem we return to the examples of section 17.

El The random walk is symmetric, so the mean is automatically zero,
the first absolute moment being assumed to exist. However the variance

A= 5 BP0
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may or may not be finite, and that will turn out to be the crux of the
problem. We start with equation (3) in Example E17.1, and let ¢ » 1 so
that

(1) 1 —¢(6) =c|1— E[¢7] 2,
where
0<c= lim ¢(t)= lim el mu-toones o o
tr1 t71
This much is clear about ¢ from (3) in E17.1. Although one can also

show without much difficulty that In[1 — ¢(6)] is integrable on the
interval [—m,7] so that

1 (=
c = enj_.lnu-ownaa’

this fact will not be needed here (see problem 1).
Now we divide equation (1) by 62 and write

1 — §6 1 — E[e!S7] |2
@ 4O _J1L=BE gs0
The point of this exercise is that when 6 approaches zero,
.1 -0 o
o

We knew this from P6.4 when 62 < o0, and a simple calculation confirms
that the identity remains correct when o2 = o0, in the sense that the limit
is then also infinite.

Considering the two cases separately, we have

(i) when o* < ©

2y |
2¢‘ - 60 —~10
If we only knew a little more, namely that also the limit
lim ﬂ‘”ﬂ
6-0 —10

exists and is positive, then by P6.5, E[Sy] would exist and equal this limit.
This would give the result

3) 75 E[S,]).

This conclusion could be justified by careful Fourier analysis including
some weakening of the hypotheses in P6.5, but it seems hardly worth the
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trouble. The additional difficulties we shall encounter in the nonsym-

metric case will definitely call for a more sophisticated approach. The

result, in T1 below, will of course contain the truth of (3) as a special case.
In case

(ii) when ¢® = oo, heuristic reasoning along the above lines very strongly
suggests that

E[$;] = co.

That is easy to prove, for if we had E[S;] < oo, then from P6.4 one would
get the contradictory conclusion that

o3/2 = {E[Ss)}? < oo.

A slightly different formulation of the problem is of considerable
interest. By proper use of P17.5 one can rewrite equation (1) as

1 — §(6) = {1 — E[¢**1]{1 — E[e~"*T]}.
Again dividing by 62 and letting 6 —» 0, one is now led to the conjecture
that
02
*) % = E[SJE[S,],

and of course it looks as though both expectations on the right would be
finite if and only if o2 is finite.

E2 For the left-continuous random walk of example E17.2 we found (in
equation (6)) that

T _ r(t) 3 — tP(3)
1 - Elt%™) = /50, = 1) 5= o)

When ¢ > 0, we had r(t)>r(1) = p <1 as t » 1, so that a simple
computation gives

P
BT =T =HP0, -1

p___ 3 — P(3)
PO, -1 z-p

1 — E{z*1] =

and differentiation with respect to z followed by letting z— 1 gives
E(S;] = nE[T] which illustrates P2.
Now suppose p = 0. Then we know that r(t)— 1 as ¢t » 1, so that

1 z — P(2)
PO, -1 z-1

1 — E[s*1] =
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In this case it is quite easy to show that E[S;] < oo if and only if

P= 5 EPOA) = P(1) < o,

k= -

but we omit the details.

In one important respect the two preceding examples were mis-
leading. It is possible to have a random walk with m < oo, p = 0,
o = o so that nevertheless E[S;] < co. To find the simplest
possible example, consider right-continuous random walk, i.e.,
P0,1) > 0, P(0,x) = 0 for x > 2. It is clearly possible to choose
P(0,k) fork = 1,0, =1, =2, ... in such a way that p = 0 and at the
same time 02 = c0. But if u = 0 we know that T < co. Now S;
is a random variable which can assume only the value one. Therefore
E[S;] = 1 < oo, even though 0% = 0.

To describe the actual state of affairs in an intuitively pleasing
fashion it is necessary to consider the behavior of the random walk in
regard to the left as well as the right half-line. Some new notation is
unfortunately required for this purpose.

Dl T*=min[n|{l <n< x;8, <0],
T*=min[n|1 <n<;S, <0],
Z =S, and

Z = S;.., Z and Z being defined only when T and T'* are finite
with probability one.

What motivates the notation in D1 is of course that T* plays the
role of T for the reversed random walk, and T'* the role of T'. Z and

Z were introduced mainly to avoid cumbersome notation. They
were first used (1952) by Blackwell® and later Feller aptly christened
them the ladder random variables of the random walk. The ‘‘ladder”
referred to is a sequence Z,,Z; + Z,,...,Z, + --- + Z,, the Z
being independent and distributed as Z. The terms in the ladder
represent the first positive value of the random walk, the first value
exceeding the first positive value, and so on. In a similar way Z
determines a ‘‘ladder” to the left of the origin. In the context in
which such ladders are useful mathematical constructions it is usually
essential to know whether the ““rungs” of the ladder, i.e., the random
variables Z and Z have finite expectation. And the answer to this
question is given by

8 See Blackwell [4] and Feller [31], Vol. I, p. 280.
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T1 For arbitrary nondegenerate one-dimensional random walk (it is
not assumed that m < o), the following two statements are equivalent:

(A) T<o, T*< oo EZ) <o, and E[-Z] < w;
and
(B) p=0 and o* < co.

Proof: It is fairly easy to show that (A) implies (B). After doing
so we shall pause and prove several lemmas, namely P3 through PS5,
and the proof of P5 will complete the proof of the theorem.®

Using P17.4, P17.5 of section 17 and the notation in D1

1 - t4(6) = {1 — E[f"92]}{1 — E[f**¢7)}

for 0 st <1, f real. Now we let ¢t ~ 1 (this causes no concern)
and just as in E1 we divide by 6% when 6 # 0. As we are assuming
(A) it follows from P6.4 that
. E[e‘“]
llm —

6-0

= E[Z]
and that a similar result holds for Z. This gives us

lim 1—%9 = E[Z]E[-Z] < co.

60
Hence

¢(0) ZP(O ) cosx0

is 2 bounded function of §. Therefore

M
S #*P(0,x) = 2 lim Z P(0,) 1 =S98 *8 e *0 < 2E[ZE[-Z)
Im - M 6-0x=~-M
for every M > 0. It follows that the random walk has finite variance,
and we conclude from P6.4 that the mean u = 0, and the variance

o? = 2E[Z]E[-Z] < co.

That completes the proof that (A) implies (B).
For the converse we require (for the first time!) a form of the
Central Limit Theorem (P6.8).

¢ See problem 6 at the end of this chapter for a simple probabilistic proof,
due to H. Kesten, of the fact that x =0, 62 < o implies E(Z) < o; in fact
p=0and m,, <, k>1, implies E(Z*) < .
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P3  Suppose that p = 0 and 0® < c©. Then

lim — E[S,;$, > 0] = —,

new \/- V2n
im Vit S LES,;S, > 0] = 2
‘LT ! thl [ \/i

Proof: An examination of the proof will show that one may
assume, without loss of generality, that 0> = 1. Defining

F,(x) = ["f] P,(0,t) = P[S, < Vnx),

tx -

F(x) = \/_ e-‘a’ dt,

we find that the content of the Central Limit Theorem is the
convergence of F,(x) to F(x) at every real x. Forevery4 > 0,k > 0

J'o " x dF(x) - L ® x dF(x)
| f x dF,(x) — f xdF(x)| +

The last integral is less than
1 ® _ 1 Sk Sk — l
Z.L B dFx) = 7 E [k,s,‘ > Ak] An[k] -5
Given any € > 0 we now choose 4 so large that simultaneously

1 € ® €
(1) Z < 31 fA xdF(x) < 3‘

Using this 4, one can find N such that for £ > N
y y

(2) f x dF(x) — J x dF(x)
0 0

(As an easy way of verifying the last statement, use integration by

parts. Assuming that 4 is not a point of discontinuity of F,(x) for

any k, one gets

f ! dF(x) - f " x dF(x) = A[F(4) — F(A)]
0 0

- "R - Fe as,

f: x dF(x) + Jj x dF(x).

<
3




198 RANDOM WALK ON A HALF-LINE

which gives (2) by use of the dominated convergence theorem). Com-
bining (1) and (2) we have

3) llmxdF,‘(x) - fxdr(x) <e

v

for large enough k. But

® 1
[ #dFun = S Eisiis. 2 0

rxdF(x) - %

and that proves the first part of P3. The second part reduces to
showing that if a sequence ¢, has a limit as n — o0, then

@® tn
imvIi—1S & = v7 lim ¢,
riY 2 vm=Vrlime

A typical Abelian argument accomplishes the proof, using the fact
(derivable from Stirling’s formula) that

(e oo

so that as ¢ tends to one

Vit z‘\;. ~Vm ( \l/{n ) \/r_—tnf;o(“:ﬂ)n
= V=n lim ¢,.

n-s

In the course of proving that (B) implies (A) in T1 we shall be
able to conclude that

tim 3 % & - PIS, > 0]

exists and is finite. In view of the Central Limit Theorem this is a
power series of the form

> at*, with a, = o(%)»
1



18. RANDOM WALK WITH FINITE MEAN 199

the ‘“‘little 0” meaning that ke, — 0 as k— . To such power
series one can apply Tauber’s theorem [39), the simplest and histor-
ically the first (1897) of many forms of the converse of Abel’s theorem,
to conclude that

= gk (] =11
imS=d:~P[S,>0]b=S:47 - -
Mo 35l oo o) - Di - v o)

Now we are ready to resume the proof of T1, and by following a
rather elaborate route we shall obtain

PS5 Ifu =0, d® < o0, then

(a) 0<E[Z]=—\‘;—§e"<oo
(b) 0<E[-2Z) = :‘/’Tz_e—« < o,

where « is the sum of the convergent® series

() a= i-};{% - P[S, > O]}

Proof: First of all it is clear that P5 gives more information than
necessary to complete the proof of T1. (If (B) holds, then m < o
and p = 0, so that T < o0 and T'* < o« by T17.1; further o® < o0,
so that P5 not only shows that Z and Z have finite moments, but also
gives their explicit values. Hence a proof of P5 will complete the
proof of T1.)

Next we note that it will suffice to prove (a) and (c) in P5. Once
we have (a) and (c) the same proof which gave (a) and (c) can obviously
be applied to the reversed random walk. It has for Z the random
variable —S... Hence E[—S;.] < o0 and since 0 < —Z < —S.
we have E[—Z]) < . But then we can apply the first part of
theorem T1, which was already proved, and which yielded the
information that

o? = 2E[Z]E[-Z).
Combined with (a) and (c) this shows that (b) holds.

7 We shall prove only that the series in (c) converges. However, using
delicate Fourier analytical methods, Rosén [88] has shown that this series
converges absolutely.
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Now we can decompose E{Z], which may be finite or infinite for
all we know, into

(1)  EZ]= lim 3 E[S;T =4

A=+® jm]
n

=lim > {E[S;T >k — 1] - E[S;T > &}

n+® Kal

= — lim E[S,; T > n).

n-+®

Using P17.5, part (c), we find that
Z tE[*; T > n] = egg"""“’x s 0

a=0
for 0<t<1, r>1. To obtain first moments we differentiate with
respect to r and subsequently let 7\, 1. That gives

@© © Lk .
(2) Z tE[S,;T > n] = Z%E[Sk;sk < 0] eI5rm =0l
1

n=0

By Abel’s theorem [39], applied to (1)
E[Z) = —lim(1 — t) D> tE[S,; T > n] < co.
tr1

n=0
Therefore we obtain from (2), after multiplying (2) by (1 — ¢) and
letting ¢ 1 1,
@3) E[Z) = lim F(t)G(t) < oo,
tr1
where F(t) and G(t) denote
Fit) = VT T teftrmso,
1
From P3 we know that

“) lim G() = =

(The inequality sign in P3 points the wrong way, but this makes no
difference at all; just reverse the random walk!) The next step is to
look at F(t), and for 0 < ¢ < 1

F(t) = e§ §{i-ro>0}
In view of (3) and (4)
5 E[Z] = —= lim F(t) < .
() [zl = = ()

1

x| %
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Now there are two possibilities. Either lim, ., F(¢) in (5) is finite, in
which case we can apply P4 to conclude that

E[Z] = TZegi{%"["k >0 = T;_Ee" < o,

so that both (a) and (c) in P5 are proved. Or else (this is the only other
possibility)
(6) lim F(t) = + o0.

tr1
Observe that

1 — P[S, > 0] = P[S,

0] - {# — P[S, < 0]}
Since

S1ps, = 0] < oo,
< k
as observed in the proof of T17.1, (6) implies that
© ok
@) lim Z‘;{% _P[S, < 0]} - - .

tr1 1

Now we retrace all the steps in the present proof, up to equation (5)
applied to the reversed random walk. Its first positive partial sum is
~ Sy« of the present random walk (in the sense that it has the same
probability distribution). But then (7) leads to the inevitable conclu-
sion that E[ — S;.] = 0 which is impossible since — 8. is by definition
a random variable whose only possible values are the positive integers.
Thus (6) is impossible, (a) and (c) hold, PS5 is proved, and therefore
also T1 is true.

As we hinted before, T1 is a powerful tool when used in conjunction
with the renewal theorem. To prepare for the applications in the
next section we make some convenient definitions.

D2 c()=c=e" %’ Tl"“'x“”, and for |z| < 1
e = Tt en
c
Ve - L oTiunn o
Ve

U(z) = S: u(n)z", V(z) = i v(n)z".

n=0 n=0
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To justify the definition one needs to remark that U(z) and V(2)
are analytic functions in |z| < 1 without any assumptions concerning
the random walk. It suffices to show that the exponent in [(3) is
analytic, and the proof for V(z) is then the same. Clearly

i;%li[z“-;s, <0 =353 PS = -,

a=l k=1

and by P7.6 the coefficients are bounded uniformly in n, since for
some 4 > 0

3 B[S, = -] < a5 ke
The power series L(z) and F(z) are identified with analytic func-
tions discussed in section 17 by
P6 U@) = lim (Ve flts}h lal < 1,
V(@) = lim (VAN St (el < 1.

The proof of P6 is immediate from D2 above and D17.3.

Now we shall connect L{(z) and F(z) with the ladder random
variables, but we will of course discuss Z only when T < oo and Z
only when T'* < o0.

P? WhenT < x©

; 1 1
(a) P(f) = ;/——cl — E[fz] }fl <1,
and when T'* <

T, —- //-' 1
(®) Ugg) = v ‘ﬁ{g-—i] 1§l < 1.

In particular, wken u > 0, (a) holds; when i < 0, (b) holds, and when
u = 0, both (a) and (b) hold.

Proof: One simply applies part (a) of P17.5 to P6 in order to
obtain (a) and then part (b) of P17.5 to the reversed random walk to
get (b). The criteria in terms of the mean p are immediate from
T17.1 of the preceding section.
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Now we are ready to apply the renewal theorem. It will yield

P8 Let the random walk be aperiodic. If T < oo and E[Z] < oo,
then

. 1 2e¢
(a) im o) = VrEm ~Ne o
and if T'* < o0 and E[-Z) < o0, then
(b) lim un) = VS = vEE
e T E[-Z)

In particular, if p = 0 and 0 < oo, then both (a) and (b) hold and
lim u(n)- lim v(n) = <

Proof: To apply the renewal theorem, P9.3, it is helpful to think
of a random walk

yn=zl+z2+"'+zm Yo=0,

where Z,, Z,, ... are independent with the same distribution as the
ladder random variable Z. If this random walk is aperiodic, and if
E[Z] < oo, then the renewal theorem gives

lim 3 Pulys = #1 = gy

But that is precisely the result desired in part (a), since it follows from
P7 that

o) = 7= 3 Rily = )

Finally, the evaluation of the limit in part (a) of P7 comes from P5.
Therefore it remains only to check that the random walk y, is aperiodic
if the given random walk has this property. The converse is obvious
since the possible values of y, are a subset of the group R of possible
values of the given random walk. However the statement we need
is not hard to obtain. In fact, it turns out that plus one is a possible
value of y,, i.e., that P[Z = 1] > 0. This fact depends on the
observation that there exists an x < 0 such that P(x,1) > 0. For
this point x there also exists a path, i.e., a sequence,

x<0,x=<0,...,x,_,<0,x, =x
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such that P(0,x,)P(x,,x3)...P(Xp_1,x) = p > 0. But then P[Z = 1]
> pP(x,1) > 0. This construction fails only in one case, namely
if P(0,x) = 0 for all x < 0, but in this case the random walk y, is
exactly the original random walk.

That was the proof of part (a) and in part (b) there is nothing new.
The criterion in terms of u and o? comes verbatim from the main
theorem (T1) of this section.

E3 The case of symmetric random walk deserves special mention. It is
clear from D2 that in this case

U(z) = V(3), u(n) = v(n).

Hence also the limits in P8 should be the same, if they exist. That does
not look obvious, but is true because the definition of « in PS5 gives

Vee = e% i{-irm =01+ § -, >0} -

Specializing still further (as far as possible) we consider symmetric simple
random walk. 1In this case the result of P8 is exact in the sense that (see
E17.1)

Ue) = V(a) = Y20 un) = om) = Y2 = V2.
1-2 o

In order to explain the usefulness of P8, let us anticipate a little.

In P19.3 of the next section it will be proved that the Green function

gs(x,y) of the left half-line B = [x|x < —1] can be represented by

min (z.¥)

(1) gs(xy) = 2. ulx — mo(y — n),

for x and y in R — B. This representation will be shown to hold for
every one-dimensional random walk, but in those cases when P8
applies one can expect to get useful asymptotic estimates. The
results of Chapter III where we studied gg(x,y) when B was a single
point or a finite set can serve as a model; for there we had the remark-
able formula

(2 Lo(xy) = a(x) + a(~-y) — a(x — y),
the statement
3) lim [a(x + 3) — ()] = 0

was the analogue of P8, and many interesting results were obtained by
applying (3) to (2).
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19. THE GREEN FUNCTION AND THE GAMBLER’S RUIN PROBLEM

The maximum of 0 = x,, X, X,,...,X,, or in other words
max [Sy, S,, ..., S,] where §; = 0, can be studied in terms of the
theory developed so far. It has independent probabilistic interest, it
may, for example, be related to the gambler’s ruin problem men-
tioned in the section heading. In fact many other seemingly different
problems in applied probability theory may be reformulated as
questions concerning the random variable M, = max [0, S,, ..., S,].
Furthermore our study of M, will lead quickly and painlessly to the
expression for the Green function of a half-line mentioned in equation
(1) at the end of the last section.

DI M, = max S,, n 2 0.

0sksn
T, =min[k|0 < k< nS, =M, n > 0.

The random variables T, denote the first time at which the random
walk attains its maximum M, during the first n steps. It will play an
auxiliary role in deriving the characteristic function of M,. For a
result of independent interest concerning T,, see problem 7 at the end
of the chapter.

One can decompose, for eachn > 0, |2| < 1, |w| < 1,

E[ M -%] = éo E[* ™ %; T, = k]

i E[2%wS% =% ; T, = k]

k=0

Z E[2%;8, < 5,8, < §,...,8,., < §;

k=0

w581 < 8, S <8y, 8, < §).
The last expectation can be simplified as it is clear that the terms

zs";SO < Sk,...,sk_l < Sk;
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up to the second semicolon, are independent of the terms that follow.
Therefore we get a product of expectations, and if in the second one
of these one relabels S, ., — S, = S,, S;.,2 — S, = S,, and so forth,
the result will appear as

n

E[2" ™ ~5] = > E[2%;S, < S, ..., 8-, < S,JE[w=%-«
k=
° So<0,...,8,_, <0]

= Z E[2%; T'* > RJE[w=%-x; T > n — &].
k=0

In the last step we recalled, and used, the definition of the hitting
times T and T'* in D17.1 and D18.1, respectively.

At this point it is convenient to introduce generating functions.
The representation of our expectation as a convolution quite strongly
suggests this, and so for 0 < ¢ < 1 one obtains

it"E[zan"n'sn] = Z £"E[2%; T'* > n)- Z £"E[w-%; T > n).

n=0
It remains only to look up P17.5 to verify that we have proved

Pl ForO<t<l, |2 <1, |w <1,

2, E[z"awt ~%] = [(0)f(t;2)fult;w7 )]
n=0
To illustrate the use of P1 we shall set w = 1 in P1 to obtain some
simple results concerning M,, and concerning a limiting random
variable M, which may or may not exist.

D2 We say that M = max,., S, exists if lim,,, M, = M < ©
with probability one.

Since M, < M, ,, there is a very simple criterion for whether M
exists or not. It is quite obvious that a monotone sequence of
measurable functions converges almost everywhere if and only if it
converges in distribution so that the condition in D2 will be satisfied
if and only if the probabilities P[M,, = k] have a limit as n — oo, and
the sum of these limits is one. Alternatively, the convergence of the
characteristic functions to a characteristic function is of course also
necessary and sufficient. With this in mind it is easy to prove
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P2 M exists if and only if

(a) Z%P[Sk > 0] < oo,
1
and if (a) holds, then
(b) E[¥] = e- g 1E0 -8, > 00 2| < 1.

Proof: According to theorem T17.1, T = co with positive proba-
bility if and only if (a) holds. But now it should be intuitively clear
that T = oo with positive probability if and only if M exists: one
verifies that lim,_, S, = — 0, so that M < oo with probability one
if T = co with positive probability, while lim,., S, = +0c with
probability one otherwise. We omit the details because it seems more
amusing to give an alternative purely analytic proof of P2, based on
the remarks preceding its statement.

First one verifies, using P1 and the relevant definitions, that

M) (1= 1) rE[z"] = e~ § FE0-55,>0
n=0

for 0 <t < 1, |z| < 1. Now let us assume that M exists. Then

lim E[z*] = E[2Y]
n—s o
exists and by Abel’s theorem

() E[z] = lim (1 — #) > t"E[z™].
tr1 n=0
Now set z = 0 in (1) and then let ¢ 7 1. Then one gets from (1)
and (2)
3) P[M = 0] = lim e~ 3 F®>9 > 0,
tx1

which shows first of all that (a) holds, and secondly that one can also
let ¢ # 1 in equation (1) with arbitrary |z| < 1 to conclude that (b)
holds. (We have been a little careless in taking the inequality in (3)
for granted. But it is really easy to see that the existence of M implies
that P[M = 0] > 0. It is equivalent to showing that M does not
exist when T is finite with probability one.)

Finally we suppose that (a) holds. Then, letting ¢ increase to
one in (1)

X, ®
lim (1 — ) > t"E[2M] = e~  iB1-2%:8,>01
tx1 n=0
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In view of the monotonicity of the sequence M, this implies that
E[2™+] has a limit, which is given by (b); and, as remarked immediately
prior to the statement of P2, we can conclude that M exists (is finite)
with probability one.

El Consider the left-continuous random walk of E17.2. It is necessary
and sufficient for the existence of M that the mean p be negative. In
equations (2), (3), and (4) of E17.2 we calculated f(¢;2), f.(¢;2) and c(t).
Applying P1 one gets

,.20 1"E[z™] = [c(t)fi(t:2)f(t1)] 7! = 7 _1,(,)':_—t1r>((2)’

where
P(z) = > P(0,n — 1)z".
n=0
Using P2 we have, assuming p < 0,

W e 1=t z—1()
ElzY] = lim 5 s =P

When p < 0 we saw in section 17 that (1) = 1, and that

Co1—t 1= P(r) _
im =1~ lim 53— = -

so that one obtains
Mmoo _, 21
E[2M] = B3 ) p <0

There is one more question of obvious interest. To find the first
moment of M, we differentiate the generating function of M to get

. d ( z-1
EM] = —p lim = (z - P(z))'
Because P'(1) = p + 1, one finds
1 ”
EM] = —Z‘P (1) € oo,

finite or infinite, depending on whether
@

P(1)= 3 n(n — 1)POn — 1)

n=0

is finite or infinite. Thus E[M] exists in the case under consideration if
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and only if the random walk has a finite second moment. Indeed it has
been shown® that this phenomenon is quite general:
For every one-dimensional random walk with m < o and p < 0,

E(M] < oo if and only if m*y,; = 5 n**1P(0n) < oo,
n=0
Finally we consider the Green function of the half-line and some
of the very simplest applications.

D3 If B=[x| —0 < x < —1], gg(x,9) = g(x,y) is the Green
function of B as defined in D10.1.

Remark: g(x,y) = 0 when x or y or both are in B, according to
D10.1, and g(x,y) < oo for all x and y, provided the random walk is
aperiodic, according to P10.1, part (c). But in view of the special
nature of our set B one can make a stronger statement. The Green
function g(x,y) is finite for all x and y regardless of whether the
random walk is periodic or not. If the random walk is transient, then
g(x,y) < G(x,y) < oo. If it is recurrent, then

&5(%,Y) < guwy(x,y)

for every point b in B. But even in the periodic case, provided
P(0,0) < 1, it is always possible to select some b in B such that the
random walk, starting at x, = x, has a positive probability of visiting
the point b before visiting y. For every b which has been so chosen
it is easy to see that g,,,(x,y) < oo, and that concludes the remark.

P3  For complex a, b, |a| < 1, |b| < 1,

(1 — ab) i i a*bvg(x,y) = U(a)V(b),

=0 y=0
min (z, y}

or goy) = > ulx = mely = n)

where U(a), V(b) and their coefficients u(n) and v(n) are defined in
D18.2.

Proof: In the necessary formal manipulations we shall use the
notation of partial sums S,, and their maxima M,. It will even be
necessary to consider the reversed random walk, so that §,* and M, *
will denote the partial sums and maxima of the random walk with
transition function P*(x,y) = P(y,x).

8 Cf. Kiefer and Wolfowitz {63].
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(1 — ab) Z Z abvg(x,y)

z=0 y=0
—1-a)5 3 S epomy)
nu0 z=0 y=0
—1-a)S S S awpix+s, =y
n=Q z30 y=0

x+820fr;j=01,...,n]

=(1-ab)> > > abPS,* =x-y;

n=0 =0 y=0
S*<xforj=0,1,...,n]
=(1-ab)> 3> > abPM,* < x, M,* — §,* < y;
n=0 =0 y=0
Sn‘ =X - y]

Z Z abPM,* = x; M,* - §,* = y]

i R RER)
If the ‘‘stars” were not present we would now have from P1
(t - ab) Z Z a*b'g(x,y) = [(f(Lia)f (16~ 1] .

=0 y=0

But we have stars. According to the definitions of f, and f, this
merely amounts to an interchange of a and b. Another difficulty,
that of letting ¢ 7 1 in f; and f, was discussed following D18.2 in
section 18. Using this definition, and P18.6 which followed it, we
have

(1 — ab) 20 yio a*bvg(x,y)
= [e(1)fi(1:8)f(13a~ 1)) !

= U(a)V(b)
= (1 - ab) i i a‘b"mmz(:”)u(x — n)y — n).
=0 y=0 n=0

That completes the proof.
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By part (c) of P10.1 the hitting probabilities Hj(x,y) of the half-line
B are given by

Hy(x,y) = i g2(x,t)P(t,y), x€eR - B, yeB.
t=0

P3 together with P18.8 in the last section gives a way of finding the
limit of Hy(x,y) as x— + co. But at this point it is necessary to
assume that the random walk is aperiodic.

P4 For aperiodic random walk with mean 0 and finite variance o2,
the hitting probability of a half-line has a limit at infinity. If B =
[x| —o0 < x < —1], then

lim Hy(x,) = VZL S [w(0) + of1) +

.+ uO)P(Ly),  yeB.

Proof: As u(x) and v(x) both tend to a limit when x— + oo (by

P18.8) one has g(x,y) < A4 [min (x,y) + 1] for some A > 0. The

random walk has finite second moment, so that one can apply the
dominated convergence theorem to conclude

=0
and P4 then follows from P18.8 applied to P3.

Curiously P4 does not give the simplest possible representation for
the limit of the hitting probabilities. We shall encounter this
problem again in Chapter VI, where a far more direct approach (also
based on the renewal theorem) will yield the formula

. 1
Jim H(x,y) = 374] P[Z 2 y],

where A is the half-line 4 = [x | x > 1] and Z the ladder random
variable of D18.1. This result will turn out to hold also when
E[Z] = + oo, the right-hand side being then interpreted as zero.

Thus P4 is an incomplete analogue of T14.1 in Chapter III which
will be completed in P24.7 of Chapter VI. Although we shall not
attempt to develop the potential theory for half-lines in any detail,
the possibility of doing so is evident and now we will present just one
more crucial step in this direction. For B a single point (the origin),
Poisson’s equation was found in P13.3 to be

z P(x,y)a(y) = a(x), xeR - B.

VéR-B

lim Hy(x,y) = lim_ ‘Zo gxDP(ty) = D lim_g(xH)P(t,),
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There was also an adjoint equation, too evident to comment upon,
S a(—y)P(yx) = a(-x), x€R~- B.
yeR-B

Here B was the origin. In the case of the half-line (say B =
[x | * < —1]), these equations are

D4 () 3PN =S x20,

®) 3 eIPo =g, %20

In a slightly different context (a) and (b) are known as the Wiener-
Hopf equation,® the singular integral equation

fo " Py f(y) dy = f(x), x>0

where

Pay)=py =0 [ Ip@)lde < .

We shall now, in PS5, exhibit solutions of equations (a) and (b).
Later, in E27.3 of Chapter VI, potential theoretical methods will
enable us also to investigate the uniqueness of these solutions. For
aperiodic recurrent random walk it will be seen that the solutions in
PS5 are the only non-negative solutions.

P5 For any one-dimensional recurrent random walk the Wiener-
Hopf equation (a) has the solution

f(x) = u(0) + u(1) + --- + u(x), x20,
and (b) has the solution
g(x) = v(0) + v(1) + - -+ + v(x), x20.

Proof: The theorem is actually valid if and only if both T < o
and T* < « with probability one (see problem 11 in Chapter VI).
Therefore we shall use only the recurrence in the following way.
As T* < oo, the left half-line B = [x | x < —1] is sure to be visited,

and
> Hy0,9) = > 20 20,0P(t,y) = 1.

yeB y=—ot=

® See [81] for the first rigorous study; for further reading in this important
branch of harmonic analysis the articles of Krein [69] and Widom [105] are
recommended.
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Observing that g(0,t) = u(O)v(t), and that 4(0) = v(0), one obtains

M 02 2 HOP)

ym -t

It will be convenient to take an arbitrary x > 0, and to rewrite (1) in
the form

9(0) i u(t) —Zl Pit —y + xx) = i (t) i P(k,x).

{=0 y=—o t=0  Kk=mt¥z+1l

We are now able to prove part (b). It follows from the definition
of g(x,y) that

®)  gs9) = 3 f=OPE) + Hey)  x2 020
Setting x = 0 in (3)
£0.9) = 4(O(s) = 3 wOROP(:) + H0),

and summing on y from 0 to v one obtains

2,705, P + (0)
-z o(t) z P(k,x) + v(O)'

Now we substitute into equation (4) the expression for [v(0)]!
obtained in (2). Thus

0(0) + .-+ v(x) = ‘;io v(t)[::zz‘ P(k,x) + i P(k,x)]-

k=t+z+1

4) v(0) + -+ + v(x) =

That proves part (b) of PS5, as
g) = o0) + - + o) = 3 o) 3 Plk)

=S S wPke) = 3 e WPk,  x20.
k=0 t= k=0

The proof of part (a) may be dismissed with the remark that
equation (a) is equation (b) for the reversed random walk. The
above proof therefore applies since the recurrence of a random walk
is maintained when it is reversed.
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E2 Consider Bernoulli random walk with P(0,1) = p < P(0,—1) = q.
To calculate g(x,y) as painlessly as possible, observe that g(x,0) = u(x)v(0)
is the expected number of visits from x to 0 before leaving the right half-
line x > 0. Since the random walk must pass through 0, this expectation
is independent of x. Thus u(x) is constant. (The same argument shows,
incidentally, that #(x) is constant for every left-continuous random walk
with mean p < 0.) By a slightly more complicated continuity argument
one can also determine v(x), but for the sake of variety, we shall determine
v(x) from PS. Equation (b) in PS5 is

qg(1) = g(0), pg(n—1)+qggn+ 1) =gn), =nz1l

There is evidently a unique solution, except for the constant g(0), namely

e =[5 - L= (B)]eo.  nzo,
so that, in view of PS, ¢(0) = g(O) and

o(n) = g(n) — g(n — 1) = v(0) (%’)" for n > 1.

E3 As an amusing application of E2 consider the following random
variables:
(a) the maximum W of the Bernoulli random walk with p < ¢ before
the first visit to (— o0, —1], i.e.,
W= max 8§,
0sSnsT®
(b) the maximum W’ of the same random walk before the first return to
0 or to the set (— oo, 0], that is to say
W' = max 8,.

0sSnsT'®

An easy calculation gives

£0m) _ o(n)
EW] =+ EW) = p 3500 =1 3 sorae + o

S @I _ oS am (2)
P) Z 1 — (p/q)n - (q P) nzl d( ) (q)

Here d(1) = 1, d(2) = d(3) = 2, d(4) = 3, in short d(n) is the number of
divisors of the integer n.

Now we go on to study a class of random walks which exhibit
approximately the same behavior as the Bernoulli random walk with
p < ¢in E2 and E3. We shall state conditions, in P6, under which
u(x) is approximately constant, and v(x) approximately a geometric
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sequence. (Of course there will be an analogous class of random walks
with u > 0, for which one gets similar results by reversing the process.)

We impose two conditions. Aperiodicity is one of these, being
essential for the renewal theorem to apply. The other is a growth
restriction on P(0,x) for large |x|. It will be satisfied in particular
for bounded random walk, i.e., when P(0,x) = 0 for sufficiently large
|x|. Such a growth restriction ((b) and (c) below) is essential.
Without it, one can show that v(x) will still tend to zero as x - + oo,
but not exponentially.

Thus we consider one-dimensional random walk satisfying
(a) P(0,x) aperiodic, m < oo, p < 0,
(b) for some positive real number r
Z r*P(0,x) = 1,

ZER

(c) for the number r in (b)

0 < > xr*P(0,x) = pu” < oo.
Z€R
P6 For random walk satisfying (a), (b), (c), 7 is uniquely determined
and greater than one. There are two positive constants ky, ky such that
lim u(x) = k,, lim o(x)r* = k,.
-+ © T+ © .
Proof: First we obtain the limit behavior of #(x) which is quite

independent of conditions (b) and (c). One simply goes back to
P18.8 to obtain

Ve

Jm u(x) E[-Z)]
provided that E[—-Z] < c. But by P18.2 E[Z] < o for random
walk with finite positive mean, and therefore E[—Z] is finite for
random walk satisfying (a).

The proof of the second part depends strongly on (b) and (c).
First consider

=k1>0,

o) = 3 #POM).

n= -

Condition (b) implies that f(p) is finite for all p in the closed interval
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I, with endpoints 1 and r (we still have to prove that r > 1, so that
I, = [1,r]). Now

@D

f(p) = > mp*~'P(0,n) for pel,

nR= - ®
and

@

f(p) = Zwﬂ(" — 1)p*~2P(0,n) > 0
for all p in the interior of I,. The last sum is positive since P(0,n) > 0
for some n < 0 (for otherwise (a) could not hold). Hence f(p) is
convex in the interior of I, so that condition (c), which states that
f(r) > 0, implies 1 < r. Finally r is unique, for if there are two
values 7, and r, satisfying (b) and (c), with 1 < r, < r,, then f(p) is
strictly convex on (1,7;). But by (a) we have f(1) = f(r,) = f(r2)
which implies r, = r,.

The rest of the proof depends on the elegant device of defining a
new, auxiliary random walk. Let

P")(x,y) = P(x,y)r¥ "%, x,y € R.

Condition (b) implies that P is a transition function of an aperiodic
random walk, as it gives

Z PY(x,y) =1, x€R,

veR
and obviously P is a difference kernel, it is non-negative, and the
aperiodicity of P is also preserved. The random walk defined by
P™ has positive mean p™ in view of (c). Now let gi")(x,y) be the
Green function of the half-line B = [x | x < —1] for P, Naturally
we also write

min (2.V)
£7(x,y) = Zo U (x — mv'"(y — n),

where #'")(x) and v/"(y) are defined in terms of P as usual.
What relation is there, if any, between g and g, ¥ and u, v'”
and v? It turns out to be a very simple one. First of all

(1) £7(x,y) = glx,yyr* "%, x,y € R.

To prove (1) one has to go back to the formal definition of g in D10.1,
the identity (1) being formal in nature and seemingly completely
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devoid of any obvious probability interpretation. Using the obvious
notation one writes

£5y) = S Q)

n=0
£7(x,y) = zo Q" (x,y).
n=
For x,y in R — B (otherwise there is nothing to prove),

Q,"(x,y) = P(x,y)r* "%,

and
Qr(®9) = 2 AV(x1Q"(1Y)
teR-B

gives

Qn(r)(x’y) = Qu(x,y)r* 7%,
which implies (1).

Proceeding from (1),

(2) u(x)o”(0) = g7(x,0) = r7g(x,0) = r~*u(x)»(0),
(3 u(0)(y) = £7(0,y) = g(0,y)r" = u(0)e(y)r*.

We shall use only (3). The random walk P is aperiodic with
positive mean. To its ladder random variable Z we give the name
Z™. Since we know by P18.2 that E[Z"] < oo, P18.8 gives

1
lim v(y) = ————— =k > 0,
v _.l !-Pao v (y) cr )E[Z(r )] >

where ¢ is ¢(1) = ¢ for the P random walk. Finally equation (3)
implies

k=k2>0.

)
Jm < = 25

completing the proof of P6.

E4 Let us paraphrase P6 in a form first considered by Ticklind [98],
1942, in the context of the gambler’s ruin problem. Suppose that a gambler
starting with initial capital x, plays a ‘favorable game,” or, in random
walk terminology, that we observe a random walk x,, with mean p > 0,
starting at Xo = x > 0. What is the probability of ruin

f(x) = P,[x, < O for some n > 0]?
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This problem can be reduced to P6 above by reversing the random walk.
If y, is the reversed random walk, and if we take y, = 0, then y, has
negative mean —u, and

f(x) = Po[y, = x for some n > 0].

This is a maximum problem of the type treated in P2, and comparing the
generating function in P2 with the formula for V(z) in D18.2 of the last
section, one finds that

f&) = fs + 1) = Pofmsx y, = 5]

is a constant multiple of the function v(x) for the random walk y,. So if
one computes r for this random walk in accord with P6, the result is

lim [f(x) — f(x + 1)]r* = k3 > 0,
z=4+®
which of course implies the weaker result
l -1
24+

This shows that, in a favorable game, the gambler's probability of ultimate
rusn decreases exponentially, as his starting capital increases.

20. FLUCTUATIONS AND THE ARC-SINE LAW

This section is devoted to a part of the theory of one-dimensional
random walk which chronologically preceded and led to the develop-
ment of the results in the first three sections. In 1950 Sparre
Andersen discovered a very surprising result concerning the number
N, of positive terms in the sequence S,, S,,...,S,, n > 0. He
proved [91] that regardless of the distribution of X; = S, (in fact
when X, is an arbitrary real valued random variable)

P[N, = k] = P[N, = kJP[N, ., = 0], O<k<n
He also found the generating functions and was able to show that the
limiting distribution of N, is

lium,5m]=;zrarcsinV§, 0<x<1
n -+ ©

under very general conditions. These conditions (see T2 below and
also problems 8, 9, and 13) are satisfied for example for symmetric
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random walk. To understand why this should be surprising, one
must appreciate the importance of P. Lévy's earlier work ([72],
Ch. VI) on Brownian motion. It was in this context that the arc-sine
law first saw the light of day—and thus the myth was firmly estab-
lished that its domain of validity was random walk with finite variance
—random walk in other words which by the Central Limit Theorem
has the Brownian movement process as a limiting case.

D1 For real x, 6(x) =1 if x>0 and O otherwise. N, =
Sn., 0(S,) whenn > 1 and N, = 0, where S, is the random walk x,
with x, = 0. We shall assume that x, ts arbitrary one-dimensional
random walk, excluding only the trivial case P(0,0) = 1.

In this notation, Sparre Andersen’s theorem is

Tl (a) PN, =%k =P[N,=kP[N,_,=0], 0<sk<
and, for 0 < t < 1

(b) z P[NI = O]t’ = e%’ %P(s.so),
=0

(c) Z P[N, = j]¢ = ez CPIS, >0)
f=0

Proof: Equations (b) and (c) follow immediately from earlier
results. To get (b) observe that

P[N, = 0] = P[T > j]
so that

E[]

,z PN, = 0)¢' = z OR(T > j] = LT

and from P17.5(a) with z = 1
Z P[N, = 0] = (1 — t)7}f(¢;1)
f=0
=(1- )"te g Crs,>00 - e‘f kr[s,sO]

The proof of (c) is similar, being based on the identity

P[N, = j] = P[T"* > j].

To obtain (a) we resort to an analysis of the same type as, but
slightly deeper than, that which gave P17.5. Recall the notions of
absolutely convergent Fourier series, and exterior and interior
Fourier series introduced in D17.2. Let us call these three classes
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of functions &, &,, &/,. Note also that each of these three function

spaces is closed under multiplication. For example if ¢ and  are in
&7, then for real 6,

40 =S, Slal <,
W0 = S, S b < oo,

But then the product is

$(OW(0) = D, cye'™®
where ¢, = O fork < —1,

n 20
o= @by forn 20, 3 |e] < oo,
(1]

k=0

so that the product ¢4 is again in &/,.
Following Baxter’s treatment [2] of fluctuation theory, we introduce
the *‘ + operator” and the ‘‘ —operator.” For arbitrary

#0) = 2 a'* in of
we define

$+(8) = S ape,
k=1
0

é-(9) = D aee.

2 -

Thus ¢* is in & and ¢~ in &, whenever ¢ is in /. In other
words, the “ +” and “ —”’ operators are projections of & into the
subspaces &/, and &, of &/. We list the obvious algebraic properties
of the *“ + ” operator. It is linear, i.e., for arbitrary ¢, in &7,

(ad + bY)* = ag* + by,
Since it is a projection, (¢*)* = ¢*, (4*)~ = 0, and since & * (the
set of all ¢ such that y = ¢* for some ¢ € &) is closed under multi-
plication, it is clear that
(p*y*)* = ¢*y* when ¢ are in .
It is also convenient to define &/~ in the obvious manner. (Note
that &/ - = &/, whereas &/* is not &/, but a subspace of &) &*
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and &~ are disjoint, so that an arbitrary ¢ in & can be decomposed
uniquely into ¢ = ¢, + ¢, with ¢, in &/ * and ¢, in & ~. Of course
b1 =¢" b2 =9¢".

Now we are ready to define certain useful Fourier series, and
leave to the reader the slightly tedious but easy task of checking that
they are all in &. They depend on the parameters s, ¢ which will be
real with0 < s <1,0<t <1 Let

$ulsif) = O SE[e® N, = K, nz0,
k

=0
Ysits 0) = 2 t°u(s;0),
n=0
and
$(6) = > P(O,n)e™,
n= ~®
as usual.
We require the important identity

(1) ‘(Ma)+ + (#n)— = ¢n+1» n20.

The variables s, ¢, and 6 have been suppressed, but (1) is understood
to be an identity for each 6 (real), 0 < s < 1,0 < ¢ < 1. To prove
it we write

o= 3 SB[ N, = ] = 3 FE[e0 1N, ,,
0 k=0

k=

n
=k+ 1;8,,, > 0] + > sE[e+1;N,,, = k; S,,, < 0],
k=0

where we have decomposed the event that N, = & in an obvious
manner. It is easily recognized that this happens to be a decompo-
sition of ¢¢, into its projections on & * and &/ ~. Hence, using the
uniqueness of such decompositions,

(Mn)*. =ki°$kE[ews”’;Nn+l =k+ 1;8,4, > 0]

and a comparison of the sum on the right with the definition of ¢, .,
shows that

()" = dnsa*-

Similarly one recognizes

(Mn)- = ¢n+1-9
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and upon adding the last two identities one has (1). Multiplying (1)
by *! and summing over n > 0,

1+ st(gd)* + ()™ = 4,

or equivalently

W1 - st))* = [K(1 — 19) — 1]~ = 0.

This says that (1 — std) e &,, Y1 - t$) e &, and, by P17.2,
these functions can be extended uniquely, (1 — std) to an outer
function g,, and y(1 — t¢) to an inner function g,, Thus

P11 — std) = gi(2), Y1 — t4) = gi(3), for [3| =
Using the factorization

1 -t = cn)f(tia)f(ti3), 3] =
of P17.4,

1-st$ _ c(st) fi(st;3)fe(st;3)
8:(%) = 8:(3) 1 5 = 8(3) == {0 fA )

and

t(“)fl(“vz) ( ) g( )f.(‘;Z)
o) flt:s) ¢ S Slst33)
since both sides together determine a bounded analytic function.

The constant (which may depend on s and ?) is determined by checking
that

= constant,

£(0) = fi(st;0) = f(2;0) = 1.
This yields
fi(t:2)
8(3) = Flst:3)
and from g, = y{1 — t¢) one gets
) b= 5 PERmN] = [Of (st )fdtie]

Equation (2) is still far more general than the proof of T1 requires.
Thus we specialize, setting § = 0, to find

3) S P[] = [t )]

n=0
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To complete the proof of T1 one has to show that (a) holds. Now
equations (b) and (c), which have already been proved, may be written

Q 3P, = 0 = s,
(5) 2 P[N, = jl(sty = [fi(st;1)]~.

Combining (3), (4), and (5)

Zo PE[] = Z P[N, = 0]t z SP[N, = j]¢

z ZOP[Nn—k = 0]sP[N, = &].
Identifying coefficients of t"s* completes the proof of (a) and thus
of T1.

E1 Symmetric random walk. As shown in Example E17.1, equation (7),

1 - t
—EO =y
so that
< _ E[t"] (1 — 1)—112
(1) 3 PN, = o = 1 El -
It is equally easy to get
2) 2 P[N, = jlt! = V(t) (1 — t)-13,

for example, by setting 2 = 1 in P17.4, which gives

(1 = = cpensien) = { 3 PN, = owh{ 5 PN, =1}

For simple random walk it was shown in E17.1 that

c(t)=1+_2__ vi—¢
so that
m t _‘\/1+t+\/1—l

) —=
Vi+t-vV1i=t 2
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Therefore one can express P[N, = k] in terms of binomial coefficients.
With ¢, defined by
ki 1 +1¢
1= —_—
; Cal" = J 1-—1¢
one finds

PN, = 0] = ¢ss1y PN, =n] =dc, + 1 8(n0), =20

There is no doubt what causes the slight but ugly asymmetry in the
distribution of N,. It is the slight but unpleasant difference between
positive and non-negative partial sums. As indicated in problems 13 and
14, the corresponding result for random variables with a continuous
symmetric distribution function is therefore much more elegant. How-
ever even in the case of simple random walk one can obtain formally
elegant results by a slight alteration in the definition of N, = 6(S;) + - - -
+ 6(S,). One takes 8(S,) = 1if S, > 0, 6(S,) = 0if S, < 0, but when
S, = 0, 6(S;) is given the same value as 6(S,_,). In other words, a zero
partial sum S, is counted as positive or negative according as S,_, is
positive or negative. With this definition it turns out!° that

PN, =2k + 1] =0, P[N,, = 2k] = 2-2»(2:)(2" - 2").
n—k
Now we turn to the asymptotic study of N, and show that even in
the limit theorems the symmetric random walk continues to exhibit a
certain amount of asymmetry due to our definition of N,. We shall
go to some trouble to exhibit the same kind of almost symmetric
behavior also for random walk with mean zero and finite variance.

Pl For symmetric genuinely one-dimensional random walk (i.e.,
when P(x,y) = P(y,x), P(0,0) < 1)

(a) nlir: VarP[N, = 0] = \_lfc
(b) lim Var PN, = n] = V.

For genuinely one-dimensional random walk with mean zero and finite
variance o the limits in (a) and (b) also exist, but their values are now
€* in equation (a) and e~ * in equation (b). The constant c is defined in
D18.2 and o in P18.5.

Proof: According to D18.2 and P18.5,

co &1 (1
¢ = e :iPBS.=01 o« = ZE{Q - P[S, > 0]}

10 Cf. Feller {31], Vol. I, Chapter III, and Rényi [84], Chapter VIII, §11.
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The series defining ¢ always converges, and that defining « was shown
to converge in the proof of P18.5, when . = 0 and ¢2 < 0.

We shall worry only about the asymptotic behavior of P[N, = 0],
since the evaluation of the other limit follows a similar path. Using
part (b) of T1 one gets

V1=t z P[N, = 0]t" = el 5P, s0-1} — o35 (3-pi >0

As t 7 1 the right-hand side has a finite limit. This limit is clearly
¢* in the case when g = 0 and o2 < o0, and by using the fact that
P[S, > 0] = P[S, < 0] it is seen to be V¢ when the random walk is
symmetric. From this point on the proof for both cases can follow
a common pattern. It will make use of only one simple property of
the sequence P[N, = 0] = p,. That is its monotonicity and non-
negativity: po = Py = -+ = Pp = Pps1-c- = 0. Thus Pl will
follow from

P2 If p, is a monotone nonincreasing, non-negative sequence such that

(1) lel;r? V1=t z Dal® =
then
(2) lim Vanp, = 1.

Proof: We proceed in two stages. The first step uses only the
non-negativity of p,. For a non-negative sequence a special case of a
well known theorem of Karamata!! asserts that (1) implies

2
(3) ,}[,"2, 7 (pr+ -+ 20) = Vol

This result, incidentally, is the converse of the Abelian theorem used
in the proof of P18.3. It is not correct in general without the
assumption that p, > 0

The next step goes from (3) to (2) and uses the monotonicity

Pn = Pn+1- It is easier to appreciate the proof if we replace Vn by
n% 0 < a < 1, the limit by one, and try to show that

+...+
Pn 2 Pnsr and Pl—na—P"**l

11 See Hardy [39] for a complete discussion of this and other Tauberian
theorems, and Kénig [68] or Feller [31], Vol. 2, for an elegant proof of (3).
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implies that n1 =%, —a. The technique of the proof even suggests
the further reduction of taking for p(x) a monotone nonincreasing
function such that p(x) = p, when x = n, and such that

4) lim x-¢ f p(t) dt =
=+ 0
This is of course easy to do, and it remains to show that
(5) lim x'-%(x) = a.
I+ ®

For each ¢ > 1, the monotonicity of p(x) gives

ap(ex) < c_—l—i J;u p(t) dt < xp(x).
Thus

e _ [“owar - [ pyar o
f Mdt (c-1) f (1) dt J' (1) dt
0 V]

Letting x — + 00, and using the hypothesis (4), the second inequality
gives

l < lim 22 _2p(x) = lim x!~9%(x).

"‘“’fp(t)dt =

Using also the left inequality one obtains

c—

-1 lim x'-%p(x) < -1 < lim '~ 2p(x).

Eand -1 z—+ 0

This holds for arbitrary ¢ > 1, so we let ¢ \y 1 to obtain

lim x1-%(x) = lim ¢ -1
z—© 1 ¢ — 1

=a’

proving (5) and hence P2 and P1.

We conclude the chapter with a form of the arc-sine law.

T2 Under the conditions of P1 (either symmetry or mean zero and
finite variance, but not necessarily both)

(a) Vk(n — k) P[N, = k] = 71' + o(k,n)
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where o(k,n) tends to zero uniformly in k and n as min (k, n — k) — co.
(b) For0<=x<1
lim P[N, < nx] = 7—2rarc sin Vx.

n—+ o

Proof: In view of P1 and part (a) of T1,
VE# = RPN, = k] = VRPN, = K]V = kPN, _, = 0]

[VL‘; + ol(k)] [ ,/;cr + og(n — k)]

1
== + o(k,n),

where o(k,n) has the required property, given any € > o there is some
N such that o(kn) < ¢ when k> N and n — k2 > N. Strictly
speaking this was the proof for the symmetric case. In the other
case it suffices to replace V¢ by e~“.

Part (b) is the “classical” arc-sine law, which is valid under far
weaker conditions than those for (a). (See problems 8 and 9 for a
simple necessary and sufficient condition.) To derive (b) from (a)
we may write

P[N, < nx] = P[N, < [nx]] = %[El [E (l - f)]—m(}r + o(k,n)).

k=0 LM n

Interpreting the limit as the approximation to a Riemann integral,

1 ) 1k k\1-12 1= dt 2
lim — [-(1—-)] =-J' 2 ZacsinVa
new ”""kZo n n mlo Vi(l-2) T g
As the integral exists the error term must go to zero, and that proves
T2.

E2 Consider left-continuous random walk with m < oo, p = 0, 0? = 0.
This is an excellent example for the purpose of discovering pathologies in
fluctuation theory. A particularly ill-behaved specimen of this sort was
studied by Feller,’2 and it, or rather its reversed version, is known as an
unfavorable fair game. We shall show that every random walk of this type
is sufficiently pathological so that it fails by a wide margin to exhibit the
limiting behavior in P1 and T2. In particular it will follow that the
hypotheses in P1 and T2 cannot be weakened.

12 See [31], Vol. I, p. 246.
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From previous discussions of left-continuous random walk in E17.2,
E18.2, and E19.1 we need only the following facts ((1), (2), and (3) below).

(1) 1—r(t)=e" F5P®<0  0<t<],
where r(t) is the unique positive solution (less than one) of the equation
2) r(t) = tP[r(t)].

Here P(3) is defined as
P(s) = 3 P(On — 1),
n=0

where P(x,y) is the transition function of the random walk. Among the
obvious properties of P(3) are

3) PQ)=P()=1 P(l)=w

where P’(1) and P’(1) denote the limits of P’(z) and P*(2) as = approaches
one through the reals less than one.

Our analysis will make use of a theorem of Hardy and Littlewood, the
forerunner of Karamata’s theorem (a special case of which was P2), It
asserts that when g, > 0

4 lim (1 - t)ia"t" = 1 implies lim l(a1 ++a)=1
t71 0 nexo N
Using (1), (2), and (3) we shall study the behavior of
(5) Ait)=(1 —1¢t) > t"P[S, < 0]
[\]

ast 7 1. We shall show that for any constant a in the interval § < a < 1
it is possible to find a left-continuous random walk with mean zero and
o? = oo such that
(6) lim A(t) = a.

t”1

But by (4) this implies
G lim 13 PS, < 0] = a.
k=1

It will even be possible to find a left-continuous random walk such that the
limit in (6), and hence, by an Abelian argument, the limit in (7) fails to
exist altogether.

Suppose now that the limit in (7) exists with some a > 4 or that it does
not exist at all. In this case the arc-sine law in part (b) of P4 cannot be
satisfied—for if it were, one would necessarily have

lim E[i] lim - P[S,‘ >0] = lim - Z P[S, < 0] =

1
e
n—+ o n-® 2
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It is also clear, the random variables N,/» being bounded, that the limit in
(7) must exist if the limit of P[N, < nx] is to exist as n— oo for every x.
Thus if we carry out our program it will be clear that there are random
walks for which N, has no nondegenerate limiting distribution. The
truth is actually still more spectacular: in problems 8 and 9 at the end of
the chapter it will be shown that if there is some F(x), defined on 0 <
x < 1, such that

lim P[N, < nx] = F(x), 0<x<,
then (7) must hold with some a between zero and one. If @ = 1, then
F(x) = 1;ifa =0, then F(x) = 0; and if 0 < a < 1, then

®  Fe) = lim PN, <] = 22 Moot - -t

The result of (8) with @ = 4 was obtained in T2. If we show, as planned,
that one can get (8) with a > 4 for suitable left-continuous random walks,
then of course one can also get (8) with a < 4. One simply considers the
reversed, right-continuous random walk.

It remains, then, to investigate the limit in (6). Differentiating (1) for
0<st<1

sin 7a

r't) _ S
) =) = 21:t P[S, < 0].
By equation (2)
(10) r(t) = Pir(t)] + tr()P[r(0))-

This fact, together with (2) will be used to express A(t) in equation (5) as
a function of r(t) = r. Clearly r(t) is a monotone function of ¢ so that this
defines t as a function of r. Moreover r(t)— 1 as t— 1, because the
random walk has mean zero, as was pointed out in E17.2.

Using equations (2), (5), and (10), one obtains

1) At) = (1 - 1)3 '_'(',)(,) = Pg')__,'- 40 L P
a1- r)[l +r P(r)P'(r)]

It is therefore clear that (6) will hold with a certain value of a if and only if

. 1 Pr)—r
(12) im T = 1-Pp

It is not hard to construct a left-continuous random walk for which the
limit in (12) will have any desired value 4 < @ < 1. The limit depends

= a.
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only on the behavior of P(r) and P'(r) near r = 1 and that is determined

by the behavior of the coefficients P(0,n) for large n. Suppose we consider

a random walk such that for some integer N > 0, and some ¢ > 0

(13) P(O,n) = ”—‘—” forn>N, O<asxl

The constant ¢ is assumed to be adjusted so that (3) holds, and keeping

this in mind, an easy calculation shows that (12) holds, and that the limit is
1

(14) 3 <a=

To get (12) with the limit a = 1 one can of course take « = 0, and get the

right result, since the random walk with « = 0 will be transient, having

infinite first moment, so that N,/n— +1 with probability one. If one

wants an example where m < oo, so that the random walk remains
recurrent, one can take

sri<l

P(O,n) = m

for large enough n, but this is now a little tedious to check.
Finally, to produce an example where the limit in (12) fails to exist,
there is a procedure familiar to all those whose work requires delicate

asymptotic estimates. One simply decomposes the positive integers into
blocks or intervals,

Il = [1,"1), IQ = [nl,nz), ey Ik = [nk_l,"k), coes
Then one takes two numbers 0 < o, < ;3 < 1, and chooses

P(O,n)=n—cf—” when ne L, UL UILU ...,

[4

= & when ne I\ I,U LU .

It can now be shown that

1 _—
= lim At lim A(t) =
w1 o A0 < i A0

1
¢1+1’

provided that the obvious condition is met: the length of the &*® interval,
which is n, — n,_,, must tend to infinity sufficiently fast as k— oo.
This can be arranged at no extra cost, but we omit the details of the
calculation.

Remark: The last result of E2 amounted to showing that there

need not exist a limiting distribution for the occupation time N, of the
right half-line. 'This phenomenon is typical of a larger class of
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results, called occupation time theorems. Consider arbitrary non-
degenerate random walk, and let

(1)  BCR, |B| <o, ¢x)=1 for xe B, 0 otherwise,
N, = Z 9’(Sk)
K=1

N, is then the occupation time of B. A typical question concerns
the possibility of finding a positive sequence a, such that

(2) lim P[N, < a,x] = F(x)

exists at all continuity points of F(x), and such that F(x) is a non-
degenerate distribution (has more than one point of increase). Typ-
ical answers are **: If d = 1, p = 0, 0 < 0% < o0, then there is a

limit distribution F(x) if one takes a, = V'n (a truncated normal
distribution). Butifd = 1, m < o, p = 0, 0 = o0, the situation is
comparable to that concerning the arc-sine law. There is a one-
parameter family of distributions (the so-called Mittag-Leffler
distributions) which do arise as limits in (2). But there are also
random walks which cannot be normalized by any sequence a, to give
a nondegenerate limit distribution.

In two dimensions the situation is similar. When the mean is
zero and the second moments exist, one can show that
3) lim PN, > xInn] = e~ 0 < «x,

n-+®

where the constant ¢ is a function of the second moments and of the
cardinality |B|. It is of course inversely proportional to |Bj.

Problems

1. For aperiodic symmetric one-dimensional random walk use P7.6 to
prove that In[1 — ¢(6)] is Lebesgue integrable on the interval —# <
0 < .

2. Continuation. Conclude from problem (1) that for 0 < r < 1

1 -2

1 — E[r?] = *P {%fj, g e mpveer 1L R ¢(0)]d0}.

exp {%ﬂ f_'_ln (1 = $(6)] do}

13 For an elementary discussion see [31], Vol. I, Ch. III, and [51], Ch. II.
Complete results, including necessary and sufficient conditions for the exist-
ence of a nondegenerate limit distribution F(x), may be found in a paper of
Darling and Kac (20].
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3. Calculate
E[tTe7)
for the two-sided geometric random walk, given by
P(00) =p,  PO0x)=4p(1 -p), x#0.
4. When u = 0, 0 < o0, show that

EM] = 3 LESGS, > 0~ 3 LESI~ [Fownsw
k=) ksl w
It is also known that
lim PM, < x E[M]] = — F‘e-" dt, x> 0.
e 7 do

This limit theorem (cf. Erdés and Kac [29] and Darling [19]) may be
obtained from P19.1 with the aid of the Tauberian theorem in P20.2.

S. Show that one-dimensional random walk has m < o0 and p = 0 if
and only if
8,

L |
37

> c] < ®©
for every ¢ > 0.1

6. For each n> 1, prove that E[X,] = 0 and E|X,|** = m,., < oo imply
E[Z*) < 0. Hint:

B[z = ?:,k' ki:lg‘o‘,,(o,x)P(x.k)

s Sk 3 gal00PA)

Here g.(0,x) is the expected number of visits of the random walk, starting at
0, to x, before the first visit to the set 4. Now show that g,,(0,x) is bounded,
so that for some M < ©

1¢ The following elegant extension is due to Katz [53). One-dimensional
random walk has mean 0 and absolute moment

my = 2 |x{*P(0,x) < o, a1,

if and only if the series
1 S,
1k2_.P[|Tl > (]

Mes

k

converges for every ¢ > 0.
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EZ]sMS b 3 Ph)<o
when m,., < 0. (Due to H. Kesten.)
7. Let T, = min [k | 0 < k < n; S, = M,] and prove that
PN, =k =P[T, = k] for 0 < k< n.

8. Let g, = E[(n — N,)'], r 2 0, n > 0 where N, is the number of
positive partial sums in time n. Prove that

a-1
LD = ng 0 — z LI A n21 r20,

mal

where a, = P[S, > 0]. Using this recurrence relation prove (following
Kemperman [57], p. 93) that

lim n=7g," = (1 - )1 - 5) (1 -9

r
for all » > 1 if and only if

lim &t ta_
A @ n
9. Using the “method of moments” (see P23.3 in Chapter V) conclude
that

lim P[N, < nx] = F(x), —00 < x < ®

R = ©
exists if and only if

Iimal—-’-.;'_.u'za, OSaSl

R-s®

exists, and that F(x) is then related to a by

Fo) = Fue) = 27 [Teest e if 0 < a < 1,
0
Fox) =0if x < 0,1 if x>0,
Fi(x)=0if x<1,1if x> 1.

10. For aperiodic symmetric random walk with finite third moment sm,,
one can use the result of problem 6 to sharpen the statement in P8, to the
effect that

V2

lim u(n) = lim v(n) = -
n- o Lo
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Show that one obtains
2 o & o
5l - S fn e
2 [ 2 173"

_lJ"‘ In 1—c080 ]
T 4n ), #(0) 1—c030

11. Let X,, X,,... be independent identically distributed random
variables, S, =0, S, = X, + -+ X, and M, = max [S,, S,, ..., S,],
as in D19.1. Now we define two other sequences Z, and W, of random
variables, with n > 0. The first of these is

Z, =0, Z, =(X)*, Z,,,=(Z, + X,.1)",

where x* = x if x > 0, and 0 otherwise. The second sequence is defined
by

W,=0, W,= 3 X6
k=1

where 6(x) = 1 if x > 0, and 0 otherwise.
Prove that
PM, = x] = P[Z, = x] = P[W, = x]
for all non-negative integers n and x. The sequence Z, has applications in
queuetng theory [17].

12. For an arbitrary left-continuous random walk, starting at 0, let
P(z) = 3§ P(0,k — 1)2*. If T* is the time of the first visit to the left half
line, then according to P17.5 and E17.2

E[t™] = 1 — f(t;1) = 1(t),
and for 0 < t < 1, 2 = r(t) is the unique root of the equation z = tP(3) in
the disc |[3| < 1. By a theorem of Lagrange this equation has the solution
z = 3(t) = X7 a.t*, where ka, is the coefficient of 3*~ in [P(z)]*. Fill in
the details and conclude that

P[T* = k] =%P[s,‘ = —1], for k2> 1.

For an application outside the theory of random walk consider a simple
branching process z, with z, = 1. It is defined (see [40]) so that z, = &
with given probabilities p, for & > 0, and 2, ,, is the sum of z, independent
random variables with the same distribution as z,. Let N = 3§ z, < o©
denote the ‘““total number of individuals in all generations” (which is finite
if and only if z, = O for some n). If r(t) is the generating function of N,
show that it satisfies the same equation as before, i.e., that

(e) = ¢ 3 pdr(e))
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Finally, call Q(i,j) the probability that z, ., = j, given that z, = ¢{. Prove
that

PN = ] = 1 Qbk — 1), for k2 L.

13. Suppose that X, X,,..., are independent real valued random
variables (not integer valued!) with common distribution

F(y)=PX,<y], -—-o<y<ow.

Show, by replacing all Fourier series in the unit circle by Fourier trans-
forms in the upper half plane, that every result of Chapter IV remains
correct, with obvious modifications.

Now suppose in addition that F(y) is continuous and symmetric, i.c.,
F(y) =1 - F(-y)forall realy. If

#(0) = J'.: & dF(y), —~0 < 8 < oo,

show that
(a) 1—t4(8) = |1 — E[t7e®Z] |3, 0<t<],
(b) P[T = k] = (- 1)“1(”2) k21,
1/2
(©) PN, = 0] = (-1 7, 7%) k20,
(d) i E[eIO(QN.-n)]'n — [ 1 ~ elot |-1
a=0
- ! 0<t<l,
V1 + 13— 2tcos 8
so that
(e) E[¢#%3N -] = P, (cos 6),
where P,(x) is the n'® Legendre polynomial.
14. Imitating the proof of T20.2, conclude that
lim Efeann- 1] = -J \/1 — dx = Ju(O).

As pointed out by Rényi [85], Jo(8) happens to be the Bessel function of

order zero,
a0 = 3 Gk ()
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so that the arc-sine law yields a well-known theorem concerning the
asymptotic behavior of Legendre polynomials:

lim P, [cos (g)] =J8), - <0< o

15. Coin tossing at random times (Ticklind [98]). The compound
Poisson process x(t) is defined as x(t) = xy(,, where x, is simple one-

dimensional random walk with x, = 0. N(t) is the simple Poisson process
defined for ¢ > 0 by N(0) = 0 and

P[N(t,) = n,, N(t2) = n,, ..., N(t,) = n,]

K gmalty=t,_ )
= —_— (a(t, — t,_ ;)" ™-21)
ﬂ(”} . "/-l)![ (l t l)]
forreal0 =t, < t, < -+ < t, and integer valued 0 = n, < m,< --+ < n,.

Thus x(t) will be a step function; its jumps are of magnitude one, and
the independent, exponentially distributed time intervals between jumps
have mean 1/a. Prove that

P[ sup x(7) > n] = i e~ (aTtl)‘-‘Po [max {0, x,, x, . . ., X;} > n]

ost<t k=0
1forn =0,
= nJ’(c'“IL(ai)dx for n > 1.
o x

Here I,(x) = i "J,(ix), and J,(x) is the Bessel function of the first kind, of
order n.



Chapter V

RANDOM WALK ON AN INTERVAL

21. SIMPLE RANDOM WALK

The purpose of this section is to review! certain aspects of the
absorption problem for simple random walk. This problem has quite
a long mathematical history, which is not surprising as we shall
recognize it as a boundary value problem of the simplest possible type.
It is discrete, and the transition function, which plays the role of a
second-order difference operator, is symmetric. Therefore we shall
be able to reduce the problem to the diagonalization of certain
symmetric matrices.

The absorption problem makes just as good sense for arbitrary
random walk as for the simple random walk. However, the methods
used in this section for simple random walk will be seen to fail in the
general case. The extent of this failure will then motivate the
development of more powerful techniques in sections 22 and 23.

We begin with a few definitions which will also, in sections 22 and
23, serve for arbitrary one-dimensional random walk. We shall
always exclude the degenerate case when P(0,0) = 1.

D1 N is a non-negative integer, [0,N] the interval consisting of the
integers 0,1, 2, ..., N.

Qn(x,y) = P(x,y) for x,y in [O,N],
QNo(x:y) = ]N(x’y) = s(x’y)’ QNl(x’y) = QN(xsy)’ XYy in [O’N]»

0 53) = 3, QL) for 5y in [LN]

1 For a more complete discussion, see Feller [31], Vol. I, Chs. III and XIV,
Kac [51], or Rényi [84], Ch. VII, §11.
237
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£(23) = 3 @(s3)  xye[ON)
R,(x,k) = i ex(x,9)P(y,N + k) for x e [O,N], k=1,
y=0

Liwk) = 5 gu(x)P(y,—k) for x€[ON), k=1,
y=0

Ry(x) = > Ry(x,k),

k=l
@©

Ly(x) =k21 Ly(x,k) for x € [O,N].

Some of these definitions are old ones, such as that of Qy*. Itis
simply the &® iterate of the transition function P(x,y) restricted to the
set [0,N]. Similarly gy(x,y) was often encountered before, but in the
terminology of D10.1 it would have to be written in the unappealingly
complicated form

gﬂ(x’y) = gg- (o.m(x,}')-

Going on to Ry and Ly, note that R stands for “right” and L for
“left.” These functions are simply hitting probabilities, and in the
terminology of D10.1 we would have had to write

Ry(x,k) = Hg_1o m(x,N + k),
Ly(x,k) = Hg_(o ny(x, —R),

for xe [O,N]), k = 1.

To calculate these quantities for simple symmetric random walk is
very easy. If we look at Qy(x,y) as an N + 1 by N + 1 square
matrix (which it is!) then

0 10 --- 0 0]
101 - 00
Qv=13] : S
000 -« 0
000 -~ 1 0]

and it is natural to ask for its eigenvalues and eigenvectors. They are
given by
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Pl  The eigenvalues of Qy are

k+1
N+2™

and the associated eigenvectors are

[ 2 . k+1
(b) wv(x) = N+2smN+21r(x+l), k=0,1,...,,N;

(a) A, = cos

0<x<N,
where for kkm = 0, 1,..., N,
N
(<) Qnvx = Ay, (Vies¥m) = 2(') V(X)vn(x) = 8(k,m).

Proof: Let Ay = Ay(A) denote the determinant of @y — M.
Then it is a simple exercise in expanding a determinant in terms of its
minors to obtain the difference equation

Ay= =M,y — 30 n=23,....

Direct computation of the two lowest-order determinants gives the
initial conditions

A0=—A, A1=A2—'%.

Under these conditions the difference equation has a unique solution.
By standard methods (see E1.2) one gets

A(A) = Ary,® + Brj"

where r, and r, are the roots of the quadratic equation

¥+ Ax+3=0.
Making the substitution A = —cos ¢, one finds that
eu e—“
x2 —xcost + } = (x——i)(x—T):O,

so that 2x = e*!, and the general solution of the difference equation
becomes

An(A) = 2[4 cosnt + B sin nt].
In view of the initial conditions
A= —)=cost, Acost + Bsint = 2X% — 4,

sin 2¢ cos nt + cos 2t sin nt _ 2-n sin (n + 2)t

Aid) =277 Zsint 2sint
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Hence A, (A) = 0 when (7 + 2)t is a multiple of =, but not zero, so
that one tries (n + 2)t = (k + 1)m, k = 0, 1,...,n. That gives the
eigenvalues in (a) of P1 with the sign reversed. But the sign does not
matter since
k+1 (N-k +1

™

= —CO0s

CSNTF2” N+2

for k=0,1,..., N. As we have found N + 1 eigenvalues, (a) is
proved since a matrix of size N + 1 can have no more.

The task of verifying that the functions in (b) are eigenfunctions is
quite straightforward. Indeed it suffices to show that

Qnvvx = Ay, and (v,v) =1 for 0 < k < N.

The fact that (v,,v,) = 0 when %k # m is a basic result in matrix
theory; two eigenvectors belonging to distinct eigenvalues of a sym-
metric matrix are always orthogonal. To get Qyv, = Ay, one can
use trigonometric identities, and finally the proof of P1 is completed
by checking that

2 & . LTk+1
(vk,vk)—N__'_ZzZo sin [N+2(x+ 1)77]

1 M k+1
=1 - N—szlcos [Zm(x + 1)77] = 1-

The spectral theorem for symmetric matrices (see [38], Ch. IIT) now
yields, in one stroke, the solution of all our problems. In other words,
every one of the functions in D1 above can be expressed in terms of
the eigenfunctions and eigenvalues of Q. In particular it is worth
recording that

P2 (a) Q%)) = Z A2 ),

N
(b) En(%y) = RZO (1 = )~ o(x)()-

There is nothing to prove since these are exactly the spectral
representations of @y and (I — @y)~?, respectively. The matrix
I — Qy of course has an inverse, since by P1 all its eigenvalues lie
strictly between zero and one.

In anticipation of later results it is a good idea to look at the analogous
eigenvalue problem in the continuous case. The matrix Qy — Iy is
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nothing but the second difference operator, acting on functions defined
on the interval [0,N]. Thus one is tempted to regard

M S I+ =0 0sxs1
as the proper analogue of
@v — Iyyv = —pv or Qyu = Av, A=1-—-p
The correct boundary condition to impose in (1) is
2) J(0) =f(1) = 0.

This follows from the observation that the matrix equation Qyv = Av
is the same as the difference equation

dv(x + 1) + do(x — 1) = Ay(x), 0 <x<N,

with ¢(—1) = ¢(N + 1) = 0. The well-known theory of the boundary
value problem consisting of (1) and (2) may be summarized by

P3 Egquations (1) and (2) are equivalent to the integral equation

(a) & = [ "RENG)dy,  0sxsl,

with symmetric kernel

(b) R(x,y) = min (x,3) — xy for 0 < x,y < 1.
The eigenvalues are

(c) B = w2k, k=12,...,

and the eigenfunctions

(d)  dx) = V2sinmkx, O0sxs<1, k=12,...,

form an orthonormal set, i.e.,

(Bobn) = f (W) dx = (k,m).

The proof can be found in almost any book on eigenvalue problems.
The theory of completely continuous symmetric operators? delimits
the full extent to which matrix results carry over into a more general
setting. One particularly important result, the continuous analogue

2 Cf. Riesz-Nagy [87], Ch. IV, or Courant-Hilbert [16], Vol. I, Ch. III. In
particular the Green function R(x,y) = min (x,y) — xy arises in the simplest
mathematical description of the vibrating string, with fixed end points. It is
often called the vibrating string kernel.
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of part (b) of P2, is Mercer’s theorem: the series
< x
R(x,y) = Z ¢k( Mk(y)’
k=1 i

converges uniformly in the square 0 < x, y < 1, and so do the series
expansions for the iterates of R(x,y) which will be defined and used in
the proof of T23.2.

At this point it should not be too surprising that one gets the
following formulas for simple random walk

1 _pfx+1 y+1
P4 @) e = R(N_+2’ N—rz)

() R(x) = o L) = Ry(N - 2 = o =2+ 1

Here R(x,y) is the kernel defined in equation (b) of P3.

Proof: The shortest proof of (a) is to verify, by matrix multiplica-
tion, that the matrix on the right in (a) is indeed the inverse of
2(N + 2)(Iy — Q). This is left to the reader, and once that is done
(b) follows from the definition of Ry(x) in D1.

Now we shall show that there are problems where eigenfunction
expansions, such as those in P2, are quite useful—in fact almost
indispensable. Such problems concern the asymptotic behavior of
hitting probabilities, Green functions, etc. We shall confine our
attention to the random variable Ty—the hitting time of the exterior
of the interval [0,NV].

D2 Ty =min{k|k > 1,x, € R — [0O,N]}.

To simplify the problem a little, without losing the essential flavor,
let us assume that the random walk has as its starting point x, = N,
the mid-point of the interval [0,2NV].

Quite evidently

lim PN[TQN > "] = l
N~ ®

for each fixed integer n. Thus it is reasonable to look for a normalizing
sequence a(/N) such that, if possible,

Jim Py[Tay < xa(N)] = F(x), x > 0,

exists and is a nondegenerate probability distribution defined for
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x > 0, with F(0) = 0, F(c0) = 1. Itis very natural to try a sequence
a(N) such that

Ex[T2n] ~ a(N), N — 0.
But P4 gives
2N
Ey[Ton] = z £an(N,x)

=0
N+1 x+1\ _ 2
2N+22N+2)‘(N+1)’

= 2(2N + 2) Z R(

so that we shall take a(N) =
Now the problem is to evaluate (and prove the existence of)

lim P,[T,y > N2x], x> 0.
N— o

The calculation of the distribution of T,y is facilitated by the
observation that

2N
Py[Toy > n] = z Q2n"(N,y).
yv=0

Using part (a) of P2 one gets

2N 2N

Py[Ton > n] = z z Alv(N o).
v=0 k=0
In view of P1,

Py[Toy > n]

= JNIH k§0 [cos (7’;V+—12 ")]n sin (k ; 1 11') 2§N: v()

y=0

1 2, oo g | -1 3 sin [ZA G wty + 1)

1 Y 2+ 1 n 2j+ 1\ =
’ B AL N
TN+, Z( D [°°s (2N 2")] cot [(21\/ + 2) 2]
Here the last step consisted of evaluating the sum on y, by converting
it into a geometric progression.

It is easy to see that for every ¢ > 0

1 241 \» (2+1m
-1y — ——— =0
lim =g 2, (5D (°°s IN + 2") cot (ZN T 22) 0
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uniformly in n. That serves as justification for using the approxi-
mations

2] +1 N2z 3 (21 + 1)2 N2z _uzm:mn
(°°s IN 12 ) ~ (1 T TN+ 1)2) ~e ‘
(GHlm 4N+
CINF22 TRy T

which apply when j is small compared to .N. This way one obtains

PS lim Py[T,y > N3x] = 1 — F(x)
N—-wo

Z (— l)j -—mo 1)3e

,_02]-}-1 ’ x>0.

In section 23 we shall develop methods which enable us to prove P35
for arbitrary one-dimensional random walk with mean zero and finite
variance.

22. THE ABSORPTION PROBLEM WITH MEAN ZERO, FINITE VARIANCE

There are good reasons for suspecting strong similarity between
simple random walk and any other random walk with mean zero and
finite variance. Thus the Central Limit Theorem asserts that the
asymptotic behavior of P,(x,y) is in a sense the same for every random
walk with 4 = 0, 02 < 0. But it is not clear how relevant the
Central Limit Theorem is to the absorption problem where we are
concerned with @y(x,y) and its iterates rather than with the unre-
stricted transition function P(x,y). For this reason we shall begin by
investigating to what extent the operator @y — Iy has 2 behavior
resembling that of the second-order differential operator.

Pl Let P(x,y) be the transition function of a random walk with
p = 0,0 < 0? < oc, and let Qy(x,y) denote its restriction to the interval
[O,N]. Let f(x) be a function with a continuous second derivative on
0<sx< 1 ThenforeverytinO <t<]1

im 22 5w, - qaavams() = -ro

Proof: The assumptions on f(x) imply that for each pair x,y in [0,1]

fO) =) + (y = f'(x) + Ky = (%) + p(x¥),
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where (x — y)~2-p(x,y) — 0 uniformly in any interval 0 < a < «x,
< b < 1. Furthermore one can find a positive constant M such
that

OST?;1U(x)»f'(x)»f”(x)»P(x»y)] <M

If we take 0 < ¢ < 1 and denote [Nf]N ~! = 2(N,t) = z, then
2 > BN - e vkl (5)
=25 3 [+ vovw - peNa{re + (5 - )7

e o)

Here the terms have been decomposed in such a way that

I = f(z) =

L= Z P(zN,k)=N — k),

2N* [ i P(zN,k)],

k=0

I, = - f"(z)l2 ﬁ P(zN,k)zN — k)2,

2N? k
L= ,Zo P(zN,k)p(z, N)'
Since f(t) and f'(t) are bounded and 0 < 2z < 1 one can conclude
that I, - 0 and I, - 0 as N — c0. It should be clear how to do that,
using in an essential way the assumption that u = 0, 02 < 0. The
third term, I, obviously converges to —f"(t) as N— c0. To com-
plete the proof of P1 it is necessary to break I, into two parts. Given
€ > 0 we choose 4 so that
k\2
< e(z I—V) ’

)

when |z — (k/N)| < A, for all sufficiently large N. Then one has

1| < i P(aNk)(=N — k2 + 2D ‘M P(zN,k).

2,
=



246 RANDOM WALK ON AN INTERVAL

The first term is exactly 2¢ and the second term tends to zero as
N — oo for the same (undisclosed, but obvious) reason that I, went to
zero. Since e is arbitrary, that completes the proof of P1.

According to P21.3, one has reason to suspect that the inverse
gx(x,y) of Iy — @y will approach, as N — oo, the kernel

R(s,t) = min (s,t) — st,

in much the same way as I, — @, approaches the second derivative
operator. One might guess the formally correct analogue of P1 to be

P2 For random walk with mean u = 0 and variance 0 < 0% < o0,
and for f(x) bounded and Riemann integrable on 0 < x < 1,

lim s > eV (R) = [ foren as

N~ k=0
uniformly for 0 < t < 1.

Proposition P2, just as P1, is of interest, and of course makes perfect
sense, without any reference whatsoever to probabilistic terms or ideas.
But whereas the proof of P1 depended only on elementary calculus, P2
seems to be mathematically deeper. In the next section we shall
prove it, and in fact considerably more—but only by making strong
use of probabilistic results from Chapter IV.

Much too little is known about the asymptotic properties of eigen-
function expansions in general to attempt a proof of P2 along the lines
of section 21.  Even if we are willing to restrict attention to symmetric
random walk so that gy(x,y) has a representation of the form

the difficulties are formidable. Observe that in the above formula we
should have written v,(x) = v (N;x), A, = A(N), since both the
eigenvalues and the eigenfunctions depend on N. Consequently the
asymptotic behavior of gy(x,y) as N — oo depends on that of both
Ad(N) and v(N;x). Although a great deal is known about the dis-
tribution of the eigenvalues Ao(N), A;(N), ..., Ay(N) for large N (see
problems 8 and 9 for a small sample), one knows very little about the
eigenfunctions. The blunt truth of the matter is that there are much
better ways to approach our problem. Although spectral decom-
position of an operator, which is what we have been contemplating, is
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a very general and very powerful mathematical tool, it is not always the
best one. For one thing it is too general. Our present problem has a
special feature which deserves to be taken advantage of : the operators
P(x,y) and @y(x,y) are both difference kernels (P(x,y) = P(0,y — x),
and @y is the truncation of P).

In 1920 G. Szeg6 [97] succeeded in associating with symmetric
difference operators a system of orthogonal polynomials. Although
these polynomials are not eigenfunctions of the operator, they perform
a very similar function. Referring the reader to the literature [36]
(see also problems 5, 8, and 9) we shall be content to describe a small
part of his theory which is directly relevant to symmetric random
walk. This is a very special context from the point of view of Szegé’s
theory—his matrices need not have non-negative elements, as they do
in the context of random walk.

P3  Suppose that P(x,y) = P(y,x) is the transition function of sym-
metric one-dimensional random walk with characteristic function

8(0) = 3 PO = &) = (~6).

1= -

Then there exists a sequence of polynomials

() Pu(a) = 2. Pty m20
with the property that
(b) Pan > 0 for n > 0,

© 55 [ PPN - )6 = (), hm=0,1,2,...

These polynomials are uniquely determined by requirements (b) and (c).
All the coefficients p, , are non-negative. The Green function gy(1,5) of
D21.1 has the representation

N
(d) gn(ij) = Z Pr.aPr.s
k=max({,)

=ma
min ({.1)
= kzo pN—'k.N—(PN—k.N—J' for N > O, t 2> 0, 7] 2 O.
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The limiting behavior of the orthogonal polynomials is described by

(€) lim p, ., = u(k), k>0,
where u(k) is the sequence defined by
) 2wk = U(x) = V(2),

with U(z) and V(2) as defined in D18.2.

Proof: The existence of a unique system of polynomials p,(2)
satisfying (b) and (c) follows from the well known Gram Schmidt
orthogonalization process. The sequence f, (') = '™, n = 0, + 1,
+2,..., forms a complete orthonormal set for the Hilbert space
Ly(—mm) of functions square integrable on the interval [—m,7].
Here orthogonality is defined in the sense that

2 [ 1 T d8 = smm), ma =0, 51,

We are interested, however, in constructing a system of polynomials
p.(2) which are orthogonal with respect to the inner product

() = 5 [ FeREM - (6) db.

It is easy to verify that the explicit formulas
po(2) =[1-P(0,0)]*72,

(fo:fo) (fl’fo) e (fmfo)
(1) (fofh) i) - (fwh)
= -1:3 yn>1,
P.(x) - (D"D.-l) (fmfn-x) (flvfn—l) e (fmfn—l)
fo(3) fi(2) fa(2)
ofo) S - (fwho)
where Da = (/0’-.{1) (flvfl) et (fmfl) ,n > 0’
Gofd  (ufd) - Uutd

vield a system of polynomials such that
(Pmpa) = 8(“»”)) nm=2012...
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and such that (b) and (c) are satisfied. Nor is it difficult to prove
uniqueness.® The above representation of p,(z) as a ratio of deter-
minants is of course quite general—it holds when 1 — ¢(6) is replaced
by any non-negative weight function w(6) whose integral over [ — m,7]
is positive. In our case one has

@) ufa) = 5= [ €™e=™[1 — §6))d0 = 3(m.n) — Pn,m),

in other words, the matrix (f,,fn), 0 < mn < N, is exactly the
(N + 1) x (N + 1) matrix which we called Iy — Q in definition D21.1.

The proof of (d) is based on the observation that gy(j,k) is the
(j,k)® element of the inverse of the matrix Iy — Qy. This was
already pointed out in connection with P21.2. It is equally true here,
for although we do not know the eigenvalues of @y it is easy to see that
they are between 0 and 1. Hence

&nU,R) = ZOQN"(ka) = (Iy — Qn)"'(J:k)-
Because of the symmetry of the random walk it is clear that

gn(k,j) = gn(N — kN — ).

Therefore it suffices to prove the first identity in (d) which, in terms
of generating functions, becomes

3) 2. 2 ankj)wt = 3 pu(=)po(es)

for arbitrary complex z and w. To verify (3) one first derives, using
(1) and (2), that

1—¢ —¢ —cy 1
N 1 ¢ l-—¢ -+ —tyo, ®
(4) D p(2)palw) = - ol :
n=0 N -
'—CN —CN-I AR l - Co wN
1 z 2N 0

where ¢, = P(0,k) for ke R. Equation (4) is known as the formula

3 See [36], p. 14, for a proof that works in any Hilbert space.
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for the reproducing kernel* Inspection of the determinant in (4)
shows that the coefficient of @*2? is simply

—(1/Dy)M, (— 1)+, 0<kj<N,
where M, ,is the minor of the (k,5)** element of the matrix (I, — @) 1.

Consequently we have
N

5) 2. 2 en(k)FE* = 2 po(a)pa)

=0 j=
From (5) we should be able to conclude (3), and hence (d), if we knew
that all coefficients p,, of p,(2) are real. That comes from (5) which
gives
en(N.k) = gn(k,N) = Py.wPrsi = Pr.nPuo
because gy = Iy — @y is a symmetric matrix. Furthermore py y =
Pw.» according to (b), so that py , is real for all 0 < &k < N.
For the proof of part (e) we shall rely on results from Chapter IV.
If
es(*y) = g*y), B=[x|-0<xs<-1]]
is the Green function of the half-line in D19.3, we have

lim gy(k,j) = g(k,j) for k20, j =0,
N-®

since the sequence gy(k,j) is the expected number of visits from k to j
before leaving [0,N] and therefore increases monotonically to g(k,j)
which is a similar expectation for the half-line [0,00). Since we are
here in the symmetric case, P19.3 gives

min (k.
© Jim gu(kj) = 2wk — mu(j — n).

Now we specialize (6) by setting j = 0, to obtain
(7) lim gy(k,0) = lim gy(N —k,N)
N- o N-+
= 15‘_{'; Punpun -k = u(k)u(0).

4 Call the left-hand side in (4) Ky(2,w). This “kernel” owes its name to
the property that

3 [ Kntmeneents - 410 = o2

whenever g(2) is a polynomial of degree at most N.
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Setting & = 0 in (7), while observing that p, 5 > 0, yields
®) A}L‘g pan = 4(0), )}L’: Pu.n-r = u(k).
That completes the proof of P3.

In the sequel we shall actually never use P3 explicitly, but only the
added conviction it gives us that one should pay attention to the
algebraic aspects of the problem—i.e., to the fact that P(x,y) =
P(0,y — x), and its various manifestations. From Chapter IV we
shall now copy certain results, to obviate the need for tedious references.
They concern the Green function

g(x’y) = gB(x»y)’ B = [xl —0 < x < _1]'

It is given by the amazingly simple formula (6) in the proof of P3,
which is valid precisely because P(x,y) is a difference kernel. We
shall restrict ourselves to random walk with u = 0, 02 < o0 so that
all the asymptotic results concerning g(x,y) from section 19 become
available.

P4 For aperiodic one-dimensional random walk with mean p = 0
and variance o2 < o0,

min (z.v)

(@ gy = 2 ux-Key-k  x20 y=20,
and
(b) lim wu(x) =u >0, lim o(x) =v > 0,
I— + I—=+©
where

uv 2
0.2

Proof: We just look up P19.3, or equation (6) above, to get (a)—
this part does not require the assumptions of P4—and then we use
P18.8 to verify (b). This latter part depends crucially on aperiodicity,
u =0, and 02 < 0. The exact values of the limits ¥ and v will be
of no interest. All that matters is their product. Using P4 it will
now be possible to begin to extend the theory in section 21 to arbitrary
aperiodic one-dimensional random walk with p = 0, 0 < co. (Certain
auxiliary results, such as P5 and P6 below will in fact be valid under
more general assumptions.)
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PS5 There is a constant M > 0 such that
ax(x,y) < M[1 + min (x,y, N — x, N — y)] < oo,

whenever 0 < x,y < N.

Proof: In view of P4 we can choose M such that 0 < u(x) < M,
0 < v(x) s M, forall x > 0. But it is probabilistically obvious that

ax(x,y) < g(x,y) < Mmin(1 + x,1 + y) = M[1 + min (x,y)].
On the other hand, we have

En(x,y) = gn(N — y, N — x).

This is not a mistake! To verify it one need not even introduce the
reversed random walk, as this simple identity follows directly from
the definition of g)(x,y) in D21.1. Therefore we also have

ex(xy) <gN -y N—-x)<Mminl + N-y,1+ N - x]
which completes the proof of P5.

Now we take up the study of the hitting probabilities Ry(x,k) and
Ly(x,k) of the two components of the complement of the interval [0,N].

P6 (a) i Ry(x,R) + Z L{xk) =1, 0s<xs<N,

-1

b 3+ DR + 3 (-BLsA) = 5
= 0<sxs N.

x

Proof: The argument is based on the identities

N
Ru(xk) = 3. gx(x)P(y.N + )
N

Lu(xk) = 3. ex(xy)P(y,~ )

valid for 0 < x < N, k > 0. They are obvious from
=P + k) = 3 Q(x)P(y.N + k)

—Z ATy =j+ 1%y 1 = 3, %y, = N + K]

=P,[x, ., =3, %, = N + £&],
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where Ty is the first exit time from the interval [0,N] defined in
D21.2. The identity for Ly is proved in the same way.
The left-hand side in (a) can then be written

N N
> g~<x,y)[1 Y P(y,s>]~
y=0 =0
Keeping in mind that
N
”Zo ex(x3)P(3,5) = gn(x,5) — 8(x,5)

when x and s are both in [0,/V], one gets

N N N N
2. [Ru(xk) + La(xh)] = 2 gn(=3) = 2, gn(xs) + 2, 8(xs) = 1.

The proof of (b) is similar, but it depends in an essential way on the
hypothesis that m < co, p = 0. The left-hand side in (b) is trans-
formed into

S e[ 3V 0PON + 8 - 3 kPG 0]

y=0 k=1

=3 asd) 3P - 3, 120
y=0 j= ~ f=0
=2 gu(x,y)[y -2 jP(y,j)]
y=0 =0
= 2, sen(®) - 2, jgw(=) + 2 j8(x) = =

That completes the proof of this intuitively obvious proposition.
Part (a) asserts that the random walk leaves [0,/N] either on the right
or on the left. Part (b) is a statement characterizing the random walk
with mean p = 0 as a ““fair game”: if x, = x, and Ty the stopping
time we are concerned with, part (b) states that

E![xTN] = xo =X
This is of course true for every ‘“reasonable’ stopping time.

x 1 & 1 S
PI R =x+y gl kLy(xk) = k; kRy(x,k).
Proof: First we transform

Ru(®) = 3 Ru(xk) = £ 5 (V + BRW(5A) — + 3 kRy(x).
k=1 N k=1 N k=1
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The proof is completed by applying P6 (b) to the next to last term to get
x 1 3 1 <
R ==+ = D kLy(x,k) — = DO kRy(xk).
Wx) = 5+ § 2 AR - 5 3 kRu(x)

The main theorem of this section (T1 below) concerns the asymptotic
behavior of Ry(x) and Ly(x) as N— oc0. The proof will depend on
PS5 which was proved under the assumption that 02 < co. But that
is deceptive—PS5 can in fact be shown to be true under much more
general conditions. However, essential use of the finiteness of the
variance will be made in an estimate very much like the ones required
to prove P1. In the proof of T1 we shall have occasion to define

) a(s) = Z kP(O,s + k), s=0,

and we shall need the conclusion that

() lim - 2 (1 + s)a(s) = 0.

R ® s=0
This is easily done, for (1) yields

i a(s) = ikP(O,s+k)=Z(l +2+ -+ PO,

5=0 k=0 5=0 i=1
< > j2P(0,5) < o < ®,
j=1

and by Kronecker’s lemma the convergence of the series > a(s) implies
that

him % -i sa(s) =

which shows that (2) holds.

T1 For one-dimensional random walk with u = 0, 0 < o® < o,
Ryx) — x N— 0 uniformly for al 0 < x < N, as N—- o. 4
stmilar statement holds for Ly(x) — (1 — x N).

Proof: We give the proof for aperiodic random walk, but observe
that T1 is then automatically true in the periodic case, assuming of
course that P(0,0) = 1, a possibilitv which was excluded by assuming
that ¢* > (. (To make the obvious extension to periodic random
walk it suffices to observe that in the periodic case there is some integer
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d > 1 such that the random walk is aperiodic on the state space
consisting of the multiples of d.)
In view of P7 it suffices to show that

lim K, Z kRy(x,k) = 0.

uniformly in 0 < x < N, and to obtain a similar result for Ly(x,k).
Since both problems yield to the same method it suffices to treat only
one of them. Now

1 © l © N
N 2 RRu(xk) = & D k D gn(xy)P(3.N + k),
k=1 k=1 y=0

and using P5 one gets

—I:I,:ZII@RN(x,k) < “—13 i f 1+ N - y)P(yN + k)
- .% 2 tz 1+ POk + 5) = % > (1 + s)a(s),

in the terminology of equation (1) preceding the statement of T1.
This upper bound is independent of x, and it was shown to go to zero
as N — oo in (2) preceding T1. As one can obtain analogous estimates
for the probabilities Ly of leaving on the left, the proof of T1 is
complete.

With T1 we have solved ‘‘one-half” of the problem of extending
the basic theory of the absorption problem from simple random walk
to the case p = 0, 02 < 0. Note that T1 corresponds to part (b) of
P21.4, where the result is “exact” in the sense that

x+1

N +2
Our next task will be to get a result for gy(x,y), which will correspond
to part (a) of P21.4. That will be accomplished in T23.1, in the next
section.

This section is concluded with some remarks concerning possible
extensions of T1 to random walk with 0 = o0, investigated by Kesten
(1961) [58, 59]. The essential flavor of the problem is preserved if
one writes T1 in the form

lim Ry([Nx]) =% Osx<1.
N-o

Ry(x) = ’ 0<x< N
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In other words, the limit, when 4 = 0, 0® < o0, is the uniform dis-
tribution. Just as in our brief discussion of the arc-sine law, and of
occupation time problems in general, at the end of section 20, one can
ask the following question. For what random walks does

(1) lim Ry([Na]) = F(x), 0s<xs<1,

exist, with F(x) a probability distribution, and what distributions F(x)
can arise as limits of this type? Just as in occupation time problems,
the limit may fail to exist altogether. For symmetric random walk
Kesten exhibits classes of random walks where the limiting distribution
is the incomplete beta-function

(2) Fulx) =

F(:) ,f 70— 'd, O0<as2
[*6)] -
Quite likely these are all the possibilities. Just as in the occupation
time problems the parameter a is related to the asymptotic behavior of
P(x,y) as |x — y| — o0; in particular « = 2 when x = 0 and 0® < <0,
giving the result F (x) = x of T1.

As an amusing special case consider the random walk of E8.3 in
Chapter II. It was shown there that

(3) #O) = O POx)® =1~ sing
is the characteristic function of
2 2 1
(4) P(0,0) =1- ;;» P(O,x) = 1—r 47_—1 for x # 0.

Since Kesten showed that (2) holds with parameter«, 0 < a < 2 when
P(0,x) ~ constant-|x| =+,
it follows that the random walk in (3) and (4) satisfies

(5)  lim Ry([Nx]) = Fy(x) = %sin" vVx, 0sxs<l
N

We proceed to sketch a proof of (5) along lines entirely different from
the methods of this chapter.
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El Consider simple random walk x, in the plane R. Given any
positive integer N we decompose R into the three sets

Ay =[2]|z€R,z = k(1 + i) for some k> N + 1],

By =[2z]|z€e R,z = k(1 + 1) for some k < 0],

Cy=R- (ANU By).
Finally, let us call D the entire diagonal [z | 2 = n(1 + {), —00 < n < o0].
It was shown in E8.3 that P(x,y), defined in equation (4) above, is the
transition function of the random walk executed by x, when it visits D
(the imbedded random walk associated with D). But then it follows that
for any real ¢, 0 < t < 1, Ry([Nt]) of equation (5) has an interesting
probability interpretation in terms of simple two-dimensional random
walk x,. All we have to do is to take

Xo=[Nt)J1 +1¢), Ty=min[k|k=1,x,€ Ay By),
to be able to conclude that
(6) Ry([Nt]) = Pivyr+ [%ry € 4An)-

To calculate Ry([Nt]) consider the function
fv(z) = P,[xy, € 4Ay), Z€R,
and observe that it solves the exterior Dirichlet problem (see P13.2)

(7)) G+ 1) + fulz = 1) + fa(z +9) + fu(z — )] = fu(2)
for z € Cy, with boundary conditions
(8) fu(z) =1 for z€ Ay,  fu(z) = 0 for z € By,

This boundary value problem is too complicated for us to attempt an
explicit solution, but on the other hand the limiting case (as N — o0) of
this problem is very simple. To obtain the correct limiting partial dif-
ferential equation from (7) one must of course take a finer and finer grid as
N — co. If one takes a grid of mesh length N-! at the N'" stage, then
(7) should go over into Laplace’s equation, and the boundary conditions in
(8) of course remain unchanged. This argument, if correct, implies

Jlim fy(z) = f(2) = u(x,y),

where Au = 0 everywhere in the (x,y) plane except on 4 = [(x,y) | x =
y = 1], where u(x,y) =1, and on B = [(x,y)|x =y < 0], where
u(x,y) = 0. If we can find such a function u(x,y) we are finished, for then

9) Jim Ry([Nt]) = f[¢(1 + 0)] = u(t,t).

The methods required to justify the passage to the limit are quite well
known. They were devised in 1928 in an important study of the approxi-
mation of boundary value problems by difference equations (Courant,
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Friedrichs, and Lewy [15]). Even the probabilistic aspects of the problem
were already then fairly well understood.

Finally we have to find the harmonic function u(x,y), which can easily
be done by use of a suitable conformal mapping (a mapping w(z) of R —
(AU B) on a domain D such that Re w(3) = 1 when z€ 4 and 0 when
z € B). In this way one obtains

u(x,y) = —tan~? 2 I_m -—(wl)'
where
2
2z =l @) s o.

T+: ' 1—u?

After verifying that u(x,y) is the appropriate harmonic function, set

x = y =t to obtain
w=i [l 0<r<n,

n-1 [2 Im(u’) 1 - [2\/? Vl_—z]

l
(10) u(t,t) = ot tan T

2 .
= Zsin-' V1t
™

In view of equation (9), this completes our proof (apart from the justifica-
tion of the passage to the limit in (9)) that the random walk in (4) has
absorption probabilities given by (5). Qualitatively, since

gsin“\/;{> tfort <4

m <tfort>13

we conclude that symmetric random walk with infinite variance differs
from random walk with p = 0, o < 00 as follows. It is less likely to
leave an interval on the same side as the starting point, and more likely to
leave it on the opposite side.

23. THE GREEN FUNCTION FOR THE ABSORPTION PROBLEM

The Green function gy(x,y) was defined in D21.1 for N > 0, x and
y in the interval [0,N]. It represents the expected number of visits
to y, starting at x, = x, before the random walk leaves the interval
[0,N]. Our immediate goal is the extension of P21.4(a) to arbitrary
random walk with mean x = 0 and variance 0 < 02 < 0. This will
be done in T1, and in the remainder of this chapter we shall consider
a number of applications of T1.
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To get information about the asymptotic behavior of gy(x,y) as
N — oo we shall use T22.1 and the identity

Pl gy(%3) = 2(53) — > Ru(xR)g(N + k3),  xye[O,N]

k=1

Proof: Let x, be the random walk with x, = x, T, the first time
(the smallest k) such that x, € R — [0,N], and T the first time that
x, < 0. Clearly Ty < T, so that

T™n-1

&n(x,y) = E, Z 8(yx) = E, Z 8(y:xi) — E; Z &(¥>Xi)

k=Ty

= g(x,y) — E,|Ex,, Z 8(3x4)| = g(x,y) — E.g(xy,,y)
k=0

- g59) = 3 Ru(sR)gN + b)

Combined with T22.1 and P22.4, P1 will yield

T1 For aperiodic one-dimensional random walk, with u = 0,
0 < o® < o0,

o3
vens) - Rz %) >0
as N — oo, uniformly in0 < x,y < N. Here
R(s,t) = min (s,t) — st, 0<s,t< 1.

Proof: Without loss of generality one may assume that y < x.
The other case then can be obtained from the reversed random walk.

Since u(x) > u > 0, v(x) > v > 0, we write

u(x) = u + p(x),  ox) = v+ o),

lim p(x) = lim r(x) = 0.
-+

=+ ®

Then, keeping in mind that y < x and that yv = 2/03,
8(x,y) = u(x)o(y) + u(x — Do(y — 1) +--- + u(x — y)u(0)
=+ 1)‘%2 +kzo [ufk) + vu(x — y + k) + p(x — y + R)R)].

where

It is more convenient to write

B53) = 0+ Do+ 2 px)
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where the error term p(x,y), defined for 0 < y < x, has the property
that

v
|p(x,)| sk_Zo k), 0<y<nx,

€(n) being a fixed non-negative null sequence (lim,_, ., ¢(n) = 0).

Using P1 one obtains

o? y
N EN(®:Y) — (ITI’ N)

= ZGTV an(x%y) — (1 - N)
= s 8®Y) — 7 Z Ru(xk)g(N + k.y) - (1 B 1%)
= y—1+v1 + I—Vp(x’y) - RN(x)

Z Ru(RpN + k) = % (1= 3):

Now it remains only to estimate the error terms. First we observe
that
vy

sj sy > )

k=0 k=0

1
’IT/ p(x
2 S RishAN + k)| < ) 5 & 3 )
Nk=1 M ’ - N~ Nk=0 ’
so that these two terms tend to zero uniformly, as required. Let us

call the sum of these two terms ¢,'. Furthermore we have, in view of
T22.1,

RN(x) - 1% S EN”, 0 S X S N,

n

where €,” is another null sequence, independent of x. Collecting
terms, and using the triangle inequality,

a? x y
mg,;(x,y) - R(ﬁ’ N)

y+1(  *\_ Y x
e () - R (- N)

which tends to zero, uniformly in 0 < y < x < N and proves T1.

’ ”n +1
< €y +€NyN

' .
<€y +tey + 1

N
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Now we are in a position to harvest several interesting consequences
of T1. Weshall be quite selective and choose only three (cf. problems
6 and 7 for one more application). First of all, we can now prove
P22.2 in the beginning of the last section, which to some extent
motivated the development of T22.1 and T1, but which was never
proved. We have to show that

lim 2 5 sn(Nf(R) = [ Re9f b

Since f(x) is bounded and since the convergence in T1 is uniform, we
have

lim 22 3 suvas(x) = im 5 > R(GD X)s(F),

and the last limit is of course the approximating sum of the desired
Riemann integral.

For an application which is no more profound, but probabilistically
a lot more interesting, we shall study an occupation time problem.
This problem will appear a little more natural if we change the
absorbing interval from [0,N] to [—N,N], so that the process can
start at a fixed point, say at the middle of the interval. Thus we shall
make the following definitions.

D1 The random walk x, starts at x, = 0. Ty is the first time
outside [— N,N), y s a fixed point in R, and

Tn -1

Nx(y) = Z (%)

K=0
is the number of visits to y before leaving [ — N,N].
We shall prove

P2 For aperiodic random walk, with u = 0, 0 < o,
lim Po[Ny(y) = Nx] =e~%%%, x20.
N-o®

Proof: We shall consider only the case when y # 0 and leave to the
reader the trivial modification required when y = 0. We let

Pu(y) = Po[Nu(y) > 0],
rn(y) = P[x, = y for some 0 < k < T,].

Then
Po[Ny(¥) = j] = px()rv X1 — ()], j 2 L
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To make use of T1 in an efficient manner we translate the interval
[- N,N] to [0,2N] so that the condition x, = 0 becomes x5, = N
while the point y turns into y + N. In this setting a simple com-
putation shows that

gax(N,N + y) ,
&x(N + yN + y)
1
&av(N + 3N + y)

Pa(y) =

ny)=1-

Hence
Po[Ny(y) > Nx} = pu(@)ra(»)™™.
By T1 it is clcar that

lim py(y) = L
N
To estimate ry(y), observe that

Ll 1_

4N82~(N + N +y) = 3~ ive T ()

where €y(y) — 0 uniformly in y. Consequently

r(y) =1 - ‘g + o(%)

where No(1/N) — 0 as N — co. But that suffices to conclude

. R 02 Nz 2
lim [ry(y)]¥® = lim (1 - —) = 7%,
N-o® N—® AV

and proves P2,

Our next application of T1 concerns the asymptotic behavior of the
first time Ty outside the interval [— N,N]. We shall show that P21.5
holds in a very general context, by proving

T2 For arbitrary one-dimensional random walk with u = 0 and
0 < 0% < o, Ty (defined in D1) has the limiting distribution

N2
lim PO[TN > x—z] =1 - F(x), x>0,
N—o® ag
where
_ 4 (—l)k -5;(2k+1)’x‘
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Proof: To facilitate the use of T1 we shall assume the random walk
to be aperiodic, keeping in mind that this assumption may be removed
by an argument similar to that in the proof of T22.1. The proof will
require several preliminary lemmas, the first of which concerns the
moments of the distribution F(x) in T2.

- 7 (8)P*1 2 L\
P3 m, = J:) xPf(x) dx = p! 3 (1?) ’Zo (- 1) (Zk + 1) ’
220,

where f(x) is the density F'(x). Moreover, if G(x) is any distribution
Sfunction such that

j x*dG(x) = m, forall p =0,1,2,...,

then G(x) = F(x).

Proof: The first part of P3 involves only straightforward calculation
of the moments m, of the distribution F(x) defined in T2. The
second part, which amounts to saying that the moment problem for the
particular moment sequence m, has a unique solution may be deduced
from a well known criterion. If

cp = f x*dH(x), p=0,

is a sequence of moments of a probability distribution H(x), and if
Z Tk pk < oo for some 7 > 0
K=o kl

then H(x) is the only distribution with these moments (the moment
problem for the sequence ¢, has a unique solution). The moments
m,, are easily seen to satisfy the above condition for all r < #?/8.

We need one more result from the general theory of distribution
functions.® If H,(x) is a sequence of distribution functions, such that

[Q *? dH’l(x) = ¢y(n), 220, n> 0,

LY

lim ¢y(n) = ¢, 20,
n-+
5 See Lo¢ve [73], §§11 and 14, for both this limit theorem and the uniqueness
criterion for moments described above. The technique of using this theorem
to find a limiting distribution by calculating the limits of moments is often
referred to as the method of moments.
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and if there is one unique distribution function H(x) such that

c, = r #dH(x), p=0,
then
lim H,(x) = H(x)
at every point of continuity of H(x).

This theorem permits us to conduct the proof of T2 by showing
that the moments of Ty have the proper limiting behavior. In view
of P3 we may record this state of affairs as

P4 If for each integer p > 0,

. o?Ty\?
i & () ] = =

with m,, given in P3, then T2 is true.

The analysis of the moments of Ty begins with a little trick. Keep-
ing in mind that the random walk starts at x, = 0, we define the
random variables

Yyo=1 N=2=1,

Yyr=1if x| < Nfori=12,...,k
= 0 otherwise, N2=z>1

Then
= Z ‘PN.M
k=0

T Z Zq’uk,q'uk, = Z zq’Nh

ki=0 k3=0 1=0 ka =0

where j = j(ky,k;) = max (k;,k;). The number of distinct pairs
(ky,k3) of non-negative integers whose maximum is j turns out to be
( + 1)2 — j2, so that

= 5 il + 107 - 7%

The trick consists in observing that this procedure generalizes very
nicely. The number of distinct p-tuples (%, &, ..., k,) of non-
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negative integers, all of which are less than or equal to j, turns out to
be (j + 1)® — j* (the difference between the volumes of two cubes!)
and one can write

P5 Ty = z YuslG+1)P =47, p21, N=21
=0

This gives us a very natural setup for the calculation of moments.
In the terminology of D21.1

2N
Eo[‘l’u.;] = 2_; Qan'(N,P).

If we define gy°(x,y) as the p'® power of the matrix gn(x,y),
0 < x,y < 2N then

@

gav(3) = (o — ) "0) = 3 (7 2)(- 10w =)

Therefore

2N
(1) Zo g2r"(N,y)

I
Ms

o ("’)(- 1Eoly sl

k
“- 1); i (k + 1)k +2)---(k + p — DEo[y.i].

On the other hand,

@) E [Ty] = Z (R + 1)* — R”]Eqo[¢ i)
Now we are in a position to show that
P6 If
2 p 2N
lim (f3) 2 e ) = 32 p2 1,
then

fm, 2| () ] = e
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Proof: If the hypothesis of P6 holds, one can combine equations
(1) and (2) above to conclude that

% lim (7)ot 2, [+ DGk + 2 = DJEclibnd

L

Z PR? T 1Eg [Py ]

= lim
N—-o

- lim (“’)”(p =P z k2= Eq[y ]
(

N~

71
Lo
1 [
= lim (73) 5 3 Wk + 17 = Pl
.1 a? P
- Jim | ()
(At several steps we used the hypothesis of P6 to discard a finite

number of terms of order k-2 or lower.)

Thus the proof of P4, and hence of T2, will be complete if we can
show that the first limit in P6 exists and has the desired value. To
investigate this limit it is natural to define the iterates of the Green
function

R(s,t) = R(s,t) = min (s,t) — st
by

Re*1(s,t) = f ' RemR(xt)dx,  p = 1.
]

Now we shall obtain a result that is actually a bit stronger than is
needed.

P7 Forp=123,...

o2

4
(7) N1-2%g,7(x,y) — R’(—N—, %) —0as N> oo
uniformly in 0 < x,y < Nand alsoin p > 1

Proof: Let

©l ) = v 28 w) R ()

where the summation here, and in the rest of the proof, extends over
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all (p — 1)-tuples (4,45, ...,%,_,) With 0 <4, < N, v=1,2,...,
p — 1. We shall use T1 in the form
2
’z%ghl(x’y) = (N I}G) + ‘N(x’y)’

|en(x,y)| < ey—0 as N— oo.
Then

02

& w-mwre (i 3)
= Ni-? z [R(;, ;:,) + ex(x, zl)] [R(ip—N— %) + en(ip- 1»}’)]
i)

-1 )
R(% N)l

Using the fact that
0 < R(x,y) < 3, 0<sxy<],
one obtains

Ef P N1-2 Yy

(3) V- - k(5 %)
SN G+ a)r -2 3P
=@ +ey -3 1—>0,

as N — oo, uniformly for p > 1. The last line used three simple

observations in quick succession. First, given two sets of real

p-tuples, namely a,, a5, ..., a,and b,, b,, . . ., b,such that0 < g, < a,

|bx| < &, then

n(ak+bk)—nak

k=1

Secondly, the sum 3, defined in the beginning of the proof, has the

property that > 1 = N?-!. Finally if €, is a null-sequence, and

0 < a < 1, then (a + ¢,)» — a®* — 0 uniformly in p > 0 as n— co.
The proof of P7 may now be completed by showing that

x 2 x 2

R’(N»N) K’(N N)—-»O as N— oo

uniformly in the integers x, y,p = 0,1,2,.... Givenanye > 0 we
choose p, such that 4-%0 < ¢/2. Then

X Yy y
R”(N’ N) K ”(N’ N)

< (a + by — a®.

<4?+4P<e
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when p > p, for all x, y, N. Thus it suffices to exhibit an integer
K > 0 such that N > K implies

foral0 < x,y < Nandallp =1,2,...,p, — 1. Since there are
only a finite number of values of p to worry about, it suffices to do so
for one value of p at a time (choosing afterward the largest value of K).
So we are through if for each positive integer p

X2 - ko2, 2

RP(N N) k (N N)”O

uniformly in 0 < x, y < N. When p = 1 this difference is already
zero. When p = 2,

K (%) - 32,27 3R §)

is the Riemann approximating sum to the integral defining the second
iterate R%(x/N,y/N). Such sums do converge uniformly provided
only that the function involved, namely R(x,y), is continuous on the
square 0 < x, y < 1. It is easy to verify this, and then also the case
p > 2 presents no new difficulties.

Let us now show how P7 completes the proof of T2. Inview of P7

. o2\? 2X . ¥
gl_.ﬂ:o (_) Z &an (N»y) lim 8 2N 2 R® (2 ZN)

N~ y=0

1 1
8» f Rp(i’ x) dx.
0

To evaluate the last integral we use Mercer’s theorem, referred to in
the discussion following P21.3, to write

R*(x,y) = ,‘Zl ¢k((x’z¢)l;(y)

where ¢,(x) = V2 sin wkx, u, = n2k%.  Now one can easily perform
the integration to obtain

1
8»J‘ R (% x) dx = 2.8 S (mk)-2» sm—.[ sin kmx dx
0

k=1

SO St -3
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That concludes the evaluation of the limit in P6 and hence T2 is
proved.

It is worth pointing out a slightly different formulation of T2,
which is not without interest.

T3 For one-dimensional random walk with p = 0,0 < 02 < ©
lim P[ max |[S,| < ax\/;] =1- F(xla)’ x>0,
n—s 1sksn
with F(x) as defined in T2.
Proof: Let us call G,(x) the distribution of (¢%1) =12 max, ¢, < » |S|.
Then T3 amounts to saying that the sequence

2[ozVn)

Gn(x) = z Qntxo’/;ln([ax\/;]’y )) x > O:

y=0

converges to the limit
G(x) = 1 — F(x~3), x>0,

as n— 00. It seems impossible to obtain sufficiently powerful
estimates for the iterates of Q to verify this result directly. However,
we shall see that most of the work was already done in the course of
proving T2. The crucial observation concerns the two events

(i) 1T::u|skl < oxV'n, (ii) Tigevm > .

They are obviously the same event! In other words
Gi(x) = P[T[a:*/ﬁ] > n).
If we fix x > 0, and let m = m(n) = [oxV/n), then

m? (m + 1)2
oy A g

P[T,,, my x21)2] < Gyx) < P[T,,, > g;]

As n— oo, also m = m(n) - co. Thus

m? 1 1
fim Gy(+) < lim P[T >0 | =1- F(x—z)
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by T2, and also

. 2 2
lim G,(x) 2 lim PT,,,>%;12(1+$)]

. m? ¢ c

for every real ¢ > 1. But F(x) as well as F(x~2) are continuous
functions of x, and therefore the fact that ¢ may be taken arbitrarily
close to one yields

lim Gy(x) =1 - F(x~2).

Remark: The first rigorous proof of T2 and T3 is due to Erdés
ahd Kac [29], 1946. Their proof is not only shorter, but in a way
more interesting than ours, as it reduces the problem to the proof of
T3 for the Brownian motion process, which is the limiting case of a
sequence of random walks, if the time and space scales are changed
appropriately. In the context of Brownian motion T3 had indeed
been known already to Bachelier, in the beginning of the century, so
that the crux of the proof in [29] was the justification of the limiting
process, by means of a so-called invariance principle [22).

Problems

1. Derive the analogue of P21.1 for simple random walk in the plane,
i.e.,, find the eigenfunctions and eigenvalues of the transition function
restricted to the rectangle

(2]0 < Re(2) < M;0< Im(2) < N] = Ry
2. Continuation. When M and N are even integers and
T=min[k|k=>21 x,eR - Ry,)
calculate E[T] for 2 € Ry y, and in particular when z = {(M + iN).

3. Calculate the orthogonal polynomials p,(2) in P22.3 for simple
random walk, and verify directly the truth of parts (d), (e), (f) of P22.3.

4. Calculate the orthogonal polynomials p,(z) in P22.3 for the two-
sided geometric random walk in problem 3 of Chapter IV.
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5. Show that the proper analogue of P22.3 for unsymmetrical random
walk concerns a (uniquely determined) diorthogonal system of polynomials
gn(3) and r,(2) such that

(2m)? f an(e®)rn(e”)[1 — $(6)] d6 = 3 .
-=
Hint: Verify that these orthogonality relations hold if

g = D PJ[x,=n;x, <nforj=1,2,...,v—1] forn > &,

v=0
qnn=l:
and
e = 2 Pix,=k;x,<nforj=1,2,...,v] for n > &,

v=0

are defined as the coefficients of the polynomials

qu(x) = kio anzkt 7,.(2) = i 'nkzk-

k=0
Using these polynomials one has®
. N
gN(”j) = Z Qi vs-
v=max({,f)

6. Let Dy denote the number of distinct points visited before leaving
the interval [— N,N], by a one-dimensional random walk with mean 0 and
variance 0 < o? < . Calculate

. D,
Jim Bo[ 3]
the “fraction of points visited.” (How should one expect that the answer
will depend on o%?)

¢ This biorthogonal system has been investigated by Baxter (see [2] and [3])
in a much more general context. Indeed all results concerning the orthogonal
polynomials in P22.3 may be extended to the present biorthogonal system.
Not only that, but it is even possible to estimate the coefficients p, when both
n and k get large simultaneously. Thus it was shown [95] for symmetric
aperiodic random walk that the coefficients p,; in P22.3 satisfy

P = 50
uniformly in 2 and n, as n — k— c©. Of course that is enough to obtain
T23.1 as a simple corollary. Finally Watanabe [102] simplified the methods
in [95] and extended the results to the coefficients of the biorthogonal system
in problem S.
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7. As in problem 10 of Chapter I, the integers in R are assumed to be
“red” with probability « and ‘““‘green” with probability (1 — «). Let
Ey . denote the expected number of red points in the interval [— N,N] and
Py , the probability that the random walk of problem 6 above will visit a
red point before leaving the interval [— N,N]. Prove that

P N

. . P
lim lim £ = lim lim =X% =1In2,
N—-® a—0 N.a a—=0 N—-o® EN a

Does the double limit exist?

8. For symmetric one-dimensional random walk x,, @, is the (n + 1)
by (n + 1) matrix defined in D21.1, and Ay(n) < Ay(n) < - -+ < Ay(n) are
its (real) eigenvalues. Then the trace of the k*® power of @, is

n
Te@) = 2 M)
Let
M, = max x, — min Xx,,
0sJsk 0sisk
and prove that
(n + 1)P,(0,0) — Tr (Q,*)
= (n + 1)Pq[x, = 0; M, > n] + Eo[M,; x. =0, M, < n].

Without any assumptions on the moments of the random walk, prove that

lim
n— n

1 S AHn) = P(00), n 0.
i=0

9. Continuation. Using the theorem of Weierstrass to approximate
continuous functions by polynomials, show that

lim g 5 A = 5z [ St o,

for every continuous function fon [—m, 7). Here ¢(0) is the characteristic
function of the random walk. M. Kac [49], who devised the proof in
problem 8, showed that the same method applies to arbitrary matrices of
the form

Co ¢y € .. Cp

€.y ©Co ¢ Cn-1
Qn = )

Con Contn Co

provided that
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Thus the results of problems 8 and 9 are valid for real functions

$(0) = 2 e
k= -
whose Fourier series converge absolutely. By approximating step func-
tions by polynomials one may rephrase our results as follows: For any
interval I, let N, (I) denote the number of eigenvalues of @, which fall in
the interval I, and L,(I) the Lebesgue measure of that subset of [—,n]
where ¢(V e 1. Then

lim —— Ny(I) = ( ).

neo N +

10. Show that the limit distribution

© (_ 22
F(x) = 1 z 2n -'1-)"1 -—(2n+1)’z

in P21.5, T23.2, and T23.3 has the Laplace transform

r e~** dF(x) =1“2r i (=1 2," + 1 = (cosh V'2)-!
0 "0 s+ %(Zn + 1)
= 2¢-"% i (__l)ke-nk*’z_c.

k=0

Inverting the last series (term by term) show that the density of F is

fx) = . f Z (1) 21;3-!—/21 _(9n+l)°,

which converges fast for small (positive) x, while

f(x) = 1—27 "20 (—1)"(2n + l)e-gmu,o,

converges fast for large x. These two representations of the density f con-
stitute a special case of the transformation law of the Theta function.



Chapter VI

TRANSIENT RANDOM WALK

24. THE GREEN FUNCTION G(x,y)

One might try to develop a theory for transient random walk along
the same lines as in Chapter III for recurrent random walk in the
plane. The first order of business would then be the calculation of
hitting probabilities Hy(x,y) for finite subsets B of the state space R.
That turns out to be extremely easy in the transient case, and will be
accomplished in a few lines in the beginning of section 25 (P25.1).
The following discussion will clarify our reasons for deferring this
calculation.

In the recurrent case the explicit formula for Hy(x,y) was very
interesting. It contained all the essential information concerning the
asymptotic behavior of Hy(x,y) for large |x|. The reader may recall
that this was so because Hpg(x,y) was expressed in terms of the re-
current potential kernel A(x,y) = a(x — y), and we had to learn a
great deal about a(x) before we succeeded in expressing Hg(x,y) in
terms of a(x).

In the transient case, however, it is so easy to express Hy(x,y) in
terms of the potential kernel G(x,y) that nothing at all is learned in
the process about the asymptotic behavior of G(0,x) for large |x|.
Therefore we shall at once proceed to the central problem of transient
potential theory—that of investigating the behavior of G(0,x) for large
|x|. The basic result (T2) of this section will then have immediate
interesting applications in section 25. One of these applications is
P25.3, the core of which is as follows. For aperiodic transient random
walk, and for any finite subset B of R, there are the following
possibilities. If d > 1,orifd =1and m = 3 |x|P(0,x) = oc, then

lim Hpg(x,y) = 0 for each y € B.
[z} o0
I 274
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Ifd=1andm < oo, p = 3 xP(0,x) > O, then
lim Hg(x,y) = Hy(—0,y), yeB

I=+ — O
exists, and is positive for some y in B, whereas

lim Hg(x,y) =0, yeB.
=+

When m < o0, p < 0, a similar statement holds, of course, with + o0
and — oo reversed.

This then is a sample of typical results for transient random walk,
and up to this point the theory (as it stands in 1963) is pleasingly
complete. But new problems deserve attention in the transient case,
which did not exist for recurrent random walk. The most striking
one of these concerns the ““total” hitting probability

Hp(x) = D Hpg(x,y).
veB
In the recurrent case Hy(x) = 1 for all x € R for every nonempty set
B C R, finite or infinite. In the transient case, however, there exist
two kinds of sets: the sets B such that Hg(x) = 1, and those for which
Hpg(x) < 1 at least for some x. There are sets of each type; that is
clear. If B = R, the whole space, then it is clearly of the first type (a
so-called recurrent set), and it seems reasonable to assume that many
infinite sets B have the property that Hy(x) = 1, i.e., that they are
visited with probability one by the random walk with arbitrary starting
point. On the other hand, the other type of set (the so-called transient
set) must also be common enough. Every finite set is clearly a
transient set—and it can be shown that every random walk also has
infinite transient sets. This problem, of determining which sets are
transient and which are recurrent for a given random walk, will also
be dealt with in section 25, but only quite superficially. A really
satisfactory answer will be seen to depend on more detailed aspects of
the asymptotic behavior of G(0,x) than we shall study in section 25.
Section 26 will deal exclusively with three-dimensional random walk
with mean zero and finite second moments. Due to these restrictive
assumptions, a great deal of information is available about G(x,y), and
for these random walks we shall indeed obtain the desired charac-
terization of transient and recurrent sets (in T26.1 and T26.2). Section
27, finally, will be devoted to an extension of potential theory. There
we shall enlarge the scope of our investigation to include transition
functions which are not difference kernels. The general potential
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theory so developed will be indispensable for a deeper understanding
even of some very concrete random walk problems, and will be used
again in Chapter VII which is devoted to recurrent random walk.

According to D13.1 a function f(x) is regular with respect to the
transition function P(x,y) of a random walk, if

Pf(x) = % P(x,9)f(y) = f(x), x€R,

and f > O on R. It was shown in Chapter 111, P13.1, that the only
regular functions are the constants, when P is aperiodic and recurrent.
As shown in E13.2 the situation is more complicated in the transient
case: aperiodic transient random walk may have other regular functions
than the constants. Thus one might be tempted to proceed in one of
two directions. First one might see if there is a restricted class of
aperiodic transient transition functions P(x,y) with the property that
all the regular functions are constant. There are in fact such random
walks (simple random walk in dimension 4 > 3 is an example). But
the proof (see E27.2 or problem 8) even for this very special case is quite
delicate, and therefore it is more expedient to restrict the class of
regular functions, rather than the transition functions under con-
sideration. The following important and elegant result has been
known for ten years or more—but the first simple proof was given only
in 1960, by Choquet and Deny [8]. Their theorem is valid in a
slightly more general setting, but in the present context it reads

T1 If P(x,y) is aperiodic, and if f is regular relative to P and
bounded on R, then f is constant on R.

Proof: Given a transition function P(x,y) and a function f(x)
satisfying the hypotheses of T1, we set

gx) = f(x) — f(x - a)

where a is (for the moment at least) an arbitrary element of R*.
Clearly g(x) is a bounded function, and one easily verifies that

Pg(x) = g(x), x€eR.

(This is so because the translate of any regular function is regular, and
2 is the difference of two translates.) Now let

supg(x) = M < oo,

z6R
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choose a sequence x, of points in R such that
lim g(x,) = M,
and let "
&n(%) = g(x + xy)-

Since g(x) is bounded, one can select a subsequence x,” from the
sequence x, such that, for a certain x = x,

lim g(xo, + x,’) exists.
n-+

But one can do much better! One can take a subsequence x,” of this
subsequence such that g(x + x,") has a limit at x = x, and also at x;.
This process can be continued. It is famous as Cantor’s diagonal
process, the name being due to a convenient constructive procedure
for getting a sequence which, from some point on, is a subsequence of
each of a countable infinity of sequences x,V, x,®, x,®, ... such
that x,%**1) is a subsequence of x,*). Since R is countable, this is
all that is needed for the following conclusion: there exists a sub-
sequence n’ of the positive integers such that

lim g,(x) = g*(x)
n’ =+ 0
exists for every x in R. It is clear that
2*0) = M, g*(x) < M, xeR
It is also true (by dominated convergence) that
Pg*(x) = g*(x), x€R.

What has been accomplished is this: we have exhibited a function
£2*(x) which is ““essentially regular,” i.e., it becomes regular if one adds
to it a suitable constant, and it has the property that it assumes its
maximum at the origin. It is the latter property, which together with
the aperiodicity of P(x,y), will lead to the conclusion that f(x) is
constant.

Iterating the operation by P on g* one gets

2 Pi0x)g*(x) = g*0) =M, =n=20.

Z€R

According to the definition of R* this implies
2*%(x) = M on R*.
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Given any positive integer r and any € > 0, one can therefore find an
integer n large enough so that

gn(@) > M — ¢, gn(2a) > M — ¢,... go(ra) > M — .

Going back to the. definition of g,(x) and adding these r inequalities
one has
f('a + xn) - f(xn) > r(M - e)

for all large enough n. If M were positive, then r could have been
chosen so large that r(M — ¢) exceeds the least upper bound of f(x).
This is impossible and hence M < 0. Hence g(x) < 0 or f(x) <
f(x — a) for all xe R, ae R*. But exactly the same process of
reasoning could have been applied to the function —f(x) giving f(x)
> f(x — a) so that

f(x) = f(x — a) for x€ R, aeR*.

That is all one can prove (no more is true) in the general case. But
if the random walk is aperiodic, we can conclude that f is constant;
for arbitrary y € R, it is then possible to write y = @ — b with a and
bin R* so that f(y) = f(y — a) = f(-b) = f(0).

Now we shall embark on a long sequence of propositions (P1
through P8) each describing some different aspect of the asymptotic
behavior of the Green function G(x,y). Theorem T1 will be an
indispensable tool at several points in our work. In fact after P3 or,
at the latest after P6, it will be clear that T1 makes possible a simple
and natural proof of the renewal theorem for positive random variables
which was proved by Fourier analytical methods in Chapter II.
Although T1 is sufficiently powerful so that, by taking full advantage
of it, one could dispense entirely with the results of P9.2 and P9.3 of
Chapter II, it will be much more convenient to use them. As those
results really belong in this chapter, and to facilitate frequent reference
to them, we list them first as P1 and P2.

Pl For every aperiodic transient random walk
lim [G(0,x) + G(x,0)] exists,
and e
P2  For aperiodic random walk in one dimension, with P(0,x) = 0

forx < 0and p = 33, xP(0,x) < oo,

lim G(0,x) =’1L (=0 if p = +0).

Z~ 4+ ©
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Next we shall derive

P3  For every aperiodic transient random walk
lim [G(x,y) — G(x,00] =0, yeR.
|2] ~

Proof: For convenience, call G(x,0) = u(x). If P3 were false, then
there would be some ¢ > 0 and a sequence x, in R with
lim |x,| = o

such that
lu(x, + ) — u(x,)| > €
for all 7 at some point ¢ in R. Suppose this is the case. Then, using
the diagonal process, as in the proof of TIl, one can extract a
subsequence y, from the sequence x, such that
lim u(y, + y) = v(y)

n-ew

exists for every y in R, and such that |¢(t) — ¢(0)] > e. The proof of
P3 will be completed by showing that this is impossible, because ¢(x)
must be constant on R.

Since

G(x0) = D P(x,5)G(y,0) + 8x,0), =x€R,
VER

U(yn + %) = 2 P(yn + x3)u(y) + 8y, + x,0)

veR

= z P(O,s)u(y, + s + x) + &(yp, —x),

s€R

for all xe R and all n. Letting n — oo one obtains

o(x) = D P(Os)e(s + x) = D Pxy)e(y), =xeR
SER vER
Thus ¢(x) is a regular function, by T1 it is constant, and this contradicts
the earlier statement that ¢(t) # ¢(0).

At this point we abandon, but only momentarily, this apparently
fruitful approach. It will be resumed in P6 below when we try to
extend P2 to a much larger class of one-dimensional random walk.
First there is one more quite general property of G(x,y) which can
be obtained by elementary probabilistic arguments. Observe that
periodicity is irrelevant to the truth of
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P4 For any transient random walk
lim G(0,x)G(x,0) = 0.
|z|—=

Proof: We shall take x # 0, T, = min [k |k > 1, %, = x] < o0,
and evaluate the sum

S(x) = Eo[ i B(xk,O)]

k=T

in two different ways. First
() = Eo| 3 8(a, 00 T, < o]
and by the property of stoppi;lg times in P3.2 this becomes
S(x) = EO[E, ,io 8(x,,0); T, < oo]

G(0,x)G(x,0)
G(0,0)
Since G(0,0) > 0 it will clearly suffice to prove that S(x)— 0 as
|x| > 0. This is verified by writing

S(x) = Eo[éo 5(x,0); T, < k] =§0 Pyfx, = 0; T, < &]

= P,[T, < 0]G(x,0) =

0

SPIT. < Kl + > Pofx, = 0],
k=0

k=n+1

A

for each n > 0. As the random walk is transient we may choose an
arbitrary € > 0 and find an integer NN such that

S(x) < i Po[T, < k] + e
k=0

Hence S(x) — 0, provided that
lim Po[T, < k] =0

{z| -+

for each fixed k. But
K
P,[T, < Kl < > P{0,%)
f=0
and obviously each term P(0,x) - 0 as |x] - co. Hence P4 is proved.!
! The results P1 through P4 can be obtained in a different order, without
use of T1. To this end prove first P1, then a slightly strengthened form of P4

to the effect that G(0,x)G(x,y)—>0 as |x| > o for each y. Together these
two propositions immediately imply P4.
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In the next proposition we complete our present study of G(x,y) for
transient random walk in dimension d > 2. We shall do so by using
a very ‘“weak” property of R with d > 2, but nevertheless one which
very effectively distinguishes these additive Abelian groups from the
one-dimensional group of integers. (This fact deserves emphasis
since we shall get a result which according to P2 is false when d = 1.)
The property of R(d > 2) in question may be described as follows.
Suppose that R is decomposed into three sets 4, B, and C (disjoint
sets whose union is R) such that A4 is finite or even empty, while B
and C are both infinite sets. Then there exists a pair of neighbors x
and y in R, ie., a pair of points such that |x — y| = 1, with the
property that x is in B, and y in C. It should be obvious that this is
indeed a property of R withd > 2, but not of Rwithd = 1. Actually
all that is essential for our purpose is that x and y are in a suitable
sense not “too far apart”’—the requirement that |x — y| = 1 merely
serves to simplify the exposition.

PS5 For aperiodic transient random walk in dimension d > 2,
lim G(0,x) = 0.

Iz~
Proof: Suppose PS5 is false, and call G(x,0) = u(x). Then, in view

of P1, we must have

lim [u(x) + u(—x)] =L > 0.

|z] =
Now we choose an ¢, 0 < € < L/[3, and decompose R into three sets
A, B, C as follows. A is to be a sphere, i.e., 4 = [x| |x| < r] with
the radius r chosen so that

|u(x + t) — u(x)) < e when |tj =1, xeR- A4
and
min [Ju(x)|, |u(x) — L|]) <e¢  when xeR - A.

That this can be done follows from P3 and from P4 combined with
our hypothesis that u(x) + #(—x) tends to L.

Now we shall decompose R — A into B and C. B is the subset of
R — A where |u(x)| < € and C the subset where |u(x) — L| <e. B
and C are disjoint because L > 3e. Since L > 0, C must be an
infinite set and P4 tells us that also B is infinite (—x is in B when x is

in C). But using the characteristic property of R with d > 2 which
we discussed prior to PS5, there is a pair x,y such that

|u(x)| < e lu(y) — L| < ¢, |* —y| =1 xeB, yeC.
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Since L > 3e the above inequalities give
|u(x) - u(y)] > L - 2¢ > e

Now y = x + t with |¢| = 1, and according to the definition of the
set A4, x must be in A, which it is not. This contradiction proves P5.
Observe that aperiodicity is not strictly necessary for P5. All we need
is that R be a group with more than one generator, i.e., that the
random walk does not take place on a one-dimensional subspace of R.

Now we are free to concentrate on one-dimensional random walk,
which unfortunately presents much greater difficulties.  First we deal
with the comparatively straightforward case when the absolute first
moment is finite. The results constitute a rather intuitive extension
of the renewal theorem, which was obtained by Blackwell [4] and
several other authors around 1952, but which had been conjectured
and proved in special cases before 1940.2

P6 Aperiodic transient random walk,d =1, m = 3 _ . |x|P(0,x) < o0,
p=D.rXP(0,x). Ifu > 0, then

lim G(0,x) = 3 lim G(0,x) = 0.
H -]

I+ @ T =
If p < 0, the limits are reversed, and (—p) " replaces p~=1.

Proof: The proof uses in principle the same summation by parts
as that of P2, which was given as P9.3 in Chapter II. Only far greater
care is required in the present case. First we remark that the two
limits

lim G(0,x) = G(0,+ <), lim G(0,x) = G(0,- o)
I+ @ I~

certainly exist. This is a consequence of P1, P3, and P4, for P1 states
that G(0,x) + G(0, — x) has a limit as x — + oo, P4 tells us that one of
these two limits is zero, and finally P3 prevents any possibility of
oscillation whereby both limits might fail to exist. Thus we are con-
cerned only with evaluating the limits. A close look at the statement
of P6 shows that the identity

[G(0,+ ) — G(0,— o0)]u = 1

is equivalent to P6. If P6 is true, then the identity holds, whether
p>0orp <0 (p=0is impossible since the random walk would

2 See (4], [52], and in particular [90] for a Jucid account of this subject up to
58.
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then be recurrent). Conversely, if this identity holds, then P6 is
true. For suppose x > 0 and it holds. Since we know from P4 that
either G(0, + o) or G(0, — o) is zero, it follows that G(0, + ) = p~!
and G(0,—) =0. If u < 0 one gets G(0,— ) = (—p)~! and
G(0, + ) = 0.

Finally, let us introduce some simplifying notation. Let
)
f(ab) = > P(0,%)
I=q
where a may be — oo and b may be + c0;

@

> xP(0,x) = i f(a,+ ),

z=1

]

-1

b= 3 sPON = 3 f(-ob),

= —® b= -
p=pt—p.
Now we define u(x) = G(0,x), so that

u(x) = i u(t)P(0,x — t) + 8(0,x), x€R.

t= —®

Taking M and N to be two positive integers, one obtains

a0

N
z u(x) = z ult)f(-M - t,N — t) + 1.
= ~-M t= -

It is possible, by grouping terms properly, and changing variables of
summation, to write this identity in the form

1= i u(N — s)[f(—o0,s = N = M — 1) + f(s + 1,0)]
+ i u(—M — s)[f(—oos = 1) + f(M + N + s + 1,00)]

= —M+1

- > uN + s)f(-M — N — s5,—s)
s=1
-1
- z u(—M + s)f(-s,M + N — s).
The idea is now to let N and M get large, one at a time. Let us
take N — +oo first. The finiteness of the absolute moment is of
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course used in an essential way and gives dominated convergence that
justifies limit processes such as

N

lim Z u(N - 5)f(s + 1,00)

N—wogs=0
= lim u(N) > f(s + 1,00) = G(0,+ co)u*.
N—wo s=0

In this way the above *decomposition of 1"’ becomes, as N —

1= i u(s)f(—0,—M — s — 1) + G(0, +co)p*

+ _i u(-M - s)f(-oo,s — 1)+ 0
— G(0,+ o)™ — _Zl u(—M + s5)f(—s,00).

§= —-®

(The terms have been kept in the original order to facilitate the
verification.) Now let M — + 0. Then one gets

1 =0+ G0,+0)* + GO,—0)u~ + 0
—G(0,+ o)~ — G(0,— 0)u*
[G(0,+ 0) — G(0, -~ c0)][u* — 7]

= [G(0,+ ) — G(0,— o0)]p.

This is the desired result which implies P6.

It now remains only to investigate transient one-dimensional

random walk with m = 00, and of course the desired result is

lim G(0,x) = 0.

|z}~ o
Unfortunately this seems to be impossible to obtain from the methods
developed so far in this chapter. Instead we make use of the rather
more delicate apparatus of the ‘‘ladder” random variable Z introduced
in Chapter IV, D18.1. It was, by the way, in connection with the
renewal theorem that Z and the ladder random walk, consisting of
partial sums of random variables with the same distribution as Z, were
first studied by Blackwell [4]. But, whereas he required them in the
case when the absolute moment m is finite, we need them only at this
stage, when m = oo, which seems to be the most difficult stage of the
problem. It will be convenient to introduce appropriate notation, in
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D1 Theset Ais the half-line[x | x > 0], T=min [n | n > 1, x, € 4]
asin D17.1, H,(x,y) = P,[T < oo, x; = y] as in D10.1, and
H,(x) = Z H ,(x,y).

VEA
When T < oo with probability one we call x, = Z asin D18.1. In this
case P(x,y) = Po[Z = y — x], and finally, H ((x,y) is the hitting prob-
ability measure of the set A for the random walk whose transition function
is B(x,y).
Obviously the hitting probabilities H ,(x,y) are intimately connected

with the Green function G(x,y) of a transient random walk. For
example, if x < 0 and y > 0, one has the identity P10.1(d)

G(x,) = i, H (50)G(t,),

so that the asymptotic behavior of H ,(x,t) as x — — o0 is related to
that of G(x,y). This connection seems sufficiently attractive to
justify developing the basic facts about H,(x,y) in somewhat more
detail than is absolutely necessary. These facts take the form of a
simple classification. Obvious possibilities concerning the asymptotic
behavior of H,(x,y) are given by

(i) lim H,(x)=0

(11) Hy(x) = 1 for all x in R and
lim H,(x,y) =0 for ye A.

(ii1) Hy(x) =1 for all x in R,

lim H,(x,y) = y(y) for ye A, and

z va(y) = 1.
y=1

We do not yet know, but we shall in fact show, that this is a complete
classification, in the sense that (i), (i1), and (iii) exhaust all possibilities.
Moreover this will be the case for recurrent as well as transient random
walk. Once this fact is even suspected, it is not farfetched to ask if
there is any connection with the following classification, which is quite
familiar from Chapter IV.

(1) Po[T = ©] > 0, i.e., Z is undefined,
(2) Po[T < 0] =1 and Ey[Z] = co,
(3) Po[T < ©] =1 and Ey[Z] < oo.
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This set of alternatives turns out to be exactly the same classification
as (i) through (iii), as we shall now prove in

P7 For arbitrary one-dimensional random walk (recurrent or tran-
stent), the two classifications are equivalent, that is (i) holds whenever
(1) does, and so on. These are the only possibilities. Furthermore, in
cases (i1) = (2) and (iii) = (3), one has

Jim Hy(xy) = yuy) = [Z] Po[Z 2 y]

for ye A.  The limit is interpreted as zero in case (ii) = (2).

Proof: Clearly (1), (2), and (3) are mutually exclusive and exhaust
all possibilities. Now (1) implies (i) by a very simple probability
argument which was given in Chapter IV. For x < 0, H,(x) =
P[M > x], where M = max,,, S,. But in P19.2, M was shown to
be a random variable when (1) holds, and that proves (i).

Now suppose that either (2) or (3) holds. Then it is evident that
H,(x) = 1 on R and also that

H,(x,y) = H,(x,y) for x <0, y > 0.

This relation makes it convenient to work with the random walk X,

defined by P(x,y) in D1 above. Itis a transient random walk, whether
P(x,y) defines a transient random walk or not. Therefore it has a
finite Green function which we may call

C(x,y) = i B.(%,3).

When x < 0 and y > 0, G(x,y) is the probability that the random

walk %, defined by P visits y in a finite time, if it starts at &, = x.
Now one can write

C(x,y) = Huxy) + 2 CrtPZ = y — 1],

by making the obvious decomposition of G(x,y) according to the last
value of %, in A4 before it visits the point y. A formal proof proceeds
via
H,(x,y) = P,[&, = y and &,_, < 0 for some k < 0]
and
G(x,t)Po[Z = y — 1]
.[Xx =y and X;,_; = ¢ for some k < o©].
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Now we shall apply the renewal theorem for positive random
variables (P2) to the Green function G(x,y). It gives

1
lim G(xt) = =—= = 0, teR.
z-}er (x ) EO[Z]
Therefore
lim Hy(x,y) = lim H,(x,y)
-1
= lim {C(x,y) - ”Z G(x)Po[Z = y — t]}
I+ - f=1
1 v Po[Z > y]
=il = DPfZ=y—t]} = 520
FoARPRNETRDIEES 55
fory > 1.

But if (2) holds, then Eo[Z] = + oo so that the above limit is to be
interpreted as zero according to the renewal theorem P2. Hence (2)
implies (ii), and for the same reason (3) implies (iii). The formula for
v4(») in P7, is of course the one obtained above, as a by-product of the
method of proof.

Only a small step remains to be taken to obtain

P8 For transient random walk with m = oo,
lim G(0,x) = 0.
jz] -

Proof: It will clearly suffice to show that
lim G(0,x) = 0,

Z-+ ©

as there is nothing in the hypotheses of P8 to distinguish + oo from
—o00. The proof is based on the identity that motivated the develop-
ment of P7, in the rather special form

@ GEsl) = 3 001,

Now we run through the three cases in the classification ot P7.
First suppose that (i) holds. Then (a) yields

lim G(x,1) < G(1,1) lim H,(x) = 0.

I -

Next, let us take case (ii). Then the conclusion is the same, but the
reasoning required to obtain it is a little more complicated. Since
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H,(x,y) tends to zero for each y > 0 as x — — o0, but the total
probability ‘““mass” H ,(x) is constant (one), it can be concluded from

(a) that
lim G(x,1) = lim G(y1),
y= 4+ 0

and since both limits are known to exist (this was pointed out at the
start of the proof of P6)

lim G(x,1) = G(0,+ ) < lim G(y,1) = G(0,— ).
T~ ~@® Yy~ +®©

But if we had G(0,+ ) > 0, then this inequality would entail

G(0,— o) > 0 which contradicts P4. Hence P8 holds if we are in

cases (1) or (i1).

Finally consider case (iii). There seems to be nothing here to
prevent G(— 0,0) = G(0, + c0) from being positive. So, there must
be another way out of the dilemma, and that is the realization that
transient random walk cannot possibly come under the classification
(iii) when its absolute moment m is infinite! For when m = oo, then
either u* or .~ or both are infinite (they were defined in the proof of
P6). If u* < oo and - = oo, then we are in case (i) since T = ®©
with positive probability (by the law of large numbers). Finally, if
u* = oo, we may still be in case (i) and then there is nothing left to
prove. We may also be in case (ii) and that case has also been settled.
But case (iii) is out of the question since, when T < oo with probability
one, then

Eo(Z] 2 Eo[Z;T = 1] = 5 xP(0,x) = p*.

Im]

That completes the proof of P8, and now it remains only to collect
the results from PS5, P6, and P8, and to combine them into a statement
that is rather pleasing in its generality.®

T2 The Green function of transient aperiodic random walk satisfies
lim G(0,x) =0

jzj—»>

tn all cases except when the dimensiond = 1 and m < co. In this case

lim G(0,x) = G(0,—) and lim G(0,x) = G(0,+ o)

X~ - @

3 For d = 1 this theorem is due to Feller and Orey [32). Chung [10] was
the first to discuss the renewal theorem in higher dimensions.
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are distinct, with

G(0,+ ) = ;1—4. and G(0,-c0) =0 when p > 0,
G(0, — o) = ﬁ and G(0,+00) =0 when p < 0.

The most important applications of T2 are associated with the study
of hitting probabilities in the next section. But as a good illustration
of its uses we can make a remark which improves and completes the
fundamental result T2.1 of Chapter I. For transient random walk
the probability F(0,0) of a return to the starting point is less than one.
However F(0,x) presented a problem which could not be solved by
earlier methods. Now we have

P9 Aperiodic transient random walk has the property that F(0,x) < 1
for all x € R, with one and only one exception. If the dimension d = 1,
m < oo, u < 0, and the random walk is left continuous (i.e., P(0,x) = 0
for x < —=2), then F(0,x) = 1 for x < 0 while F(0,x) < 1 for x > 0.

An analogous rule applies of course to the reversed, right continuous
random walk with m < oo, p > 0.

Proof: Suppose that F(0,a) = 1 for a certain aperiodic transient
random walk, where a # 0. Then F(0,na) = 1 for every integer
n > 1. For if T, is the first time of x, at x, and if x, = 0, then

F(0,a) = P,[T, < 0],

F(0, na) = Py[T,, < 0] = Py[T, < Tye < -+ < T,y < 0]
= [F(0,a)]* = 1.
But by P1.5
G(0,na)
G(0,0)

1 = F(0,na) =

Letting n — oo, we see from T2 that the right-hand side tends to zero,
unless the random walk under consideration is one-dimensional with
absolute moment m < o0. Now it suffices to assume that a < 0, and
then we have to show that p < 0 and that, in addition, the random
walk must be left continuous. The case a > 0 can then receive
analogous treatment. Observe that u is negative, for if u > 0, then
F(0,x) <1 for x <0 since x,— + o with probability one, and
cannot be zero since the random walk is transient.
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It is quite clear that left-continuous random walk with x < 0 has
the desired property. Since x, - — co0 with probability one, and no
point can be “skipped,” F(0,—1) = F(0,—n) = 1forn > 1.

Finally, if o < 0 and the random walk is not left continuous, one
can show that for every a < 0 there is some ‘“path” 0 = x, x,, ..., x,
such that x, < aq,

P(0,x,)P(xy,%3) ... P(%5_4,%,) > O,

and x, # afork =1,2,...,n — 1. That may be done by a simple
combinatorial argument (as for example in the proof of P18.8) which
of course has to take account of the aperiodicity of the random walk.
Because . < 0, the existence of such a path implies that F(x,,a) < 1
and therefore also that

1 — F(0,a) > P(0,x,). .. P(x,-1,%)[1 — F(xn,a)] > O.

This inequality shows that left continuity is a necessary property of an
aperiodic random walk with x < 0 and F(0,e) = 1 for some a < 0.
The proof of P9 is therefore complete.

25. HITTING PROBABILITIES

Let P(x,y) be the transition function of a transient random walk.
We shall also assume aperiodicity throughout this section, although it
will of course usually be possible to rephrase the results in such a way
as to remove this condition. The matter of calculating hitting prob-
abilities is quite a bit easier than it was for recurrent random walk in
Chapter III. Therefore we shall now attack the general situation
where 4 C R is any nonempty, possibly infinite, proper subset of R.
The relevant definitions can be found in D10.1, but since we shall add
to them two new ones (H, and E,) we summarize them as

Dl For ACR, 1 < |A4| < 0, R— A nonempty, H,(x,y) is
defined as in D10.1, for x€ R, y € A, and so is Il ,(x,y) for x€ A and
y€ A. In addition, let

Hyx) = > Hy(x,y), x€R,

JVEA

Ex)=1- Z I (%,5), xeA.

YEA

H , is called the entrance and E , the escape probability function of the set A.



25. HITTING PROBABILITIES 291

In general, one cannot say much about the probabilities H 4(x) and
E,(x). Obviously H,(x) is one on 4 and less than or equal to one on
R — A. But to get more information is not easy. To appreciate the
difficulties, it suffices to take for A the set consisting of the origin, and
to look up P24.9 in the last section. According to P24.9, H,,(x) is
less than one for all x # 0 for ‘““most” transient random walks—but
there is the exception of the left- and right-continuous random walks
with m < oo.

Now consider the escape function. If

T=min[r|n 2 1,x,€4]
then the definition of E ,(x) gives
E x) =1 - P,[T < o] = P,[T = + 0], xeA.

That is why we called it the escape function of 4. The only general
information one has from P10.4, or from the probability interpretation
in terms of the hitting time T, is that E,(x) < 1 on 4. Of course, if
one wants an example of a set 4 such that E,(x) > 0 on 4, one should
look for a ““small”’ set—say a finite one. But here again P24.9 teaches
one respect for the difficulty of the problem. If the random walk is
left continuous, with m < co and < 0, and if 4 is the set 4 = {0, -1},
then E, _,(0) = 0. But for every other one-dimensional transient
random walk E, _,,(0) > 0. Still more difficult is the question of
how “large” the set 4 should be so that E,(x) = 0 on 4. We shall
return to all these questions after getting some information concerning
H 4(x,y) and I1 ,(x,y).

Pl H,(x,y) = Ziwes G(x2)[8(t,y) — T14(t,y)], for x€ R, y € A.
Proof: The proof goes back to part (a) of P10.1:
z P(x,t)H \(t,y) — Hy(x,y) = I 4(x,y) — 8(x,y) if x€ 4, y€ A4,
ter
=0if xeR - A,yeA.

Operating by the transition function P(x,y) on the left k times,
2 Pera(@)H(t,y) = X Pux)H (1)
teR ter
= > Py(x0)[T,(t,y) — 8(t,y)] for xeR,y€ A.
ted

This procedure was used in the proof of P11.1 and, as was done there,
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we add the n + 1 equations one gets by setting k = 0,1,2,.. .,
The result is

H‘(x,y) = g‘ G,(x,t)[&(t,y) - nA(t’y)]
+ D Poo(xt)H,(t.y), x€R, yed, =m>1

But from this point on the situation is drastically simpler for transient
than it was for recurrent random walk. One simply obtains

H(x,y) = lim > Gy(x0)[¥ty) — (ty)], =R, yed,

R ey

from the observation that

0x > Paa=tHt3) < 3 PuzOF(8,7)
< S Puxy) = Glzy) - Gz

k=n+1

which tends to zero as ® — + x. To finish the proof of P1 it remains
only to show that

Lm > Gu(xn)[8(13) — (3] = > F=n[3(5y) — M,(52)).

Lande ™Y | 4
This follows (even when 4 1s an infinite set) from the mequalines
Gu(x,t) < G(z2) < G(0,0)
together with
Znﬁ(z,y) < 1, y€ER,
ed
proved m P10.4.

Several corollaries of P1, or rather of the method of proof of P1, are
occasionally useful:

P2 (2) 3 Puon) = Hix) = —Ex) for xe 4,
= 0 for xe R — 4.
> GanB(ny) = Mt1)]
tsA
z [8(x,2) — T ,(x,0))G(¢,3) for x4, veA.

teA

(b) &(x,¥)
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Proof: Part (a) follows from the first identity in the proof of P1 by
simply summing y over the set 4. Part (b), on the other hand, is
just the result of P1 when x € 4, for then

H,(x,y) = 8(x,y) = ‘EZA G(x,2)[8(t,y) — TL,(t,y)].

To finish up, one looks at the reversed random walk with G*(x,y) =
G(y,x), I1*(x,y) = II(y,x), so that when x€ 4, y € 4,

8(x,y) = ‘g G*(x1)[3(t,y) — TL,%(t,y)]

= Z [8(3,8) — IL(,8)]G(2,%).

teA
Since §(x,y) = 3(y,x) the proof of P2 is complete.
Another corollary of P1, but a far deeper and more important one

than P2, concerns the hitting probabilities H ,(x,y) when 4 is a finite
subset of R. Then one can assert

P3 Consider aperiodic transient random walk, and a finite subset A
of R. Then there are three possibilities.
(a) The dimensiond > 2, or d = 1 but m = oo, in which case

lim H,(x,y) = 0 for y e A.
|z] -+

(b) d=1and m < o, p > 0, in which case

lim H,(xy) = 1 [1 -> HA(t,y)]’ yeA,
1+~ [ teA

lim Hj(x,y) =0, yed.
T+ 4 ®
(c)d=1,m < o, and p < 0, which is just like case (b) with the
limits interchanged and p replaced by |u|.

Proof: P3 is obtained immediately by applying T24.2 to P1.

We shall have much more to say about the subject of the asymptotic
behavior of hitting probabilities in Chapter VII. This is not
surprising because we already found in Chapter III, T14.1, that

lim H,(xy), yed

|z|— o0

exists for two-dimensional aperiodic recurrent random walk. The
full story, extending the result of P3 to arbitrary recurrent random
walk is to be told in T30.1 in Chapter VII.



294 TRANSIENT RANDOM WALK

Now we turn to a study of the escape probabilities E ,(x) and their
relation to the entrance probability function H,(x). The reader who
has recognized part (a) of P2 above as the Poisson equation, discussed
in Chapter 111, D13.2, will not be surprised to see that we now proceed
to solve this equation for H,(x) in terms of E,(x). The result is
(remember that A is once again an arbitrary nonempty proper subset of
R, finite or infinite)

P4 Hy(x) = hy(x) + D G(x,t)E(t), x€R,

teA
where the sum on the right converges, and where h ,(x) is the limit
hy(x) = lim z P,(x,0)H 4(2), x€R.
R~ teR
Moreover, h,(x) is independent of x; it is a constant h, which depends on
the transition function P(x,y) and on the set A.

Proof: We know from part (a) of P2 that f(x) = H ,(x) satisfies the
Poisson equation

P f A
f) = S Pry)f(3) = { (x) for xe

Lr for xe R - A.
To prove P4 we therefore study the general Poisson equation
(2) Jx) = 2 P(xy)f(y) = dl#),  xeR,
VER

where ys(x) is assumed to be a given non-negative function on R. We
require the following three basic properties of equation (a) (which will
be encountered in an even more general setting in section 27).

(1) If f(x) is a non-negative solution of (a), then it may be written

f(x) = h(x) + D G(x,tp(t) < ©, x€R,
teR

where
(ii) 0 < h(x) = hm > P (x0)f(t) < o,

® teR
and where

(3ii) Ph(x) = h(x), so that h(x) is a regular function.

In order to prove (i), (ii), and (iii) we operate on equation (a) by the
iterates P,(x,y) of P(x,y). Using the convenient operator notation
one gets

f-Ff=¢, Pf-Pf=F. . Pf-P,,f=Py
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At no step is there any question about convergence. The sum
representing Py(x) exists since Pf(x) exists and Py(x) < Pf(x).
Continuing this way, once P, f(x) exists, the non-negativity of f and ¢
together with the inequality P,(x) < P,f(x) implies that also P,y
exists. Similarly P,,,f(x) exists as P,,,f(x) < P,f(x). Now we
add the equations P,.f — Py, ,f = Pyoverk = 0,1, ..., nto obtain

J(®) = Poiyf(x) = Guf(x).

Since
Gui(x) = ; Gu(xy)(y) < f(x) < o,
and since
Gu(x) < Griaip(»),
one has
lim G() = 3. Glx. W)
Hence also

lim Pn+1(x’y)f(y) < 0o,

n-+® ye

and if we call the last limit A(x) we have established (i) and (i1).
Finally, one has

M) = lim S Pooy(52)/(3)

= 3 PG| lm 3 Ps)f()] = 3 PG

teR
so that A(x) is regular and (iii) holds.
To complete the proof of P4, we set
Y(x) = E,(x) for xin 4,  (x) = 0 for xe R — A.

All the conclusions of P4 are now contained in equations (i), (ii), and
(iii) with the exception of the last statement of P4, to the effect that
h,(x) is constant. But since, by (ii),

ha(®) = lim > Po(xt)H,(0),

it is non-negative and bounded. From (iii) it follows that & ,(x) is a
bounded regular function. Therefore we can apply T24.1 to conclude
that 4,(x) = h, is constant.
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To illuminate the result and the proof of P4 from a nonprobabilistic
point of view, let us look at a simple special case. The equation

(b) f(x) = %P(x,y)f(y) = §(x,0), x€R,

has the solution f(x) = G(x,0). We have used this observation many
times, most recently in several proofs in section 24. It would be
interesting to be able to characterize the function G(x,0) by the
property that it satisfies (b) together with as few other natural require-
ments as possible. Now (i) through (iii) in the proof of P4 imply that
the only non-negative solutions of (b) are the functions

f(x) = h(x) + G(x,0),

where A(x) is any regular function. Although we have no information
as yet concerning the possible unbounded regular functions (the
bounded ones are constant) we are in a position to assert

P5 The Green function G(x,0) is the minimal non-negative solution of
(b). Alternatively, it is the only bounded non-negative solution of (b)
such that

lim f(x) = 0.

Iz]~
Proof: Since f(x) = h(x) + G(x,0), h(x) = 0, G(x,0) is minimal,
i.e., every non-negative solution of (b) is greater than, or equal to,
G(x,0) everywhere. By T24.1 the only bounded non-negative
solutions of (b) are G(x,0)+ constant, and in view of T24.2, such a
solution will have lower limit zero as |x| — oo if, and only if, the
constant is zero.

Our next topic is the classification of subsets 4 of R (only infinite
subsets will turn out to be of real interest) according to whether they
are transient or recurrent. 'To avoid any possible misunderstanding
we re-emphasize that the random walk is assumed to be transient and
aperiodic. It seems tempting to call a set 4 recurrent if the random
walk is certain to visit the set A4, no matter where it starts. That
would be the case if H,(x) = 1 for every x in R. Alternatively, if
H ,(x) < 1 for some x € R one might call the set 4 transient. On the
basis of this idea we introduce the formal classification

D2 A proper subset AC R, 1 < |A| < o, is called recurrent if
H/(x) = 1 for all x in R, and transient if it is not recurrent.

But let us temporarily complicate matters, if only to question the
wisdom of definition D2. An equally reasonable classification of sets
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might have been based on the escape probabilities E(x). If E (x) = 0
for all x in A4, then we conclude that the set 4 is in some sense ‘‘large
enough” so that it is impossible for the random walk to leave it forever.
Such a set might be called recurrent. Conversely, a set 4 such that
E (x) > 0 for some x in A would then be transient. Fortunately this
classtfication turns out to be the same as that in D2. From P4 one has
Hyx) = hy + > G(xt)E(t), =x€R
teA
If E,(t) = 0 for all ¢ in A, than H,(x) = h,. But the constant A,
must have the value one, as H,(x) = 1 when x is in 4. Therefore a
set 4 on which E, vanishes identically is necessarily a recurrent set.
Conversely, let us suppose that A4 is a recurrent set, so that H,(x) = 1.
Then P4 shows that
h, = lim Z P (x,t)H ,(2) = 1.
n=®eR

Hence
1=1+ Z G(x,t)E (1), x€R.
teA
But this equation justifies the conclusion that E,(f) = 0 on 4, for if
we had E,(t,) > O for some ¢, in A the result would be 0 = G(x,t,)
for all x in R, which is impossible. Therefore we have proved

P6 If A is recurrent E (x) = 0 on A, but if A is transient, then
E/(x) > O for some x in A.

That is not quite the end of the story, however. In the proof of P6
we saw that the constant 4, = 1 for a recurrent set, but no information
was obtained concerning its possible values for a transient set 4. In
fact it is only now, in studying &,, that we shall fully use all the infor-
mation available. The result of P6 remains correct for the far larger
class of transition functions to be studied in section 27. By using the
information that we are dealing with random walk (that P(x,y) =
P(0,y — x)) in a much more essential way than before, we can show
that h, can assume only the value zero or one.

First we clarify the probability interpretation of A,.

P7 For our random walk (transient and aperiodic) let A, denote the
event that x, € A. Then

H, (%) = P,[ngoAn ,  xeR,

By = hyx) = P,| O C)A,,]. xeR.

n=1lk=n
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Proof: Nothing more is involved than a simple rephrasing of
definitions. When x € 4, P,[4,] = 1, so that H,(x) = 1, and when
x € R — A the statement of P7 concerning H ,(x) is the definition of
H,(x). Since the events B, = | ., 4, form a monotone sequence,

P[A 0 4] - lim 2.
n=1k=n n-s o

Here B, is the event of a visit to the set 4 at or after time n, butin a
finite time. It follows from the probability interpretation of B, that

P[B,] = > Pu(xy)Hy),

VER
and the definition of A4(x) in P4 completes the proof of P7.

The stage is now set for the last step—the somewhat delicate
argument required to show that any set A is either visited infinitely often
with probability one or with probability zero* As one might hope, this
dichotomy corresponds in a natural way to the classification in D2.

P8 If A is recurrent, hy(x) = h, = 1, lut if A is transient, then
hA(x) = hA = 0-

Proof: The first statement has already been verified, in the course
of the proof of P6. We also know, from P4, that A ,(x) is a constant,
called h,. Therefore we may assume that A is transient and con-
centrate on proving that &, = 0. But we shall actually forget about
whether or not A4 is transient and prove an apparently stronger result,
namely

(1) h[1 — Hy(x)] = 0 for all x in R.

Equation (1) will finish the proof of P8, for if 4 is transient, then
1 — H,(x) > 0 for some xe R — A, so that b, = 0.
Because k,(x) is independent of x, one can write (1) in the form

(2) k(%) = > Hu(%,3)h4():

VEA

¢* A much more general theorem was proved by Hewitt and Savage [42].
Let (Q, %, P) be the probability space in definition D3.1 and suppose that
S € & is an event invariant under all point transformations T: Q « Q such
that T'(w) simply permutes a finite number of the coordinates of w = (w,, wg, . . .).
Then, according to [42], P[S] is either zero or one. The event S that a given
set A € R is visited infinitely often clearly possesses the property of being
invariant under all finite permutations of coordinates. Two far more direct
proofs of this so-called zero-ome law are given in [42], one by Doob, the other
by Halmos.



25. HITTING PROBABILITIES 299

This statement is probabilistically very plausible: h,(x) gives the
probability of infinitely many visits to 4, starting at x. This event is
decomposed according to the point y of the first visit to 4. After this
first visit, the random walk, now starting at y, is still required to pay an
infinite number of visits to 4. The resulting sum of probabilities is
precisely the right-hand side in (2).

In apparently similar cases in the past we have often ‘“‘declared” a
theorem proved after such a heuristic outline of what must obviously
be done. Nevertheless, the present argument being by far the most
complicated example of its kind we have encountered, we insist on
presenting a complete proof. The events 4, will be the same as in
the proof of P7, as will B, = | Jp-, 4, and C, will be the event that
T = n, where T is the stopping time T = min [z |7 > 1, x, € 4].

The right-hand side in (2) is

S Hywyhis) = lim S Hix3) 3 PyOH0)

VEA

= timp[0(cn O a)] -rJ(cn (Bu)]
n-+ k=1 fj=k+n k=1 n=l
Observing that the sets B, are decreasing,
n Bk+n = n Bn
n=1 n=1

so that the last probability is

P’[kgx(c" n 1@1 B")] - P’[(kgxck) n (néan)].

However, for obvious reasons,

U ClcD ﬂ Bn'
k=1 n=1

Hence

S Hysh(y) = B ) B

VEA

and that is A ,(x) according to P7. Thus we have proved equation (2),
which implies (1), which in turn proves P8.

The results of P4, P6, and P8 may be combined into
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T1 Let A be a nonempty proper subset of the state space R of an
aperiodic transient random walk. Then the set A is either recurrent, in
which case

H,(x) =1, E (x) = 0, hy =1,
or it is transtent, and in that case
H,(x) < 1 forsome xe€ R, E,x) > 0 forsome xe A, h, =0, and

Hy(x) = ZA G(x,y)Es(y), x€R.
Y€

Remark: Every finite set A is transient, for every transient random
walk. The proof of this remark may be reduced to the case when
|A] = 1 by the following simple argument. A single point is a
transient set, according to the definition of transient random walk in
D1.5, if and only if the random walk is transient. Suppose now that
a finite set 4 were recurrent. Then at least one of its points would be
visited infinitely often with positive probability. This particular
point would then be a recurrent set in the sense of D2, but that would
make the random walk recurrent, which it is not.

Now we turn briefly to several other aspects of the potential theory
associated with transient random walk. The idea is not to develop
fully the analogy with classical Newtonian potential theory, nor even
to prove theorems in analysis, just because they are ‘provable.”
Rather we want to prepare some of the machinery which is required
to carry the probability theory of random walk a little further. Thus
we would like to find effective methods for deciding whether a specific
subset of the state space is recurrent or transient, and this objective
will be attained in the next section for a regrettably small class of
random walks.

Despite our limited objective, we need a few of the notions which
belong to the standard repertoire of Newtonian potential theory.

D3 If A is a transient subset of R, E,(x) is called the equilibrium
charge of A;
H(x) = ZA G(x,y)EA(y)
ve
is called the equilibrium potential (or capacitory potential) of A, and
C(4) = D Efy) < o,
VEA

which may be finite or infinite, is the total equilibrium charge, or capacity

of A.
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El The capacity of a set consisting of a single point is of course
1 — F(0,0) = [G(0,0)]-*. The capacity of any finite set can be calculated
as follows: Let 4 = {x, x,, ..., x,}, the x, being distinct points of R.
According to D1, E,(x) is defined in terms of Il (x,y). By P2, part (b),
&(x,y) — [l(x,y), for x and y in 4, is the matrix inverse of the n by n
matrix
G = G(x,x)), Li=12...,n

It follows from D3 that C(4) is the sum of the elements in the n by n
matrix G-1.
When n = |4| = 2, 4 = {0,x} one finds that

26(0.0) - G(x0) — G(0,x) ..
G%0,0) — GO,0G(x,0) ' " ¥

One remarkable conclusion is that C({0,x}) = C({0,—=x}), i.e., the
capacity of a two-point set is invariant under reflection about zero. That
generalizes nicely to arbitrary finite sets 4, and in addition, of course, the
capacity of any set is invariant under translation of the set.

Another interesting property of capacity concerns the limit of C({0,x}) as
|x] = co. Let us exclude the case of one-dimensional random walk with
finite mean, which will be treated in T2 and E2 following it at the end of
this section. In all other cases, T24.2 gives

2
G(0,0)

C(A) = # 0.

lim C({0,x}) =
71~
This generalizes to

lim Cl{x, %2> %)) = &0y

as |x,| > oo fork = 1,2,...,n in such a way that |x, — x,| — oo for each
pairi # j, ¢, = 1,2,...,n. (Under this limiting process the off diagonal
elements in the matrix G = G(x,x,), 1,j = 1,2,...,n, tend to zero, so
that the inverse matrix G~} tends to [G(0,0)]~'].) Furthermore, as we
shall see presently (as a corollary of P11), every set of n points has a capacity
smaller than n[G(0,0)]-'. This phenomenon may be called the principle
of the lightning rod. A ‘‘long, thin” set, such as a lightning conductor has
a far larger capacity to absorb charge than ‘“‘rounder” bodies of the same
volume (cardinality). Nor is this situation startling, viewed in terms of its
probability interpretation. The capacity is the sum of the escape prob-
abilities, and a thin or sparse set provides a better opportunity for the
random walk to ‘‘escape’ than other sets of the same cardinality.

Now we shall derive some general properties of potentials, i.e., of
Sunctions of the form

f(x) = ; G(xy}(y), x€R
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with non-negative charge y(y) = 0 on R. They will be useful in
getting a new definition of capacity different from that in D3, and also
in studying the properties of capacity as a set function. Our results
take the form of a maximum principle.

P9 (a) If f(x) = Gy(x) is a potential, whose charge i has support A,
te.y = 0on R—A, then

flx) < s‘ggf(t)-

(b) If fi = Gy, and f, = Gy, are two potentials such that
P1(x) = Pa(x) = 0 for xe R — A, and if fi(x) < fo(x) for all x in A,
then

f1(x) < fo(x) for all x in R.

(c) Under the same hypotheses as in (b) one can conclude that

z Py(x) < % a(x).

ZEA

Here the right sum, or even both, may be infinite.

Proof: Whenever xe Rand ye 4
2 HA(x»t)G(t’y) = G(x’y)’

teA

which was a useful identity in the proof of P24.8. Here too it is of
fundamental importance. Applying H,(x,t) as an operator to the
identity f = Gy one gets

(1) 2 Hi=nf) = f@),  xeR.
Hence
1) < [sup )] Ha(s) < sup f00)

That was the proof of part (a), and part (b) also follows from (1)
which gives

fol®) = fi(x) = 2 Hxnlfat) = i(0] 20,  xeR.
ted
In connection with part (c) we may assume that

Z¢a(x)=M<°°

ZEA
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for otherwise there is nothing to prove. Since the set 4 in P9 may
not be transient we select a sequence of finite (and hence transient)
sets A, which increase to 4 as n —» co. Applying T1 to the reversed
random walk we have for each of these sets

2 EL(OG(ty) =HL(),  yeR
Therefore
0< 2 BLOUA) ~ /0] = 2 B() ~ )]

VEAn

+ 2 HL0)ay) — ()]

VEA~- Ap

< D [0) b+ X a(y),

VEAn VEA~- Ap

so that for each of the sets 4, < 4

D h() < D ).

VEAn veA

Letting n — 0o one obtains the desired conclusion of part (c) of P9.

P10 The capacity of a transient set may also be defined as
C(4) = sup 2. $(x),
I€A
the supremum being taken over all  such that
P(x) = 0 on A, > GxyW(y) < 1 on A.
VEA

Proof: If C(A4) < oo, in the sense of D3, then the total equilibrium

charge is finite, and its potential

H/(x) = Z G(x,y)E (y) = 1 for x€ A.

veA

By part (c) of P9
D Wx) < X Eyx)

I€A I€A

for every charge ¢ > 0 on 4 such that

2. Glxy)W(y) < 2 G(x,y)Ex(y) = 1.

VEA
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Thus not only is C(A4) the supremum in P9, but the supremum is
actually attained by the charge y(x) = E (x).

If, on the other hand, C(4) = + oo in the sense of D3, then E, is a
charge i, satisfying the conditions in P10, such that 3, , ¥(x) = + co.
That completes the proof.

P11 If A, and A, are any two transient subsets of R, then
(a) C(A,V 4,) + C(4,n 4,) < C(4,) + C(A4y).

Here the capacity of the set A, N A, is defined as zero if A, and A,
happen to be disjoint.

(b) If A, C A,, then C(A4,) < C(4,).
Proof: For any transient subset 4 C R let
T,=min[k|0<k<oo,xed]ifl<|4 <o

and T, = + oo if A4 is the empty set. Then one argues probabilisti-
cally that, for each x in R,
PI[TAlUAz < w] - PI[TAQ < w]
= P,[T404, < 0, Ty, = ©] < P,[T,, < 0, Ty ny, = +0]
= P,[T,, < ©] — P,[T, s, < ©].

Now observe that
P.[T, < ] = H,(x),

unless 4 is empty, but in that case it is correct if we define H ,(x) to be
identically zero. Thus we have shown

Hyp 01,(¥) + Hyyny(%) < Hy (%) + Hy(x).

This i1s an inequality between two potentials. Their charges are,
respectively,

EA1UA2(x) + EAlnAz(x) and EAl(x) + Eﬁg(x)

(E4(x) being defined as zero if 4 is empty, and also if x € R — 4).
By part (c) of P9 the total charges satisfy the same inequality as the
potentials, if we consider all charges as charges on the same set
A,V A,. This proves part (a), if we consult the definition of
capacity in D3.
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The proof of part (b) is even simpler, since T,, < T, with
probability one, so that

P,[T,, < ©] - B,[T,, < ] = Hy(x) — Hy(x) 2 0
which again gives the desired result by proper use of P9, part (c).
One of the simplest corollaries of P9, mentioned in E1 above, is that

C(4) < when |4| = n.

_n_
G(0,0)
When |4| = 1, the capacity is exactly the reciprocal of G(0,0), and
part (a) of P11 gives the inequality for all #n by induction on n.

Finally we present a theorem which shows that one is “almost
never” interested in the capacity of an infinite transient set. The
reason is that, if one excludes one important class of random walks,
every infinite transient set has infinite capacity. Perhaps the main
interest of T2 below lies in its simplicity, and in the elegant way it
uses the renewal theorem, in its strongest form given by T24.2.

T2 Let A be an infinite subset of the state space R of an aperiodic tran-
stent random walk, and suppose that it is transient in the sense of D2. Then
there are two possibilities. If the dimensiond = 1 and the random walk
has its first absolute moment m finite, then C(A) = |u|. In all other
cases C(A) = + co.

Proof: Suppose first that d = 1, m < 0. Since the problem is
invariant under reflection about 0 (reversal of the random walk), we
may assume that 4 < 0. This being the case, we shall show that the
set A can contain at most a finite number of points to the left of 0; for
suppose that we had an infinite sequence of points y, in A4, with
n=12...,

lim y, = —o0.

n— o
Let A, be the event that the point y, is visited at some finite time.
Clearly h,(x) = h,, the probability of an infinite number of visits to
A, satisfies

mex | A O 4

n=lk=n

and by results from elementary measure theory

R[A 04 - ime[0 4> Tmria

n=1lk=n n— o k=n
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By a simple calculation

G(%,yx)
P:[An] = G(0,0)’

and by the renewal theorem, P24.6 or T24.2,
lim P,[4,] = [G(0,0]"! lim G(x) = [GO0,0)[ul]"? > 0.
n— o Yy— -

Combining the inequalities, one finds that 4, > 0, which is impossible
as A is a transient set.

At this point we know that 4 contains infinitely many points to the
right of the origin (since |4| = 0, and 4 contains only finitely many
points to the left of the origin). Thus we may select a sequence 2,
in A4, with

lim 2, = + o0,

n—

and write, using T1,

Hyz,) =1= z G(zn,t)EA(2).

teA
For every integer N > 0,
12 lim > G(za)E ) = L > E\1).
N (f|te4, tsN) el eesism

(The interchange of limits was justified since 4 has only finitely many
points to the left of N.) Thus we have

C(4) = > Eq1) < |ul,
teA
and now one can repeat the limiting process using the facts that
C(4) < © and G(z,t) < G(0,0) to conclude, by the argument of
dominated convergence, that C(4) = |u|.
There remains only the case when d = 1 and m = o0, or d > 2.
Again one can base the proof on

Hyz,) =1= 3 G(z.)E,)

teA

where now 2z, is any sequence of points in 4 such that

lim |z,| = co.
n-—
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It follows from T24.2 that C(A4) = + oo, for if that were not so, then
a dominated convergence argument would give
1= lim > G(zn,t)EL(t) = D lim G(z,,t)E(t) = 0.
N D tcy teAN—®

The last step used the full strength of T24.2 and completes the proof
of T2.

E2 What are the transient sets for a one-dimensional aperiodic random
walk with m < o0 and pu < 0? This problem was actually completely
solved in the course of the above proof of T2. Obviously every finite set
A is transient, and if A4 is infinite and transient we saw that it must contain
only a finite number of points to the left of 0. Further it is easy to see (use
the strong law of large numbers!) that every set A of this type is transient.
Thus the transient sets are exactly those which are bounded on the left.

A natural extension of this question concerns the transient sets when
m= o0, p* < 00, p~ = oo (with u* and p~ as defined in the proof of
P24.6). Then it turns out that there are transient sets which are un-
bounded on the left. (See problem 3.)

26. RANDOM WALK IN THREE-SPACE WITH MEAN ZERO AND FINITE
SECOND MOMENTS

Here we are concerned with somewhat deeper problems than in the
last section, in the following sense. By now nearly everything has
been said about transient random walk which depends only on the
generalized renewal theorem T24.2. When d > 2, T24.2 tells us
only that G(0,x) — 0 as |x| — o, and although the number zero is a
‘“rather disarming constant’’* we have come to appreciate that this
result is far from trivial. Nevertheless, it is hardly surprising to find
that certain interesting aspects of the behavior of a transient random
walk depend on the asymptotic behavior of the Green function G(x,y)
in a much more elaborate way. Therefore we shall now confine our
attention to a class of random walk for which one can easily characterize
the rate at which G(0,x) tends to zero as |x| — c0. This class is chosen
so that it contains simple random walk in three-space. The ordinary
Newtonian potential kernel is the reciprocal of the distance between
two points, and we shall show that the Green function for simple
random walk has the same behavior: G(x,y) behaves like a constant
times |x — y|"! as |x — y| — co. Indeed we shall show that a large
class of three-dimensional random walks share this property.

¢ Cf. Chung [10], p. 188.
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Pl If a random walk satisfies conditions

(a) P(x,y) is three dimensional and aperiodic,
(b) p= > xP(0,x) =0,

I€R
(<) my, = > |x|2P(0,x) < oo,

Z€R

then its Green function has the asymptotic behavior
1
G(O’x) ~ 27_’ 'QI —llz(x.Q-lx)-ll2’

as |x| — co. Here Q is the covariance matrix of the second moment
quadratic form

A) = 2 (x-6P(0,),
Q- is its inverse, and |Q| is the determinant of Q. In the particular
(isotropic) case when Q is a multiple of the identity, i.e., when
(d) Q(8) = |6/
one has
lim |x|G(0,x) = !

1Zl=s © 27?0‘2

(That applies to simple random walk in three-space, which has
Q(6) = 161%/3.)

Proof: The proof depends on rather delicate Fourier analysis as we
shall have to utilize the full strength of the Local Central Limit
Theorems P7.9 and P7.10. They apply only to strongly aperiodic
random walk, a restriction which will be removed at the last step of the
proof. Under this restriction

(1)  jx|Pn(0,x) = |x:(21m)‘5‘|Q|“§e“;Tx“'°"” + |x|n“;E1(n,x),
(2)  |%|Po(0,x) = |x{(27m)~3|Q| ~3e~ =D 4 x|~ 1n! ~2Ey(n,x).

Equation (1) i1s P7.9, (2) is P7.10, and both of the error terms E;(n,x)
and E;(n,x) have the property of tending to zero as n — oo, uniformly
in x. Of course we must assume that x # 0 for (2) to be valid.

Let us begin by showing that the principal terms in (1) and (2) give
the correct answer for the symptotic behavior of

GO = 3 51P.0.)
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When x # 0 and d = 3 they yield the series
S(x) = (2m)~%2|Q| 12|« z n-32p=3:xQ 1)
n=1

As |x| — oo it will now be easy to replace this sum by an asymptotically
equal Riemann integral. Let us call (x-Q@~'x)~! = A, observing that
A—0 as |x| > oo (the quadratic form Q! is positive definite!).
Then
(2m)~32|Q| - ¥2|x| &
S(x) = (x-Q x)172

and as A — 0 the sum on the right tends to the convergent improper
Riemann integral

z (nd)~ 3/2o-(2n8)" 1 A

Jw $-312p-1/2t gy — \/Zr

0

Therefore

3) S(x) ~ (21r)‘1|Q|‘”2(x~Q'1x)“”2|x| as |x|—> 0.

This is the desired result, so that we now only have to explain why the
error terms do not contribute. It is here that the need for the two
different types of error terms in (1) and (2) becomes manifest. We
shall use (1) for the range [|x|?] < n < oo, and (2) for the range
1 < n < [|*|?]. Here [y] denotes the greatest integer in y. Since
the contribution of the principal terms in (3) is positive, we have to
show that

0z1%)
4) lim |x|-! z n= 12| Ey(n,x)|
Iz]—» ® n=1
a
+ lim |x] > n %2|Ey(nx)| = 0.
lzl— @ n={lz13)+1

The limit of any finite number of terms in the first sum is automatically
zero, since the finiteness of the second moments assures us that

lim |x|P,(0,x) = 0

|z|-o®

for each fixed n. Therefore we choose M so large that |Ey(n,x)| < €
whenever n > M. Then

[1z12)

lz|3)
|x|'1 i ‘”2|E2(nx)| < €|x|-1 z n-12
M

n=

< e|x| 7! z n-12 < ek,

n=]1
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for some positive k, which is independent of ¢ and x. Since ¢ is
arbitrary, the first limit in (4) is zero. The second limit is also zero
since

a ®
lx| > |Eynx)| < |x| sup |Ey(nx)| > o
n=(lzl?)+1 n>(1z1%) n=1z|2)
< ky sup |Ey(n,x)|,

n>(1z12)

which tends to zero as |x| — oo (k; is a positive constant, independent
of x).

The proof of P1 is now complete for strongly aperiodic random
walk, but this requirement is superfluous and may be removed by a
trick of remarkable simplicity (a version of which was used in the proof
of P5.4). If P(x,y) is aperiodic, but not strongly aperiodic, define the

transition function
P'(x’y) = (1 - a)8(x,y) + aP(x,y),

with 0 < « < 1. P’ will now be strongly aperiodic, and of course if
P satisfies conditions (a), (b), (c) in P1, then so does P’. The Green
function G’ of P’, as a trivial calculation shows, is given by

, 1
G (x,}’) = 2 G(x»y)
In particular,
(5) |x|G(0,x) = «|x|G’(0,x), x€R.

As we have proved P1 for strongly aperiodic random walk, the
asymptotic behavior of |x|G’(0,x) is known, and that of |x|G(0,x) may
be inferred from it. It remains only to check that we obtain the right
constant. The asymptotic behavior of |x|G’(0,x) is governed by the
second moments of the P’ random walk. These are continuous
functions of a.  Since equation (5) is valid for all « between 0 and 1 we
may let « — 1, and a continuity argument concludes the proof of P1.

Remark: Since the matrices @ and @~! are positive definite (see
P7.4 and P7.5) we may conclude from P1 that

0 < lim |*/G(0,x) < lim |%|G(0,x) < oo,
Y 2l e

whenever conditions (a), (b), (c) are satisfied. Hence every sufficiently
distant point has positive probability of being visited at some time.
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It follows that the semigroup R* must be all of R. By the assumption
of aperiodicity R* = R = R; hence every point has positive prob-
ability of being visited at some time. This implies the almost obvious
but exceedingly useful corollary to P1 that for every aperiodic three-
dimensional random walk with mean 0 and finite second moments the
Green function G(x,y) is everywhere positive.

As the first application of P1 we consider the hitting probabilities of
a finite set 4. For any three-dimensional random walk

lim H,(x,y) = 0.

|z] = ©

This was P25.3. But one can refine the question and expect a more
interesting conclusion by imposing the condition that A is visited in
a finite time. Let

T,=min[r|0 <2 < o, x, € 4].

Then the conditional probability of hitting 4 at y, given that T, < oo,
is
Pfx;, =3 Ty < ] _ Hy%y)
P,[T, < ] H ,(x)

To calculate the limit as |x| — oo, for a random walk which satisfies
the conditions for P1, observe that by P25.1

Hy(x,y) = ; G(x,0)[8(2,y) — (8, 9)]

so that
lim [s|H,(xy) = lim [5]G(x0) Y [57) ~ T3]
Z|-—» Z| -+ ® €

Let E,* be the equilibrium charge of the reversed random walk.
Then, using P1 and D25.1

1 _ *
lzlll_r.r; | x| H 4(%,y) = o2 E *(y).
Since |4] < o,
11m || H (%) = llm | %| Z H (x,y)

lz|—
cx4) _ ¢
211'0 Z = 2n6® | 2na3
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because C*(A), the capacity of the set A with respect to the reversed
random walk, is easily shown to be the same as C(A4). Therefore we
have proved

P2 If a random walk satisfies conditions (a) through (d) of P1, then
for any finite subset A of R

. , 1 . Cc(A
(1) lim [$H5)) = g Bat0) Jim [sH,() = g
and
(2) ll HA(x’y) — EA‘(y)

mew Hix)  C(A)

Observe that part (2) is a far weaker statement than (1). It does
not depend at all on the full strength of P1, but will hold whenever
the Green function has the property

. G(xy) _
T, G(x.0)

E1 It was observed by Ciesielski and Taylor ([14], 1962) that two
interesting random variables associated with the Brownian motion process
have the same probability distribution: the time until d-dimensional
Brownian motion first leaves the unit sphere has the same distribution as
the total time spent by (d + 2)-dimensional Brownian motion in the unit
sphere. (This makes sense, Brownian motion in dimension d + 2 > 3
being transient. Incidentally both Brownian motions must start at the
origin, for the theorem to hold.)

We shall take the case d = 1, and use P1 to prove an analogous theorem
for random walk. For one-dimensional random walk, let T, denote the
first time outside the interval [—n,n]. When the random walk has mean 0
and finite variance o2, and starts at the origin, it was shown in T23.2 that

=1, yeR.

- 2ok s1:
a’ =1- F(x) = 3202]! T le O .

Now consider three-dimensional random waik, satisfying hypotheses (a)
through (d) of P1, and define

R=—+©

(1)  lim Po['r >

| <7
if |x| > 7,

xx) = 5
Z xe(xe),
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so that N, is the total *ime spent in the sphere [x | |x| < r]. (N, is finite,
since the random walk is transient. ) We shall show that

r— o

@) lim Pq [N — 1 F(),

with o as defined in P1, and F(x) the same distribution function as in
equation (1) above.

The proof of (1) in section 23 was carried out by the method of moments.
Referring to the justification given there, it will therefore suffice to prove
that for p > 1

. 2 p 8 p+l o __lk
@) Jim E°[(§2‘ N)] =P‘%(?) 20<2k'(+ 1;

these limits being the moments of F(x), given in P23.3. The main idea of
the proof of (3) will be clear if we consider the cases p = 1 and p = 2.
Letting p = 1,

1

(4) E,[N,]

Eo[z x,(x,‘)] - Eo[ S 8(.\',xk)]

(zllx|<rl k=0

Z P(0x) = > G(0,x).

(zllzisT) k=0 (zllzisT)

Using P1 we obtain, asymptotically as r — oo,

1
(5 Eo[N,] ~ =— x|
' ) 0[ ] 2‘”0 (zllzlsr, 20} l |
r? do E ¢ dt r?
2mo? |a| a? ), = %
lals1

Here the first integral was taken over the unit sphere, || < 1, in E, d« as

usual denoting the volume element.
When p = 2,

E, 5 05 5 5 8xx) 8%

(zllzls7) (WlylsT) /=0 k=0

(6) Eo[N,]

“E, S S 8(xx) + 2E,

(zllzlsrl k=0 [(xllnsn yllyl=n)
3 aex) 3 s
- EO[Nr] + 2 Z Z G(va)G(x»y)

(zllz|=7) (vllvlsrl

r2 da J‘ J‘ do dﬁ
2t ) Tal ¥ 2 Gy CIE
als1

lels1 |8Is1
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The dominant term in (6) is of course the one of order r*, and the method
by which it was derived generalizes, to give for arbitrary p > 1,

(7) E[(N,)*] ~ p! z ce z G(0,x,)G(x,,%3) . . . G(xp_1.%p)

[rillz11s1n) [zpllzplsT)

~p'(i)’ f day dog =~ dey
\2no? lla—li lag — &y lap -y —ay|

leyIst lapls

Let us denote the Newtonian potential kernel by K(«,8), for «,8 in the
unit sphere of three-dimensional Euclidean space £. Then

la - ﬂl—l = K(«,B) = Ky(a,p), K, i(a,B) = J- Ky(a,7)K(y,B) dy,
Insi

are the iterates of the kernel K, restricted to the unit sphere, and equation
(7) may be written in the form

270

®) E,[N’] ~ p!( r ,)’ f K,(0,0) de.

lal<1

Comparing equation (8) with equation (3), which we are striving to prove,
it is scen that (3) is equivalent to

©) ] 1[ 1 K,(0,0) do = % (%)’io(z—n(%

Equation (9) looks as though it should follow from an eigenfunction
expansion of the kernel K,. Indeed that is so, but first we shall simplify
the problem considerably by observing that K,(0,«) is spherically symmetric,
i.e., depends only on [«|. Let us therefore study the action of K(«,f) =
|« — B| ! on the class of spherically symmetric functions. The integral

Kf@ = [ K(pr®)d8 = f g /)

18151

is simply the Newtonian potential due to the charge f on the unit ball
le| < 1. We shall compute it by using two familiar corollaries of Gauss’
mean value theorem ([54], p. 83). The potential on or outside a sphere
with a spherically symmetric charge is the same as if the total charge were
concentrated at the origin. The potential inside a spherical shell on which
there is a symmetric charge is constant. Therefore one can decompose
the potential Kf(«) into its two contributions from the region [8| < |«| =7
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and from |B] > |¢| = r. The second part is conveniently evaluated at
|«] = O (since it is constant!) and in this way one gets

(10) &fe) = [ Lo a

181<1

r r1
= 47" J’o]{(p)p2 dp + 4"J' ](P)P dp,

if |a| = r and f(8) = f(p) when |B| = p.

Suppose now that f is a spherically symmetric eigenfunction of K, i.e.,
that f = AKf on the unit ball, for some A # 0. It is convenient to write
1f(r) = ¢(r), for then it follows from equation (10) that f = AKf assumes
the simple form

1) (r) = 4mA f: #(p) min (pr)dpy, 0 <r< 1.

In other words we are looking for the eigenfunctions of the integral operator
4mr min (p,r) which has every desirable property (it is symmetric, positive,
and completely continuous; hence its eigenfunctions form a complete
orthonormal set, and Mercer’s theorem applies). Differentiating (11) one
gets

(12) ¢"(r) + 4mAd(r) = 0, 0<r<]1,
and the boundary conditions are easily seen to be
(13) $(0) = (1) = 0.

The solutions of (12) and (13) are

(1) M=T @+ 1% $,) = VZsin [12' (2n + l)r],

f: $u(r)bulr) dr = S(mm), n >0, m 0.

The proof of (9) is now easily completed. When p = 1, (9) is obvious.
When p > 2,

K00 = [ K@hK,-,0f)d8

181s1

so that K (0,x) is the result of applying K to a spherically symmetric
function. Let |a| = r, |¢|K;(0,&) = ¢,(r). Then

ho) = 4 [ " doos(p) min (o) dp, P2 2.
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Hence ¢, is the result of applying the (p — 1)st iterate of 4= min (p,r) to
the function ,(r) = 1. By Mercer’s theorem (see P21.3)

- 5[ 40

Finally,
1
K,(0,0) do = 4n J‘ Pp(r)r dr

leis1
5 gt |, taowar [ 4o a,

and straightforward computation using (14) shows that (9) is true. That
proves the limit theorem in equation (2) for the time N, spent in a sphere
of radius r by the three-dimensional random walk.

A still deeper application of Pl yields a characterization of the
infinite transient sets (all finite sets are of course transient). The
following criterion (for simple random walk) was recently discovered
(1959) by It6 and McKean [46].

T1 Suppose a three-dimensional random walk satisfies conditions
(a) through (c) in P1. Given an infinite set A, let A, denote the inter-
section of A with the spherical shell of points x such that 2" < |x| < 2"*3,
and let C(A,) be the capacity of A,, defined in D25.3. Then A is
recurrent if and only if

= 00.

2 C(A,
5.

Proof: To emphasize the essential features of the proof—which
are the results of section 25, the estimate which comes from P1, and
the way they are applied to the problem—we shall be a little casual
about the measure theoretical aspects. Suffice it to say that the
following statements are equivalent.

n=1

(1) A4 is a recurrent set, i.e., it is visited infinitely often;

(2) the random walk x,, with x, = 0 visits infinitely many of the
sets A, with probability one.

Clearly (2) implies (1), but (1) also implies (2) since h,(x) is in-
dependent of x and each A, is finite and therefore only visited finitely
often.

Let E, be the event that 4, is visited in a finite time. Recurrence
means that

P[0.05] -
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It seems reasonable to estimate the probabilities Py[E,] from T25.1
which gives

Po[E,) = H, (0) = Z G(0,x)E,, ().

Letting c,, ¢;, . . . denote positive constants, one has
alx| 7! < G(0,x) < cy|x|~? forall x # 0
according to P1, and so

cs 2 27"E, () < Po[E,] < ¢, ZA 27"E,, (%),
TeAq

IE€An
or

cg2 "C(4,) < Py[E,] < ¢,27"C(4,).
This inequality makes it plain what T1 is about, and what is left to
prove. We have to show that
P o[ AN Ek] =1
n=1k=n

if and only if 3 Po[E,] = oo. This conclusion can be obtained from
a well-known form of the Borel-Cantelli Lemma.®

P3 Let E, be any sequence of events (sets) in a probability space (a
Borel field of subsets of a space on which there is a countably additive
measure p. defined, of total mass one).

@Y  SwE)<w e uwl A OE| -0

n=lk=n

(b) If z w(E,) = oo and if for some ¢ > 0

then

® The familiar form of this lemma consists of part (a) of P3, and of its con-
verse when the events E, are mutually independent. The more sophisticated
converse in P3(b) seems to be rather recent; it has been discovered independ-
ently by a number of authors. Cf. [65], [84], and in particular [70], where
Lamperti showed how a form of P3 may be used to prove T1 for a large class of
transient Markov processes.
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We shall prove P3 after completing the proof of T1. Part (a) of P3
states that the series in T1 diverges if the set 4 is recurrent. From
part (b) we want to conclude the converse. So we shall suppose that
the series > Py[E,] diverges. If we can then verify that the limit
inferior in P3 is finite we shall know that the set A4 is visited infinitely
often with positive probability. But by T25.1 this probability is
h(0) = h, which is either zero or one. If we prove that it is positive,
then it s one!

Now let T, be the first time the random walk is in the set 4,.
Thus Py[E,] = Py[T, < oo] and

PJE, NE,] = P[T, < T, < ] + Py[T,, < T, < 0]
< Py[T, < 0] max P,[T, < ] + Py[T,, < 0] max P,[T,‘ < 0]
= Py[E,] max Z G(%.9)E 4, (7) + Po[E,) max Z G Ea ().
Ax yeAm I€Am yeA,

Then one uses P1 in the form G(x,y) < ¢;|x — y|~! to obtain the
estimate

Po[Ey N Ep) < ¢;Po[Ey] max D |2 =y *EL ()

Ax yeAnm

+ ¢;Po[Eq) max D |x — y|"1E, (»).

I€EAm yeAx

If Rk < m — 1 it follows from the geometry of the sets 4, that
Po[E, N E,]
< 6Po[Ey]|24* — 27| 71C(Ap) + Po[Eq]|2¢T — 27| 71C(4L).

The next step again depends on P1, in the form C(4,) < ¢;712"Py[E,].
Therefore,

2m 4 2k
PulE, 1 E,] < 2 REIRIE(5 )

m _ pk+1
< (P[E,JPy[E,] for k < m — 1,

where ¢ = 4c,/c; is a constant, independent of £ and m. Thus one
obtains

k=1

Po[E, N Ep)

1

Po[E,]Po[En)

lim

n
n—+ o Z

< ¢ < o,

M=M=

=
[
[ ]
[

m
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because the estimate we derived holds also whenm < & — 1, and the
terms with [k — m| < 1 clearly are “too few” to affect the value of
the limit superior.

Now it remains onlv to prove the Borel-Cantelli Lemma. Part (a)
comes from

p[ ﬂ”U Ek] = lim p[ku Ex] < lim Z w(E,) = 0.
n= =% N =n n-= ) =qp
To prove part (b), let ¢, = 11if E, occurs, and zero otherwise. Let
N.=> ¢ EN,) =2 wEy).
k=1 k=1

For any positive ¢, let B, . denote the measurable set defined by the
statement that

N, = ¢E(N,) for some k > n.
The Schwarz inequality reads
[Efg))* < E(f*)E(g®),
and choosing the measurable functions

f = characteristic function of the set B,

g= mm
_ 2 > E@R)P  [Edg)  {E(N,) — E[N.(1 - )]}
“’[Bn,cl = E(f ) = E(gz) Z E(N 2) E(N 2)
But
E[N,(1 - f)] < E(N,)
8o that

2
wiB.d > (1 - o Bl
for every n > 1. Because E(N,) > ® as n— o©

WA OE] > timwizg

n=lken

This is true for every positive € and therefore

® ® N 2
(D08 ey -
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Thus P3 is proved, and hence T1.

Wiener’s test (that is the name of T1 because it imitates a test due
to N. Wiener for singular points of Newtonian potential)’ can occasion-
ally be used to determine whether or not a particular set is recurrent.
In general the computations are prohibitively difficult.

E2 Let A be a set of the form 4 = {J,.; (0,0,a(n)) where a(n) is a
monotone sequence of positive integers. If a(n) = = it is quite obvious on
other grounds that 4 is recurrent. To apply Wiener’s test, when 4 is any
monotone sequence of points along the positive x-axis, observe that

14a]

C(4s) = 50,0

= k|4,
by P25.11, since single points have capacity [G(0,0)] ~1.
To get an inequality going the other way, observe that, in view of P1,
2 Gy <k 2 |x—y7
VEAsn VEAn
for some k, > 0. Suppose now that we are dealing with a sequence a(n)
for which

¢)) max Y |x —y|7! < kg < oo,
T€An yeApn

where k; is independent of n. Then we have

f(x) = Z G(xy) < ks, x€d,,
VEAn
which has the following potential theoretical interpretation: the charge
which is identically one on A4, gives rise to a potential f(x) whose boundary
values are at most k3. In view of P25.10 the total equilibrium charge of
A, (i.e., the capacity of 4,) is at least as great as k;~! times the number of
points in 4,, so that

C(An) 2 ks_llAnl'
It follows that under condition (1)

S | 5 C(4,) S 14,
k‘; 2n = 2n Sk5z 2n

1

Therefore we have shown that a set which satisfies (1) is recurrent if and only
if the series 3 2™"| A,| diverges.

7 See [16], Vol. 2, p. 306, or [54], p. 331, for Wiener’s characterization of
singular points; see [47]), Ch. VII, for a discussion in terms of Brownian
motion, which explains the connection of Wiener’s test with P1.
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It remains to exhibit examples to show that (1) is ever satisfied. In
fact, equation (1) turns out to be a relatively mild regularity condition
concerning the sequence a(n). It may be shown to hold when

an + 1) —a(n) > Inn

for large enough values of #n. This is not enough (as pointed out by Ité
and McKean [46]) to decide whether or not the set of primes on the positive
x-axis is visited infinitely often (in fact it is, cf. [28] and [77]). However
our result permits the conclusion that the set

A= U1 (0,0,a(n)), a(n) = [n.Inn.Ingn.... (In, n)7],

where Ing., n = In(In, n), 2 > 1, In; n = In n, is visited infinitely often
if and only if « < 1.

Wiener’s test (T1) was phrased in such a way that the criterion for
whether a particular set is transient or not seemed to depend on the
random walk in question. We shall now use the maximum principle
of potential theory, in the form given by P25.10, to show that this is
not the case.

T2 An infinite subset A of three-space R is either recurrent (visited
infinitely often with probability one) for each aperiodic three-dimensional
random walk with mean 0 and finite second moments, or it is transient for
each of these random walks.

Proof: If P and P’ are the transition functions of two aperiodic
three-dimensional random walks with mean 0 and finite second
moments, then their Green functions G and G’ are everywhere
positive (by the remark following P1). Hence P1 implies that there
exists a pair of positive constants ¢, and ¢, such that

a1G(x,y) < G'(%,y) < ¢,G(x,y), x,y € R.

Given a finite subset B C R, let C(B) and C’(B) denote the capacities
induced by the two random walks. The characterization of capacity
in P25.10 implies that

C'(B)= sup > y(x) < 2, (=)

(¥IG’¥s1onB) rep (vlcy Gwslonm TeB

= X ‘P(x)*—C(B)

[mIGos lonBJ z€B

There is a similar lower estimate so that

c—lz C(B) < C'(B) < c—ll C(B).
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The two constants are independent of the set B. Therefore
130D, ) 13 Cldn)

L = 7 °q z

n=1 n=]

where the sets A, are the spherical shells in Wiener’s test T1. It
follows that either both infinite series converge, or both diverge.
Hence the set 4 is either transient for both random walks or recurrent
for both, and the proof of T2 is complete.

27. APPLICATIONS TO ANALYSIS

Let S denote an arbitrary countably infinite or finite set. In all our
applications S will actually be R or a subset of R, but for the moment
it would only obscure matters to be specific about the nature of S.
We shall be concerned with a function @(x,y) from the product of S
with itself to the reals with the following properties

D1 Q(x,y) 2 0 for x,ye S
ZQ(x,y) <1 for xeS

yesS

Qo(x,y) = 8(x,y),  Qu(xy) = Qx),
Qnu(-",}') = ZQ»(-V,‘)Q(‘,}')» X,y € S, n>0.

tes

S Qxy) = gtm) < @, myes

n=Q
Such a function Q is called a transient kernel.

We avoid the term transition function for Q(x,y) since it need not
be a difference kernel; indeed, no operation of addition or subtraction
is defined on S. Nevertheless Q(x,y) and its iterates Q,(x,y) behave
much like transition functions. It is not hard to see that one can
associate a stochastic process with @(x,y). Such a construction lies at
the heart of the theory of Markov chains,® and random walk may be
thought of as a special Markov chain. If one does construct a Markov
chain with state space S such that @(x,y) determines its transition
probabilities, then this chain will be transient according to the usual
terminology of the theory of Markov chains.

* Cf. Chung [9), §1.2.
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However it is not our purpose to carry out such an elaborate con-
struction. Rather, it will meet our needs to derive some simple
analytic properties of transient kernels defined by D1. Just as was
done for transient random walk, we shall define a class of functions
which are non-negative and satisfy the equation

Qf(x) = VGZS Qx)f(y) = f(x), =x€S.

They will be called Q-regular. Two more classes of functions are
defined, the Q-potentials and also a convenient class of functions which
contains all @-potentials. The latter are called @-excessive and form
an analogue of the superharmonic functions in classical analysis.

D2 IfQ is a transient kernel on S x S, then a non-negative function
f(x) on S is called (a) Q-regular, (b) Q-excessive, (c) a Q-potential, if

(a) Qf(x) = f(x), xe S,
(b) Qf(x) < f(x), x€S,
() flx) = 1'ezsé‘}(x»y)tl‘(y) <o xe8

where Y(x) =2 0 for x€ S. In case (c) f is called the potential of the
charge .

In what follows we call @-regular functions simply regular, and so
forth, whenever there is no risk of confusion. A few elementary
observations concerning these function classes are so frequently useful
that we assemble them under

P1 (1) Potentials are excessive.
(2) The minimum of two excessive functions is excesstve.
(3) If f(x) is a potential, then

lim @, f(x) = 0, xeS.
Proof: Part (1) follows from
D Qxnety) — g(xy) = —8xy), xyeS,

teS
which shows that g(x, y) is excessive as a function of x, for each fixed y.
But if f is a potential, then according to (c) in D2, it is a convex com-
bination of excessive functions. Hence it is excessive, the inequality
(b) of D2 being preserved under the process of taking (convergent)
linear combinations with non-negative coefficients.
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To get (2) note that, if Pf < f, Pg < g, then

min [f(x),(*)]

\%

min | 3 P£)/(), 3, Px)e(y)
2. P(x,y) min [f(5).g(»)]-

VeS

Finally, suppose that f(x) is a potential. If
f) = 2, 8(®y0(3) = gh(),

v

then
Q) = 340 | 3 ).

which tends to zero for each x as n — o0.

A fundamental relation between the three classes of functions
defined in D2 was discovered by F. Riesz ([86], p. 337). He showed
that every excessive function may be written as the sum of a regular
function and of a potential. This decomposition is unique, i.e., there
is only one such decomposition for each excessive function. It is
given explicitly by

T1 If Q is a transient kernel and f is a Q-excessive function, then
f(x) = h(x) + u(x),
h(x) = lim z Qu(x,¥)f(y) < o, x€eS,
n-+» o HES
is Q-regular, and where

u(x) = tezsg(x,t)[f(t) - Qf))), =xeSs,

where

is a Q-potential. Moreover, this decomposition is unique.

Proof: Let f(x) — Qf(x) = y(x). Since f is excessive, ¢ is
non-negative on S. Furthermore

Qif(%) — Qus1f(x) = Qui(x) 2 0, x€S, k=0
Adding the first n + 1 of these equations

f(x) = @ninf(x) = gu(x),

where

£ = SaN0O)  E53) = 3 Gns)
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Now g,(x,y) increases to g(x,y) as n — 00, and in view of the inequality

gnf(x) < f(x) < o,  x€S,
lim g f(x) = g(x) < oo, xeS.

The function gy(x) is the potential u(x) in T1, and the argument which
gave the existence of the limit of g,(x) also implies that

lim @, ,,f(x) < oo, xe S,

exists. This is clearly a regular function (as @,f and @,(@f) have the
same limit) and so we identify it with A(x) in T1. Thus the Riesz
decomposition was obtained by letting n— o inf = @,,,f + g.¢.
To prove uniqueness, suppose that f = A" + u’, &’ regular, ¥’ a
potential, in addition to f = u + & with u and A as defined in T1.
Then
v(x) = ¢'(x) — u(x) = h(x) — h'(x), xes,

and since

Qh(x) — Qh'(x) = h(x) — K'(x), x€eS,
we have

Qz(x) = Q,v(x) = v(x), xeS, n>0.
Because 7(x) is the difference of two potentials, part (c) of P1 gives

lim Q,v(x) = 0 = v(x), x€S.

This implies that u(x) = u’(x) and therefore also that A(x) = A'(x),
establishing the uniqueness of the decomposition.

This is all we shall need in the sequel, but it is tempting to pursue
the subject a little further. Remarkably enough, the potential theory
of an arbitrary transient kernel exhibits many features of the potential
theory we have developed for random walk in section 25.

El The maximum principle (the analogue of P25.9). Let u(x) =
Dues £(x, Y)(y) be a Q-potential, with the property that Y(x) = 0 for all x in
S — A, where A is an arbitrary subset of S. Then

u(x) < supu(t), «xe€S.
teA

Proof: We define Q'(x,y) = @(x,y) when x and y are in the set S — 4.
And as usual, let @,'(x,y) be the iterates of @’ over S — A4, and

g(xy) = "Z_oQu'(x,}'), xnyeS — A
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Since Q,(x,y) < Qa(x,y) for x,yin S — A, we have g (x. ¥) < g(x,y) for x,y
in § — A, so that g'(x,y) < o0, which means that Q' is a transient kernel
over the set S — 4. Next we define

1) H,(x,y) = ‘.gAg’(x,tﬁ(t,y), xeS—- A4, yed.

Observe that if we think of Q(x,y) as defining a random process on the
set S, then H (x,y) would have the same probability interpretation as in
D10.1. It would be the probability that the first visit to 4 occurs at the
point y, if the process starts at the point x in S — 4. It suggests
the identity

2 &xy) = Z Hyxt)e(ty), xe€S-—4d, yed,
and the inequality
3) D Hyxt) s 1, xeS - A.

teAd

For random walk (2) and (3) were obtained in P10.1. Assuming, for
the moment, that they are valid in this more general context, equation (2)
implies

u(x) = Zg(x.y%/'(y) Z H (xt)u(t), xeS - A4,

8o that
u(x) < [Z HA(x,t)] supu(t), xeS— A
t6A teA

Finally, one uses (3) to complete the proof of the maximum principle.

For the proof of (2) and (3) the use of measure theory would indeed be a
convenience, as it makes the intuitive use of stopping times legitimate.
But an elementary proof of (2) and (3) based on the definition of H ,(x,y) in
(1) is not at all difficult. It requires induction or counting arguments such
as those in the similar nonprobabilistic proof of P1.2 in Chapter I, which
are cheerfully left as an exercise for the reader.

The simplest special case of the maximum principle deserves special
mention. When ¢(x) = 1 at the point x = y and 0 elsewhere on S, the
maximum principle asserts

) g(x,y) < g(y,y) forall xe S.

This statement again is obvious—if one admits as obvious the probability
interpretation of g(x,y) as the expected number of visits of a process,
starting at x, to the point y. For then g(x,y) becomes g(y,y) times the
probability (which is at most one) of at least one visit to y in finite time,
starting at x.

Now we shall turn to a few applications of probability theory to
analysis. Using the powerful Riesz decomposition theorem (T1), one
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can study the regular functions of a transient kernel. More specif-
ically, it will be seen that there is an intimate connection between
the asymptotic behavior of the ratio

g(xhy)
&(x2,y)

and the various Q-regular functions (if there are any). This connection
was first systematically used by R. S. Martin [75], 1941, in his work
with harmonic functions in arbitrary domains in the plane. All we
shall attempt to do is to present useful special cases of a method for
finding and representing @-regular functions. In recent work in prob-
ability theory of Doob, Hunt, and others,® this fruitful and, in its
full generality, rather deep method is called the construction of the
Martin boundary.

Our excuse for attempting this foray into abstract potential theory
is that probabilistic results from earlier chapters will find, rather
unexpectedly, elegant applications in a new setting. For example, in
E3 at the end of this section, we shall return to random walk on a
half-line. Thus R will be the set of integers, and it will be natural
to take for S the set [0,c0) of non-negative integers. If P(x,y) is
the transition function of an aperiodic random walk, and if @(x, y) is the
restriction of P(x,y) to S, then Q becomes a transient kernel on S, in
the sense of definition D1. If g(x,y) is the Green function of @ in
the sense of DI, it is clear that it is simultaneously the Green func-
tion gg(x,y) = g(x,y) in the sense of definition D19.3. About this
particular Green function we know a good deal. Thus, according to
P19.3

for large |y|

min (z.y)
gxy)= D u(x-—nmr(y-n, x20, y=0,
n=0
and in section 18 of Chapter IV we studied the functions u(x) and ©(x)
quite thoroughly. In particular the asymptotic properties of g(x,y)
should present no formidable difficulties, at least under reasonable
auxiliary hypotheses. Using this information about g(x,y) we shall
be able to prove that, under certain restrictions, there is one and only
one Q-regular function. This is of probabilistic interest, the equation
@f(x) = f(x) for x € S being exactly the Wiener-Hopf equation

5 Penf) =1 520,

° Cf. Doob [24], Hunt [45], and Watanabe [100).
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of D19.4. In P19.5 this equation was shown to have the solution

f(x) = w(0) + »(1) + --- + u(x), x20.

Thus E3 will show that for recurrent aperiodic random walk the
Wiener-Hopf equation has a unique non-negative solution, or, if one
prefers a different viewpoint, that the function «(x), which plays such
a crucial role in fluctuation theory, has a simple potential theoretical
characterization.

Similarly, a strong case can be made for another look at aperiodic
recurrent random walk in the plane. If P(x,y) is the transition func-
tion on R, let S = R — {0}, Q(x,y) = P(x,y) for x,y in R — {0}.
Then @ is a transient kernel. Accordirg to P13.3

2 P(xvy)a(y) - a(x) = 8(1’0)» x€ R,
VER
where a(x) is the potential kernel in P12.1.  Since 2(0) = 0, the above
equation implies
S Qxyla(y) = alz),  xeS,
yeES
so that a(x) is a Q-regular function on S. Is it (apart from a multi-
plicative constant) the only Q-regular function? It will follow, from
P3 below, that this is so, and the reason we can prove it is that,
according to P11.6 and P12.2, we know that

&x,y) = a(x) + a(—y) — a(x - y),
and
lim [a(x + 3) — a()] = 0.
The details will be given in E4. The last application, in E3 to
analysis proper, will concern the Hausdorff moment problem.

Two innovations of terminologv are needed. Given any countable
set S, and a real valued function f(x) on S

D3 lim, .. f(x) =a, if, givenany e > 0, |f(x) —a| < e forall
but a finite number of points x in S.

Clearly this 1s of interest only when S is infinite (otherwise f(x) has
every possible real number as a limit), but S will be infinite in all cases
of concern o us.

Much more essential is
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D4 If Q is a transient kernel on the set S, and if h(x) is a positive
Q-regular function, then

Qh(x’y) - Q(x,h}(’i};(y), x,y € S,

and

F(x,y) = EENAG),

7(x) x,y€S.

D4 was motivated by

P2 Q"(x,y) is a transient kernel on S, and if we call its iterates
Q."(x,y) and its Green function

g (xy) = ZO Q. (%), xyeS,
then this is the same g"(x,y) as that in D4. The kernel Q" has the
property that the constant function e(x) = 1 is Q"-regular.

The proof is omitted, being completely obvious. Now we are ready
to derive a set of sufficient conditions for a transient kernel Q to have
a unique regular function (up to a multiplicative constant; this will
always be understood).

P3 Let Q(x,y) be a transient kernel on S such that g(x,y) > 0 for
x,y tn S, and suppose that for some point £ in S

tim £5) _ £ < oo
i~ £(£,) f(x)
exists for all x in S. Suppose further that f(x) is Q-regular.'® Then the
positive multiples of f(x) are the only Q-regular function.

Proof: Suppose that h(x) is @-regular, and not identically zero.
We have to show that for some ¢ > 0, A(x) = ¢f(x) on S. First
observe that A(x) > 0 on S, in view of

> Qux)h(y) = h(x), xeS, n=20.

vesS

If we had A(x,) = O for some x, € S, we could choose y, such that
h(yo) > 0, and conclude that @,(xo,¥,) = 0 for all » > 0. This

10 Jt is easy to show that this hypothesis may be weakened: it suffices to
require that there exists at least one nontrivial Q-regular function. Show that
one cannot do better, however, by constructing a transient kernel @ which has
no regular functions, but such that the limit in P3 nevertheless exists.
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contradicts our assumption that g(x,v) > Oforallx,yin S. Therefore
every @Q-regular function A{x) is strictly positive on all of S.

Using the positive @-regular function k{x) we now define @* and
Z2%(x,3) according to D3 and P2. The function &x) = 1 on S is @*
regular, and will now be approximated from below by the sequence

c.(x) = min [¢(x), ng"(x,7)].
Here the point 5 is an arbitrary fixed point of S. It is easy to see that
t.{x) < fx}and £ {x} > &x)as n— .
Now we use T1 to show that each t,(x) is a Q*-potential. Being
the minimum of two excessive functions, © (x) is excessive by Pl,
part (2). Hence, according to T1

€. (x) = kx) = u(x),
where k(x) is @*-regular and u(x) is a @*-potential. But
k(x) =< "gh(xr’?): x €S,
which shows, by P1(3), that k(x) = 0. Hence we have succeeded in
exhibiting a sequence of @*-potentials t.(x) which converge to e(x).
All other properties of this sequence will be quite irrelevant from
now on.

According to the definition of potentials, there is a sequence of
charges u (x), such that

(1) wul(x) = 3 gmy)ed):

With £ denoting the point in the hypothesis of P3,
) = S EE)

(2) t’.(.x) - ggg"(fv}) /e(.‘)'

where v.(y) = g°(£,3)u.{y). It follows from (1) and (2) that
(3) 0< D yly)=x(f) =L

¥€S
It is also known that

- &(x.y)
+ =1=lim S 5 7= v ().
Q) «(x) M“ng.(f,).)r( )

Now we choose a subsequence n’ of the integers (by the diagonal
process) such that
5) hm y.(y) = ©¥)

R =T
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exists for each y in S, and observe, using the hypothesis of P3, that
gxy) _ . 8=xy) k(E) h(¢)
© s 69 " e g€ @ TG hGy
Choosing M so large that
£(xy) _ 0 B8 _
#Ey TR <
it follows from (4), (5), and (6) that

s &) f= )h(f)
: lvlgugh(f,J’) (y) + ] - |Z> "'(y) + R(M)s

where R(M) is an error term whose magmtude does not exceed e.
Now R(M) tends to zero as M — o0, and if we call

¢ when |y| > M,

lim lim Z Y2 (¥) = Yo,

M- n'—» o lvi>M

then it follows that

&%) h(8)
M) 1=3E5R0) +r SO xeS
In (7), the constant y, has a value between zero and one, and the
measure y(y) has total mass at most one. That is all one can conclude
from (3). But now we shall show that y(y) is identically zero, by
appealing to the Riesz decomposition theorem. In equation (7), the
constant on the left is @Q"-regular. On the right the function

® S EE00.  ves,

is clearly a @*-potential. Finally f(x)/h(x) is @*-regular since

Q(xf(y) _ < 9Uxy) f(x)
P R N R )

Using the uniqueness part of T'1 one sees that the potential in equation
(8) is zero, while

%) 1 = yoh(£) i—% xeS.

Hence h(x) is a constant times f(x), which proves P3.
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Our first application of P3 concerns the transient random walk
treated in the last section.

E2 Consider aperiodic random walk in three dimensions, satisfying the
hypotheses (a) through (c) of P26.1. Then P26.1 gives

. G(x
im, G =
In order to apply P3 to the problem of finding the P-regular functions, we
make the obvious identifications,
R =S, P(x,y) = Q(x,y), x,y€S,
gx,y) = Gxy), £=0.

One must also note that

x € R.

- lim £&2) _
fo) = oy = *ES
is P-regular (the constant function is P-regular for every random walk)
and hence Q-regular. Now P3 applies, so that aperiodic three-dimensional
random walk with mean zero, and finite second moments has only the constant
regular function. The hypotheses are of course much too stringent—see
problem 6. Nevertheless there is no ‘“easy” proof, even in the special
case of simple random walk. (A short but sophisticated proof for simple
random walk is outlined in problem 8.)

E3 Theorem: If P(x,y) is recurrent aperiodic random walk in one dimen-
sion, then the Wiener- Hopf equation

S PEO) =16 = =012,

has a unique non-negative solution. It is
f(x) = u(0) + u(l) +--- + u(x), x>0,
u(x) being the function defined in D18.2.

Proof: The problem is merely one of verifying the hypotheses in P3.
According to the discussion of this problem preceding P3, we have

(1) g5.3) = u(s)o() + s = Doy = 1) + - + WO = S 03 =%

The positivity of g(x,y) on the set S (which consists of the half-line of the
non-negative integers) follows from the aperiodicity of the random walk.
So we shall try to prove that

2) lylli-r.nﬂ° gg—:;; = c[u(0) + - - + u(x)], x = 0.
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Here ¢ may be any positive constant, ¢ has been taken to be the origin, and
|#] = oo in this problem clearly means y — +0o. In view of (1), equation
(2) is equivalent to

@) lim m [u(x)(y) + ulx — Doy — 1) + -+ + w(0)u(y — )]
= c[u(0) + u(1) + -+ + u(x)], x20,
and (3) will be valid if we prove

. v(y+1)
* ,,!."P., v() L
In fact, if (4) holds, then f(x) in P3 will be a constant multiple of #(0) + - - -
+ u(x), and this function was shown to be regular in P19.5. Hence it
remains only to prove (4).

In P18.8 a much stronger result than (4) was proved under the additional
restriction that the random walk has finite variance. It was shown that
v(y) tends to a positive constant as y — +0o. Equation (4), being far
weaker, can be proved by a simple probabilistic argument (suggested by H.
Kesten) for any recurrent random walk. (Note, however, that the proof of
(4) we are about to give runs into difficulties if the random walk is transient.
See problem 11.)

For x > 0 and y > 0, we denote by J(x,y) the probability that the
random walk, starting at x, = x, will visit y before entering theset R — S =
[x|x < 0]. Alsolet J(x,x) =1. Then

8(0,x) = u(O)u(x) = J(0,x)g(x,x),

S R [1 * "(x{ Z:::(:) 1)]
Now we need a few simple remarks.
6 0 < u(x)o(x) < M, independent of x,
) 3, utao(n) = o,
@) JOx + 1) = JOx)(x,x + 1), JOx) > JOx + 1)J(x + 1,5),
) Jim S+ 1) = lim J o+ 1) = 1. =0

Equation {6) comes, most directly, from the observation that g(x,0) =
u(x)v(0) = J(x,0)g(0,0), so that u(x) is a bounded function. Similarly v(x)
is bounded since it plays the role of u(x) in the reversed random walk.
Equation (7) is a consequence of recurrence: as x— + 00, g(x,x)—> ©
since the stopping time (the first time in R — §) tends to infinity, loosely
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speaking. The inequalities in (8) should also be intuitively obvious: the
first one says that in going from O to x + 1, and then from x + 1 to x«,
without meeting R — S, the random walk goes from 0 to x without meeting
R — S. Finally (9) is true for exactly the same reason as (7).

Combining (6), (7), (8), and (9) in the obvious manner, one observes
that the right-hand side in (5) tends to one as x — +co. But that is the
statement in (4) which has been shown to guarantee the truth of E3.

In problem 12 it will be shown that the unique solution of E3 is no
longer unique if one admits solutions which may oscillate in sign.

E4 Let A(x,y) = A0,y — x), a(x) = A(x,0) be the potential kernel of
recurrent aperiodic random walk in the plane. Then a(x) is the only non-
negative solution of

3 P(ny)ay) — al) = 0, x#0.

To prove this we take Q(x,y) = P(x,y) (P is the transition function of the
random walk) for x and y in § = R — {0}. According to the results of
Chapter III,

&o(*,y) = g(x,y) > 0, xy €S,
a(x) is a @-regular function, and for arbitrary £ in S,

g&xy) _ a(x) + a(—y) — a(x — y)

&&y) a(é) + a(—y) — a(§ — y)

The limiting process |y| = co of D3 is equivalent to letting |y] — oo in
the metric (Euclidean distance) of R. And, finally,

. gxy) _ a(x)
. 2Ey) ~ a®

follows from P12.2. Thus E4 has been obtained from P3. The analogous
result for one-dimensional random walk is discussed in the next chapter.

There the situation is more complicated—but in a very interesting way
(see T31.1).

ES5 This example!! serves a purpose different from those in the re-
mainder of the book. Instead of illuminating what has been done, it gives
a glimpse of what lies beyond. It is intended to arouse the reader’s
curiosity rather than to satisfy it, and so, although we prove a few things,
no attempt is made to explain what is proved. This should be so because
the general potential theory of stochastic processes is a rather recent field,
and much more difficult than what we do.

11This application of boundary theory is due to Hunt (Princeton lectures)
and Watanabe [101]. For a generalization, see problems 9 and 10.
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Let P(x,y) be the transition function of the following simple unsym-
metric two-dimensional random walk. If x = (m,n), m and n being the
coordinates of the lattice points of R, then

P(0,x) = } if x = (0,1) and if x = (1,0).
Let

(1) flx) = 2"+l — )", x=(mm), O<t<l.

Thus fi(x) is a one parameter family of functions on R. For each value of
the parameter ¢ between 0 and 1, fi(x) happens to be a regular function.
This is simple to verify; it suffices to check

ER PO,x)f(x) = %-2t + 3-2(1 — t) = 1 = f(0).

Note that the functions in (1) are also regular if ¢ = 0 or 1, provided we
restrict them to the first quadrant

=[x|x=(mn),m=0n20).

This is very natural as R* is the semigroup associated with the support >
of P(0,x). From now on we shall confine our attention to those regular
functions which are non-negative solutions of

) f(x) = Z P(x,y)f(y), xeR*.

Then we can assert, by linearity, that

@ 1@ = [ @ duy =2 [t - or ), xe R

is a regular function, in the sense of equation (2), for every finite measure p
on the unit interval. (The integral in (3) is the Lebesgue-Stieltjes integral
with respect to an arbitrary monotone nondecreasing function u(x) on
0 < x < 1. It may have mass (discontinuities) at the endpoints.)

Thus the conclusion of P3 cannot apply here, but the method of proof of
P3 will apply, and we shall show that every regular function is given by (3),
for some measure u. We identify R* with S, P(x,y) with (x,y), and
G(x,y) with g(x,y). Fortunately the random walk is so simple that one can
write down explicitly
for x = (m,n) e R*.

) #05) = 2-7=(" +7)

The next step is the asymptotic formula

© [l )T -
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Here x = (m,n) and y = (r,s) are confined to R* (the first quadrant) and
the proof of (5) depends on Stirling’s formula

n! ~ n"e "V 2mm as n— 0.

The tedious but straightforward details are omitted.

Just as in the proof of P3 we pick an arbitrary regular function (non-
negative solution of (2)) with the intention of showing that it has an integral
representation of the type in (3). We must now distinguish between two
possibilities.

I: h(x) = 0 for all x = (m,n) such that m > 0, n > 0.

In this case h(x) = 2"a when m =0, n > 1, h(x) = 2™0 when m > 1,
n =0, and h(0) = a + b; here a and b are non-negative constants. It
follows that h(x) is represented by (3) with a measure p which assigns masses
of a and b to the points ¢ = 0 and ¢ = 1, In this case, then, there is
nothing to prove.

II: h(x) > O for some x = (m,n) such that m > 0, n > 0.

In this case it follows from a careful scrutiny of equation (2) that A(x) > 0
for every x€ R*. (To see this, assume the contrary. The set of zeros of
h must then be of the form [x | x = (m,n); m > m,, n > n,] where either
my > 1 or ny > 1 or both, since we are not in case I. Suppose therefore
that m, > 1. On the vertical half-line defined by x = (m, — 1,n),
n = n,, h(x) must then be of the form A(x) = 2"a, for some constant a.
But now, as a simple calculation shows, it is impossible to extend h(x) to the
half-line x = (my — 2,n) n > n,, in such way that h satisfies (2) and is
non-negative.)
In case II then, since A > 0 on R*, we can define

Py) = PEH),

70) x,y€ R*,
and
Plny) = BB Ry,

h(x)

just asin P3. Nor is there any difficulty in selecting € R* ( may depend
on x) such that

(6) vn(x) = min [e(x), ng*(x,7)],  x€R*,

is a sequence of @*-potentials converging to e(x) = 1. Finally

) wle) =) + 3 GENy ), e,
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where

(8) 7a(y) 2 0, 2 s L

veR*

Of course we choose a subsequence &’ such that
) Jim yi(y) = Ay yeR",

and a number M such that the error in (5) is less than ¢ when [y > M.
Then (7) implies

(10) lim ve() =1= 3 £5) s
k'~ wisu £40,)

+ Ll'-ﬂf' :EO; melvl};-'u ( ': S)m(' :‘ ‘)n 7e(y) + R(M),

where x = (m,n), y = (r,s), and R(M) does not exceed (h(0)/h(x))e. If we
let M —> o0, then R(M)— 0, and (10) becomes

(11) 1 = ¢*(x) + lim lim (0)2“".,.,2:»4( r )n(

M-wo k-x h(x) r+s

=) %,

where ¢* is the @*-potential

x,¥)
v = 3 L&D )
2. £(05)

Observe now that the sums in (11) can be interpreted as integrals over
the unit interval, with respect to measures whose masses are concentrated
on the rational numbers. Equation (11) can be written

h(O) R ) 1
1 = t*x) + 2m*? |im lim t"(1 — )" dvy (1), x = (m,n),
( ) M- K- Jo *

where v, ;. is the sequence of measures in question. Taking again a
subsequence of these measures, to assure that they converge weakly (see
P6.8 and P9.2) to a limiting measure v one has

(12) 1= oA(x) + zm":gog 15(1 — £y duft).

The last term in (12) is @*-regular, according to (3). Therefore the unique-
ness part of the Riesz decomposition theorem shows that the potential
t*(x) vanishes everywhere. Clearly then

(13) h(x) = 1:(0)2"-“"[0l t"(1 — t)*dft), xeR*,

so that all regular functions are of this form.
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This result yields (in fact is equivalent to) the solution of a problem in
classical analysis—the Hausdorff moment problem. A sequence c(n),
n > 0, is called a (Hausdorff) moment sequence if

c(n) = J: t™ du(t), n>0,

for some measure pu on [0,1].

To present Hausdorff's [41], 1921, characterization of moment sequences,
we define the difference operator A acting on functions defined on the non-
negative integers by

Af(n) = f(n) — f(n + 1), n>0.
Its iterates are defined by A% = f, Alf = Af, AY = AAf), At =
AA™).

Theorem: The sequence c(n) is a moment sequence if and only if A¥c(n) > 0
whenever k > 0 and n > 0.

Proof: Given any sequence ¢(n), n > 0, we define a function h(m,0) by

h(m,0) = 2mc(m), m2 0.
Next define
h(m,1) = 2™*1Ac(m), m> 0,
h(m,n) = 2™*"A"c(m), m >
Let
f(x) = h(m,n), x = (mn) e R*,

Now one verifies, using the definition of A and of its iterates, that f(x)
satisfies the equation

Zm P(x,9)f(y) = f(x)y xeR*.

Note that f is not necessarily regular, since it is not necessarily non-negative.
But, according to (13), f(x) is regular if and only if

1
£(x) = z'mf (1 — ty du(t), x = (mm)eR*,
)
for some measure y, and since f(x) is determined by its values on the real

axis, this is equivalent to

"(;',;,0) = o(m) = f: t™ du(t).

That proves the theorem, and moreover shows that the moment problem
is equivalent to the problem of characterizing the regular functions for a
particular random walk.
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Problems

1. Prove P13.1 by using T24.1. (Hint: Show that recurrent random
walk has no excessive functions, i.e., functions f > 0 such that f > Pfon R,
other than the regular functions. Then show that, given any constant
¢ > 0, the function u(x) = min [f(x),c] is excessive, provided that f(x) is
regular.)

2. Prove, using D25.2, that every transient random walk has infinite
recurrent sets as well as infinite transient sets.

3. For aperiodic transient random walk in one dimension which has
u* < oo, u~ = oo, exhibit a transient set which is unbounded on the left
(or prove that there is one!).

4. Given an aperiodic transient random walk with state space R, let
B < R be any additive subgroup of R. Prove that the set B is recurrent
(i.e., visited infinitely often with probability one) if and only if

> G(0,x) = o
1€B

Hint: The above sum is the total expected time the random walk spends
in the set B.

5. Following R. Bucy [S3], prove the following strengthened form of
T25.1: A set B is transient if and only if there exists a function u > 0 on B
such that

ZBG(x,y)u(y) =1, «xeB.

Hint: Suppose there is such a function u and that B is recurrent. Let
T, be the time of the first visit to B after time n. Then, for x € B,

1=E. Y ux)=E.) u(x)+E. Y u(x).
k=0 k=0 kﬂ‘]‘"
Now let n— o0 to arrive at the contradiction that 1 = 2.

6. Extend P26.1, P26.2, T26.1, T26.2, and E27.2 to dimension d > 3.
See Doney [S6], and also [S21].

7. Simple random walk in three dimensions. Show that the capacity
C(r) of the sphere [x | |x| < r] varies approximately as a linear function of
r for large r, and determine

lim C(r)/r.
8. For simple random walk of arbitrary dimension, let C denote the

class of regular functions f(x) with f(0) = 1. Following It6 and McKean
[46], order the state space R in an arbitrary manner: 0 = x,, x;, %3, . ...
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Let Co = C,

€ = [ploeCiotx) = maxs(s)].
JeC
Crniy = [¢ I peCy; ‘P(xrwl) = maxf(x,,,,)],
1€Chn

and show that ()., C, consists of a single regular function f(x). Show
that this is a minimal regular function, i.e., that fe C and f < fon R implies
that f = f. But

fi5) = 3 Pf(5) = 3 PO2)f (z)f(;(—j)x)

exhibits f as a convex combination of the functions

S+ %)
?’z(x) = f(z)

which are in C.  Since fis minimal one can conclude that @, = f whenever
P(0,2) > 0. Consequently f(z + x) = f(2)f(x) for all x,z€ R, which
shows that f is an exponential. Prove that f is constant and conclude that
simple random walk has only constant regular functions.

9. Problem 8 strongly suggests that every regular function for a transient
random walk should be a convex combination of minimal regular functions.
As in problem 8 one can show that the minimal regular functions are
exponentials of the form

f(x) = e*

where a is a vector whose dimension is that of R (see [25]). In view of
problem 6, random walk with zero mean is not of interest. Therefore we
shall consider strongly aperiodic random walk with mean vector u # 0,
assuming also that P,(0,x) > 0 for some n which may depend on x, and that

> P(0,x)e** < oo
for every vector a (these conditions can be relaxed, of course). Now define
A =[a|a€cE, Y P0x)e** = 1].

Prove that 4 is the boundary of a convex body in E. (When the dimension
d of E and R is one, then A of course consists of two points, one of which is
the origin.) Show further that, given any non-zero vector p, there is a
unique point a = a(p) € A where the outward normal is a positive multiple
of p.
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10. Continuation. If x — co in the direction of the mean vector u, use
the Local Central Limit Theorems P7.9 and P7.10 to show that

. G(x,y) _
im &e0) — b

If x— o in the direction p, choose a = a(p) € 4 as in problem 9, and
observe that the random walk with transition function

Qx,y) = P(x,y)er¥=?
has its mean vector along p. Using this idea, P. Ney and the author [S21]
proved
GOV _ Laery
G(0,%)

for every y€ R. Now one can imitate the method of E27.5 to conclude
that the regular functions of a random walk subject to the conditions in
problem 9 have the representation

%) =L et dua),  xeR,

where p is a Lebesgue-Stieltjes measure on 4.

yER.

lim
|z}~

=0

11. It is not known whether the Wiener-Hopf equation

3PN =S 520,

has a solution for every transient random walk (excluding of course the
trivial case with P(0,x) = 0 for x > 0 and P(0,0) < 1, when there is
obviously no solution). Demonstrate, however, that example E27.3 does
not extend to transient random walk, for the following reason. Take a
random walk with negative mean, satisfying in addition the hypotheses in
P19.6. Show that the unique non-negative solution of the above Wiener-
Hopf equation is then of the form

fx)= 2 ru(x — k), %20,
K=o
where r > 1 is the constant in P19.6. Consequently the function u(0) +
u(1) + - 4+ u(x) cannot satisfy the Wiener-Hopf equation for the random
walks in question.

12. Show that E27.3 solves a natural potential theoretical problem, in
the sense that the Wiener-Hopf equation will in general have many solutions
(all but one of which must then oscillate in sign). Hint: Consider sym-
metric random walk with P(0,x) > 0 for |x| < M and 0 for |x| > M.
What is then the number of linearly independent solutions of the Wiener-
Hopf equation?
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13. Show that the Green function G(x,y) determines the random walk
(i.e., two transient random walks with the same Green function must have
the same transition function). (Himt: Show that G(x,y) determines
I 4(x,y), and then let the set 4 *‘grow very large” so that Il ,(x,y) —>
P(x,y).)

14. One more definition of capacity. Given an arbitrary aperiodic
transient random walk, and a finite subset 4 C R, consider the (random)
set A, which is “swept out” by the random walk in time n: formally

A, =[x|xex, + A forsome k, 0< k< n].

Finally let C,(4) = |A,| denote the cardinality of A,. Prove that the
capacity C(A) of the set 4 is given by

with probability one.

Hint: Observe that if 4 = {0}, then C,(4) = R,, the range of the
random walk, as defined in D4.1. According to E4.1 the above limit then
exists and is 1 — F = G-}, the capacity of a single point. Observe
further that the proof in E4.1 applies, with obvious modifications, in the
present case.

15. For simple random walk in three-space or, more generally, for any
random walk satisfying the hypotheses (a) through (d) in P26.1, let 4 be a
finite subset of R and prove that

(1) P[T, <] —P,[T,<n]=P,fn< T, < 0]
2C(A)
~ Pi[T, = ](2 o?)373

n-12 as n— oo,

for all xe R. (This is the transient analogue of the results in section 16
concerning the rate of approach of P,[T, < n] to the stationary state
solution P,[T, < o].) As a corollary of (1) derive

(2) xeRZ-APx[TA =n] — C(4) = EA P[n < T, < 0]
~ 22ma?)~33[C(APn~13, as n— 0.
Finally, let L, be the time of the last visit to the set 4, and prove that
2C(A4)
For help or details see S. Port [24].

3) Pn<L,< 0]~ n-13, as n— oo.



Chapter VII

RECURRENT RANDOM WALK

28. THE EXISTENCE OF THE ONE-DIMENSIONAL POTENTIAL KERNEL

The first few sections of this chapter are devoted to the study of
aperiodic one-dimensional recurrent random walk.! The results
obtained in Chapter III for two-dimensional aperiodic recurrent
random walk will serve admirably as a model. Indeed, every result
in this section, which deals with the existence of the potential kernel
a(x) = A(x,0), will be identically the same as the corresponding facts
in Chapter III. We shall show that the existence of

n
a(x) = lim > [Py(0,0) — Py(x,0)]
n=® k=0

is a general theorem, valid for every recurrent random walk, under the
very natural restriction that it be aperiodic. Only in section 29 shall
we encounter differences between one and two dimensions. These
differences become apparent when one investigates those aspects of
the theory which depend on the asymptotic behavior of the potential
kernel a(x) for large |x|. The result of P12.2, that

I}im [a(x + y) —a(x)] =0, yeR,

I|—
will be shown to be false in section 29 for aperiodic one-dimensional
recurrent random walk with finite variance.

It will be convenient, once and for all, to classify as

! For a condensed but fairly complete version of sections 28 through 31, see
[94]. Related studies by Hoeffding [43], and Kemeny and Snell [55] contain
partial results. A potential theory for recurrent Markov chains in general
has been developed by Kemeny and Snell [56], and by Orey [80]. It contains
as yet no satisfactory criteria for the existence of a potential kernel corresponding

to A(x,y) for random walk.
343
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D1 Type 1. Aperiodic recurrent random walk in one dimension, with
o? = 3 x?P(0,x) = + o0;

Type 11: Aperiodic recurrent random walk in one dimension, with
o? = > x2P(0,x) < oo.

It will become apparent that, although to a certain extent type I and
type II exhibit the same behavior, the difference between these two
cases is sufficiently sharp to require different methods of proof, even
when the final results are the same! Thus it will be expedient to
treat the two types separately after a certain point. Since frequent
references back to Chapter III will serve to shorten the presentation
considerably, the reader is asked to forgive the burden they impose on
him: that of verifying the truth of remarks of the type ‘‘the proof
which gave A in Chapter III is available, without any modification
whatever, to give B in the present context.”

In particular P11.1, P11.2, and P11.3 of Chapter III are available,
and without further comment we record P11.3 as

Pl > Po.y(xt)Hy(ty) = He(x,y) = ‘ZBAn(x,t)[Hs(t,y) - (4,3,

teR

for BC Rwith1 < |B| < o0, x€ R, ye B. Here

0 < ay(x — t) = Ay(x,t) = D [Py(0,0) — Py(x,2)].
K=0
It will be convenient to specialize P1 to the set C = {0,c}, ¢ # 0.
A simple calculation, using the fact (see P11.2) that
M(0,c) + T(0,0) = 1,
gives
P2 z Pn+l(xyt)HC(t»0)
ter
= H¢(x,0) + [a,(x) — a,(x — ¢)]I1(0,¢c), x€R.

Upon setting x = ¢ in P2, and noting that in view of the recurrence
and aperiodicity of the random walk I15(0,c) > 0, one gets

P3 0 < a,(c) < [MT(0,6)]7! < o0, ceR.

This bound could of course have been obtained in Chapter III, but
there it was not needed, whereas we shall find it indispensable here.

Finally we shall need a lemma from Fourier analysis, which will be
used both in the case of type I and type II random walk, albeit in a
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somewhat different fashion. It concerns the symmetrized approxi-
mations a,(x) + a,(—x) to the potential kernel, the convergence of
which is much easier to establish than that of a,(x) alone.

P4 For every one-dimensional aperiodic recurrent random walk,
(a) lim [a,(x) + a,(—x)] < oo exists for each x in R. Furthermore

) lim 1 lim [a,(x) + ay(—x)] = %(= 0 if 0 = + o),

z=+0 X

where

A= S 2P0

™ —~

Proof: As usual (see D6.2), letting
$(0) = Eg[e] = > P(0,x)e',

one finds
M) a@+a(-0=> [ [1-cosxgxe)do
k=0 -n
-1 Jjn—ll_—c;:t?;e [1 = ¢7+1(6)] db.

Before letting # — c0 we must show that for each x in R
[1 = cos x0][1 — ¢(8)]!
is integrable on the interval [—-m,7]. We have, for some 4 <

1 — cos x6 < |1 — cos x6|
1 — 4(9) Re [1 — 4(0)]
the last inequality being the result of P7.5. Hence
[1 — cos x0][1 — ¢(6)]~?

is integrable on [—m,7]). Thus it is possible to let #— oo in equation
(1) to obtain

1 — cos x0

<A B

(2) lim [a(x) + ax(~ )] = 1-17 : ll—'%gdo <o, xeR
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Equation (2) proved part (a) of P4. To prove part (b) decompose

@) = [T 0 - s + e

with 8 > 0, x # 0,

1 % 1 — cosx#f
w0 =5 [ b,

T— #(0)
1 1 — cos x6
go(x,B) = ‘”—x f TTW;— déb.
6<|0lsn
Clearly
“4 lim gy(x,0) = O for every & > 0.
Specializing to the case when o2 = oo, we choose 8 > 0 so small that
62 5
l——¢(0) < € for |0| < o.

This can be done for arbitrary € > 0, since

1 - $(6)] = Re [l - $(6)] = 2 3 P(0%)sin? (ﬂ’)

ZER 2
2
2 g—z x2P(0,x).
T 211261 m)
It follows that
— € .. 11— cosxf
(5) R g R
=< f docosty o
mTJ)-w t

Thus part (b) of P4 holds when 0 = 00, as one may see by substituting
(4) and (5) into (3).

When o2 < o0 one chooses § > 0 in equation (3) in such a manner
that

(6) | 62 2

l_—¢(0)—‘0—2 < e for |0|58.
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P6.7 allows us to so choose §, given any € > 0, since the random walk
has mean zero (being recurrent). Using (6) to estimate f,(x,6),
2 J‘ ¢ 1 — cos x6

T 0 l'
3—1012147 fd(x) ) S 3—£Tm oz‘ﬂx -4 02

. I
+ lim ij [1 — cos x6]
-0

=+ ®© mX

dé

2 1
0262 1 - ¢(o)'d0
2 lJ"" 1— cost
€ —=

)

€ — 1 — cos x6

< = —2dt+_ lim —_—
o n)_o t Maetw J_g 0%x

dé

+ €.

Bl

The same argument gives the underestimate
. 2
l_lﬂ So(x,6) 2 pr R
z— +©
and since e is arbitrary, the proof of P4 is complete.

Now we are ready to begin to prove that a,(x) converges for random
walk of type I. In P2 we shall specialize to the set C = {0,1}, and
introduce the notation

(1) g0,1) = I,  He(x,0) = H(x),
D P )H(t0) = D Po(xt)H(t) = fu(x), xeR.
teR teR

Then P2, with this particular set C becomes

) fu(*) = H(x) + [ax(x) — a(x — 1)]IL.

We shall investigate what can be done with the aid of a subsequence »’
of the positive integers such that

lim a,(x) = a'(x)
exists for all x in R. Such a subsequence can clearly be constructed,
by the diagonal process, since we have shown in P3 above that the

sequence a,(x) is bounded.
If we work with such a sequence #’, then (2) becomes

3) lim fi(x) = H(x) + ['(x) — &'(x = 1)]Il, xeR.
It is clear from the definition of f,(x) in (1) that

4 S = “ZR Pxy)fu(y),  |fi®)| s1, xeR.
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If we call

lim f,(x) = £(2),
it is seen from (4) that
(5) im frai®) = 2 P=3)f(0),  xeR

On the other hand, (2) gives

fn+l(x) _fn(x) = [an+l(x) - an(x)]n - [an-rl.(x - 1) - an(x - l)]n
= [Pn+l(x - 1’0) - Pn+1(x:0)]n:

and the last term tends to zero as n — o (by P7.6).
Therefore

im foo() = lim fu(x) = (2),
so that (5) becomes

(6) fi(x) = ZR P(x,y)f'(y), x€R.
VE.
Thus f’(x) is a bounded regular function. By either P13.1 or T24.1 it
is then a constant, which we shall denote f’.
The next step is to sum equation (3) over x = 1, 2, ..., r, where r
i8 an arbitrary positive integer. The result is

7 if =35 H(x) + Na'(r), > 0.

r
FL}

>

Similarly, summing (3) over x = 0, —1, —=2,..., —r + 1,
0
(8) rf' = Z H(x) - Na'(-7), r > 0.
Im =74+l

At this point let us assume that lim, . ., a,(x) does not exist for some
type I random walk, at some point x, in its state space R. If this is
the case, then the random walk must have the following property:
there exist two subsequences n’ and n" of the positive integers such
that the limits

lim a,(x) = «'(x), lim a,.(x) = a"(x)

both exist for every x in R, but such that
9 a’'(x0) # (%)
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at least at one point x, # 0 in R. (The origin is excluded since
a,(0) = 0 for each n.) In order to arrive at a contradiction, we shall
apply the same argument which led to equations (7) and (8) to the
sequence 7", and call

lim fo(x) = f".
Now we subtract the n"-version of equation (7) from equation (7).
This gives
(10) r(f = f") = O'(r) - &"(7)), r > 0.
Similarly, equation (8) gives
(11) r(f' = f") = -N[a'(-7) = &"(—71)), r > 0.

Since Il # 0, equations (9), (10), and (11) imply that f* # f”; this
may be seen by setting r = x, in (10) if x, > 0; otherwise by setting
r = —x,in(11). Suppose now, as one may without loss of generality,
that f* > f". Then equation (10) gives

)z -f)  r>0
and therefore also

N, - >0, 1o

(12)
But
a'(r) + o'(—r) = lim [ay(r) + ay(—7)]
which was shown to exist in P4, part (a). Therefore equation (12)

implies

(13) lim ! lim [a,(r) + a,(-7)] > O,
r>Fo !l 1o
which contradicts P4. Thus we have proved
PS5 For type 1 random walk
lim a,(x) = a(x) < oo exists for each x € R.
The above proof of P5 does not work for random walk of type II.
Although everything runs smoothly until equation (13) above is

obtained, this equation does not serve any useful purpose; it simply
does not contradict P4, when the variance o2 is finite. Therefore we
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must travel by a different route. Although it will lead to the desired
result, it should be noted that it uses arguments which fail for type I
random walk. Specifically, we shall need to use T'18.1 which asserts
that the ladder random variable Z of a random walk of type II has
finite expected value.

Our first goal is

P6 If Hy(x,y) is the hitting probability measure of a finite, nonempty
subset B C R for a random walk of type 11, then both limits

() lim Hy(x,y) = Hy(~ ,y)
(b) lim Hg(x,v) = Hg(+ ,¥)

exist for every y in B.

Proof: The foundations for this theorem were carefully laid in
P24.7 in the last chapter. As in D24.1, let A denote the half-line
A = [x|x > 0]. Without loss of generality we may assume that the
set B of P6 is a subset of 4. As a simple probability argument shows,
the hitting probabilities of 4 and of B are then related, for x < 0, by

() Hamy) = 3 HixOHs(ty) x50, yeb.

The formal proof may safely be omitted; it is based on the stopping
time T = min [n | n 2 1, x, € A] in the obvious way.

Now we recall from T18.1 that type II random walk has the property
that

E [Z) < oo, where Z = x,.
Thus we are in the classification (3) or equivalently (iii) in P24.7,
which permits the conclusion

@0

@ lim Hoxy) =v0)  yedi 2 v =1

y=1

Applying (2) to (1) one immediately has the existence of

lim Hy(x,y) = > vat)Hs(t,y), yeB.
1=+ -~-® t=1

This proves part (a) of P6, and to obtain part (b) it suffices to observe
that if a random walk of type 11 is reversed, it remains a random walk
of type II.
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As a simple consequence of P6 we record

P7 For type 11 random walk, with BC R, 1 < |B| < oo,
lim z Pn(x ‘)HB("}') ‘HHB( - (I),y) + HB( + w’y)]’ Y€ R.

R ®© teR
Proof: We need
(1) lim P,(x,y) = 0, x,y€R,
n -+
which is P7.6, and
(2) lim > Py(xt) = 1/2
Ao tug

for every x € R and every a in R. This is a very weak form of the
rarely used one-dimensional Central Limit Theorem (P6.8). Com-
bined with P6, equations (1) and (2) evidently yield P7 by a simple
truncation argument: Choosing N > 0 large enough so that

|Hg(t,y) — Hg(— 0,y)| < € for t < =N,

|Hg(t,y) — Hx(+ 0,y)| < € for t = N,

N-1

hmZP,,(x,t)H,,(i,y) < hm Z P,(x,1)

n—o (gR ~® ta-N+1

+ [Hy(- ©,y) + €] im Z P,(x,t)

R ® ‘._m

+ [Hf(+ ©,y) + €] lim 2 P,(x,0)

= }[Hy(— 0,y) + Hp(+ 00,y)] + e.
An entirely similar under-estimate completes the proof of P7.
Finally we apply P7 to P2, where we make the choice x = ¢. Thus
z P,, 1("1)HC(1’0) = H(c,0) + a,(c)I1(0,¢).
taR

Letting n — oo, the limit on the left exists by P7, so that also a,(c) must
have a limit. But C = {0,c} is an arbitrary set insofar as ¢ # 0 is
arbitrary. Since a,(0) = 0 for each n, we have proved

P8 For type 11 random walk,
lim a,(x) exists for every x in R.
R X
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One may summarize P5 and P8 and even P12.1 of Chapter III in
the single statement that the potential kernel exists for every aperiodic
recurrent random walk, regardless of dimension (remember, however,
that d = 1 or 2 in view of T8.1!). We might as well also include in
this summary the equation

> P(x,y)a(y) — a(x) = 8x,0), x€eR,
YER
which will later, in section 31, be used to characterize the potential
kernel. Observe that the proof of this equation, given in P13.3, s
available, without any modification whatever, for the one-dimensional
case, now that we have P5 and P8.
Therefore we claim to have proved the following theorem.

T1 If P(x,y) is the transition function of any aperiodic recurrent
random walk (either of dimension one or two), then the limit

(@) A@®y) = a(x - y) = lim > [P00) - Pyx,y)] < @
n-® k=0
exists for all pairs x and y in R. Moreover A(x,y) satisfies the equation

(b) Z P(x,t)A(t,y) — A(x,y) = 8(x,y), x,y € R.

ter

29. THE ASYMPTOTIC BEHAVIOR OF THE POTENTIAL KERNEL

The results of this section are illustrated by the following examples
which give an explicit formula for a(x) = A(x,0) in two special cases.

El For simple random walk with P(0,1) = P(0,—1) = 1/2 one has, as
shown in the proof of P6.6,

" 1 — cos xf

nmd0=]x|, x€R.

1
a(x) = '2—1'r _
This result will be typical of type II random walk (recurrent, aperiodic,
d = 1, mean 0 and finite variance) in the sense that for every such random
walk
a(x) ~ c|x| as |x| —> oo,

where ¢ is a positive constant. The value of ¢ will be shown to be the
reciprocal of o2, as in fact it must be according to P28.4. We shall prove
an even stronger result, in P1, concerning the asymptotic behavior of the
differences a(x + 1) — a(x).
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(As a harmless sort of amusement, note that the above integral represent-
ing a(x) may be evaluated by a simple probabilistic argument. Applying
T28.1 to P28.2 one obtains

lim 3 P, (xt)H(t,0) = Hc(x,0) + [a(*) — a(x — 1)] T1(0,1),
n-© R

where C is the set consisting of 0 and 1. But clearly H(x,0) = 1 for
x < 0 and 0 otherwise, while IT; (0,1) = 1/2, so that in view of P28.7

a(x) — a(x — 1) = 1 — 2H(x,0) ={_}§§i§3

Since a(0) = 0, it follows that a(x) = |x|.)

E2 The second example is a random walk we have encountered before,
in E8.3 and E22.1, namely

P(0,0) =1 — ;Zr
P(O,x) = 1%4.:2—1—1 for x # 0.

Its characteristic function is

#0) =1 — [sin gl

Thus it has infinite variance. Its potential kernel is

sin’(x—o)
1 (* 1 —cosxf 1(=» 2
a(x):zr —od():—J‘ —odo

-z . m)_»a .
81N 2 smi

4 1 1 1
=’—r[l+§+§+"'+2—|xl_l]' x#0.
The logarithmic behavior of a(x) is intimately connected with the fact that
#(0) varies linearly with |0 near § = 0 and this of course is not typical of
type I random walk (¢ = o) in general. What is typical, as we shall
show, is the far weaker property that

lim [a(x) — a(x + y)] = 0 for ye R.

We start with type II random walk. That is by far the simplest
case, most of the work having been done in the last section. But first
we observe that T28.1, applied to P28.2, yields

Pl lim Z P, . (x,t)H(t,0) = H(x,0) + [a(x) — a(x — ¢)][1(0,c)
n~® (g}
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which is valid for every aperiodic recurrent random walk, regardless of
dimension. Here C = {0O,c}, c # 0.

P2 For type 11 random walk
lim [a(x +3) - a(x)] = %

Jim_[a(x + y) - a(x)] = — % YER

Proof: P28.7 applied to P1 gives
$H (- 0,0) + $H(+ 0,0) = H(x,0) + [a(x) — a(x — ¢))[1(0,¢).

Letting first x — + o0, and then x — — o0, one obtains the two
equations

JH(+ 0,0) — }H(-0,0) = NL0,c) lim [a(x — ¢) — a(x)],
$H (- ©,0) - 3Hc(+0,0) = M(0,¢) lim [a(x — ¢) — a(x)]-

They show that the limits in P2 exist, and that one is the negative of
the other. (The point ¢ being arbitrary, we set ¢ =y # 0.) To
evaluate these limits we call

lim [a(x + 1) — a(x)] = .

I+ ®

Then P2 is proved as soon as we show that « = (¢?)~'. However,
taking the Césaro mean, i.e., writing for x > 0

ax) = 3 [a(k) - a(k — 1),

k=]

and proceeding in a similar way for x < 0, we find

lim 23 = gim 23 _
2o+ X g - |x
Thus
fim 2D+ =) _ g,
2] |x|

The last limit, however, was evaluated in P28.4, where it was shown
to be 2a = 2(0?)"!. Thus a = (¢?)~! and P2 is proved.

The case of type I random walk requires somewhat more delicate
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tools. The properties of the potential kernel, described in the next
three lemmas, will be crucial for the proof, in P8, that a(x) increases
more slowly than a linear function of |x|.

P3  For type 1 random walk

lim a_(x_) = 0.
jgl=-m X

Proof: P3 is an immediate consequence of T28.1 and P28.4.

P4 For arbitrary recurrent aperiodic random walk and all x,y in R
g(O)(xny) = A(x,0) + 4(0,y) - A('”i.}’)?
and
a(x + y) < a(x) + a(y).
Proof: The formula for g,(x,y), defined in D10.1, was derived for
two-dimensional random walk in P11.6. The same proof applies in
general, as it required only information which is now in our possession

even for one-dimensional random walk (all we need is contained in
T28.1 and P1). The inequality in P4 follows from

0 < go(x—y) = a(x) + a(y) — a(x +y),  yeR.
P5 lim [a(x + 1) + a(x — 1) — 2a(x)] = 0.

Py

Proof: This lemma again is true in general, for every aperiodic
recurrent random walk. But we shall only need it, and therefore only
prove it, in the one-dimensional case. Using the definition of a,(x),
straightforward calculation gives

ay(x + 1) + a,(x — 1) — 2a,(x)
__l_ 2 1—cosf
T w)oa 1 - $(6)

But it was observed in the proof of P28.4 that [1 — cos 6][1 — ¢(6)] !
is integrable on [—m,7]. Therefore

¢l — ¢n+1(8)] d.

11 —-cosf ..
a(x + l) + a(x - 1) - Za(x) = ;J‘-“ We dé.
The proof of PS5 may now be completed by applying the Riemann
Lebesgue Lemma P9.1.

It is our aim to show that for type I random walk
lim [a(x + 1) — a(x)] = 0.

|z]| =
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Now P3 is the weak (Césaro) form of this result, and the next lemma
will be recognized as a step in the direction required to strengthen P3.

P6 For type 1 random walk

(@) T fax) - atx = D] < 0,
(b) 11_131 [a(x) — a(x — 1)] = 0.

Proof: It will suffice to prove (a). For suppose every type I
random walk obeys (a). If we reverse such a random walk it will still
be of type I and its potential kernel will be a*(x) = a(—x). But if
a*(x) satisfies (a), then a(x) is easily seen to satisfy (b). (Actually
our method of proof is capable of giving both (a) and (b).)

We define

A(x) = a(x) — a(x — 1), x> 1.
The inequality of P4 can then be written
(1) Ax+ 1)+ Ax +2) +-- -+ A(x + y)
< A1) + AQ2) +---+ A(y)
whenever x > 1andy > 1. According to PS5,
(2) lim [A(x + 1) — A(x)] = 0.

|z|~» ©

In view of (2), letting x — + oo in (1) gives
(3) y lim A(x) < A(1) + A2) +- -+ A(y)
I+ ®

for every y > 1.
The last step consists of dividing both sides in (3) by y, and then
letting y — + co. Using P3 that leads to

fim Ax) < lim ;[A(l) +AQ2) +---+A®)] = lim %y) =0,

I— + ®©
which proves P6.

The result of P6 looks suspiciously unsymmetric, unless of course
both the upper and lower limits in P6 have the value zero. To show
that this is indeed the case, we study the probability interpretation of
P6. In Pl we shall take ¢ = 1, so that C = {0,1}. We also observe
that

lim 3 P, ,y(x)Ho(t,0) = p(x)

n—0 tcR
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is a non-negative constant, which we shall call x. (If it depended on
x it would be a nonconstant bounded regular function, which is im-
possible. This argument should be familiar from P11.4). Now P1
can be written in the form

Ho(%0) =  — [a(x) — a(x — D]Mc(0,c),
and since I1(0,c) > 0 we get from P6
P7 For type 1 random walk

lim Hg(x,0) > g, im H(x,0) < p.
IS+ ® I —-®
Note that the limit of H(x,0) exists if and only if a(x) — a(x — 1)
tends to zero as |x| — co. We shall now establish the existence of
this limit.
P8 For type 1 random walk
lim [a(x + y) —a(x)] =0, yeR.
2] =

Proof: It clearly suffices to prove P8 for the particular value of
y = 1. Butin view of the identity preceding P7 it is enough to show
that both limits in P7 exist and are equal to . That will be done with
the aid of T18.1, which is not really essential, and of the renewal
theorem in the form of P24.7, which is essential. By T18.1, since
02 = o0, we know that at least one of the ladder random variables Z
and —Z (defined in D18.1) has infinite expectation. We shall assume
that E[Z] = + o0, and complete the proof only in this case. Con-
sideration of the reversed random walk would then automatically take
care of those random walks with E[Z] < oo but E[-Z] = .

We use the notation of D24.1, just as in the proof of P28.6, with the
trivial modification that 4 = [x|x > 0] instead of [x|x > 0].
Then we have

H(x) = i H (x,0)H(¢), x <0,

=0
where
H(x) = H(x,0), C = {0,1}.
By P24.7
Z H/(x,t) =1 forall xeR
(=0
and

lim H,(x,¢t) =0 for t > 0.

I+ — ®©
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Hence
ET H(x) > h_m H(x).

I =~ I+ ©

When this information is combined with P7 we get

lim H(x) = p = lim H(x); Iim H(x) 2 p.
I+-® IS+ ® I+ ®
Now there are two possibilities. Possibly E[—Z] = oo, in which
case the present argument may be repeated for the right half-line to
show that
lim H(x) = lim H(x) = p.
I~ - - 4+ @©
The other possibility is that E[—Z] < 0. But in this case one can

also employ the renewal theorem, in fact just as we did in the proof of
P28.6, to conclude that

lim H(x) exists.
I+ ®©
Finally, this limit cannot exist unless it is equal to the limit inferior
which we just showed to be 4. That completes the proof of P8.

P8 should be compared to P12.2 in Chapter III where, by much
simpler methods, we obtained exactly the same result as P8 for
arbitrary aperiodic random walk in the plane. Combining P12.2 with
P8 and P2 we therefore have

T1 For aperiodic recurrent random walk there are two possibilities.
(1) The dimensiond = 2, or d = 1 but 0®> = . In this case

lim [a(x + y) — a(x)] = 0, y€R.
|z| = @
(2) The dimension d = 1 and o* < o0, in which case
lim [a(x +y) — a(x)] = + %  yeR
z2-:® o

Thus, at least from our present vantage point, there is no difference
at all between the two-dimensional random walk and the one-dimen-
sional random walk with ¢? = c0. In both cases it looks, intuitively,
as though the state space R is ‘““large”” enough so that the conclusion
of part (1) of T1 holds. Thus the “size” of R depends on the
transition probabilities—if ¢? < oo, the set of integers R is not so
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“large” as if 02 = c0. This phenomenon is already familiar from the
renewal theorem.

In the next section we shall encounter one single anomaly which
does set one-dimensional random walk, with 02 = c0, apart from two-
dimensional random walk; for we shall look into the matter of finding
explicit formulas for the hitting probabilities H,(x,y) and for the
Green function g4(x,y) of a finite set A. For two-dimensional
random walk that was done in Chapter III, using in an essential way
one more property of the potential kernel, namely (P11.7) the property
that

a(x) > 0 for x # 0.

That, as we shall see, is simply not true for every one-dimensional
aperiodic recurrent random walk.

30. HITTING PROBABILITIES AND THE GREEN FUNCTION

As we remarked at the end of the last section, serious difficulties are
in store concerning those properties of recurrent random walk that
depend on the positivity of the potential kernel a(x). Therefore we
shall first concentrate on some aspects of the theory that are more
general. Very little beyond T29.1 of the last section is required to
prove

T1 Consider recurrent aperiodic random walk, and a subset A C R,
with 1 < |A| < . Then either

(1) d = 2,0r d = 1 and 0% = o0, in which case

lim H,(x,y) and lim g4(x,y)
|z]| -

|z| = ©

both exist, the former limit for each 'y in A and the latter for each y € R.
Or
(2) d = 1 and o® < o0, in which case the four limits

lim H,(x,y), lim H (x,y),

I+ ©

lim g,(x,y), lim g,(x,)
I+ +© I—+ —

all exist, but the limits as x — + o0 and as x — — o0 are in general not
the same.
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Proof: The proof of T1 is based on

P1  For every nonempty finite set A,
Hyx,y) = pa(3) + 2 Ax)[M4t9) - 8t.y)],  xeR, yeA.
teA

P1 follows from P28.1 together with T28.1. Here u,(y) is of course
pa(y) = lim z Py (x0)H (8, 5),

R= ®teR
which is independent of x, being a bounded regular function of x for
each yin R. As far as the hitting probabilities H 4(x,y) are concerned,
the proof of T1 is almost complete. In case (1) the proof in T14.1
carries over verbatim, using of course part (1) of T29.1. In case (2)
we get
lim Hy(xy) = pa(y) + lim > a(x — [M(t,y) - 8(t,y)]

I+ ® -+ ® e

#a(¥) +,liinw,z,, la(x — ) — a(=)][T4(t,y) - 8(2,)],

using P11.2, to the effect that
D MAty) — 8(t,y)]) =0, yed.

teA

Now T29.1 implies

lim Hy(5,9) = ma0) = 7 3 A1) — 8(63))
I+ ®© o teA
and of course a similar argument proves the existence of the limit as
X —> — OC.
Finally, the simplest proof of the part of T1 which concerns the
Green function comes from

ga(%,y) = Huoy(%,y)84(y,y)y x€eR - A, yeR - A4,

where 4 U y is the set 4 with the point y adjoined. (When ye 4
there is nothing to prove as g,(x,y) = 0.) In this way that part of T1
which has already been proved serves to complete the proof of T1.

T1 gains in interest by comparison with P25.3, where the hitting
probabilities H ,(x,y) of a finite set 4 were seen to possess limits even
in the transient case. There the limit was zero, except in the case
d = 1 with finite mean. But combined with our present result in T1
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we have actually gained insight of rather impressive proportions.
Together these theorems describe intuitively plausible, but far from
obvious, regularity properties shared by every random walk (the
aperiodicity condition being hardly a restriction, but rather an essential
part of the proper formulation of such theorems). Only in the last
section of this chapter, in T32.1, will we encounter another general
regularity theorem of equal or even greater depth.

Now we pass at once to a curious phenomenon hinted at a little
earlier, namely the classification of aperiodic recurrent random walk
according to whether

a(x) > 0 forall x # 0

or not. The somewhat surprising result is

P2 All aperiodic recurrent random walks have the property that
a(x) > O for every x # O with one single exception. This exception is
left- or right-continuous random walk whose variance o is infinite.

In the left-continuous case with 0* = oo

a(x) =0 for x>0 and a(x) > 0 forx < 0,
and in the right-continuous case the situation is of course reversed.

Proof: First we suppose the random walk to be recurrent and left
continuous, with 0? = o. If 4 = {0,1}, then by P29.1 or P1

H(x,0) = p4(0) + [a(x — 1) — a(x)]11,(0,1).

Clearly H ,(x,0) = O for x > 0 (the random walk can move only one
step to the left at one time). If we now sumoverx = 1,2,...,r, we
obtain

ruq0) = a(nI1,(0,1), r > 0.

Dividing by r, and letting r — + o0, we get

0 < p,(0) = TM,0,1) lim @ =0

+>

by T29.1. Hence a(r) = 0 for every r > 0. On the other hand,
clearly H ,(x,0) > O for every x < 0, so that

0 < a(x — 1) - a(x), x <0,

which implies that a(x) > 0 when x < 0. The right continuous random
walk receives the same treatment.
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To complete the proof of P2 it will now suffice to consider a recurrent
aperiodic one-dimensionai random walk with the property that a(c) = 0
for some ¢ > 0, and to prove that this random walk must be left
continuous with 02 = . (Two-dimensional random walk need not
be considered here since it has a(x) > O for all x in R according to
P11.7.) This is done by choosing 4 = {0,c}. In

H(x,0) = uy0) + [a(x — ¢) — a(=)]TT,(0,c)
we set x = ¢, so that u,(0) = 0 because
a(c) =0 and H,(c,0) = 0.
But in that case
H(20) = —a(2)11,(0,0) < 0,

which is only possible if a(2c) = 0. Continuing this argument in the
obvious manner one concludes that

a(nc) = 0, n=12....
Hence
17w ¥
which shows (by T29.1) that o> = 0.
Now it remains only to show that the present random walk must be
left continuous, in addition to having o® = ac. To do so observe
that, using the identity for g,(x,y) in P29.4,

go(¢,—¢) = alc) + a(c) — a(2) = 0.

That can happen only if there is no finite *“ path”’ of positive probability
from ¢ to — ¢, which does not pass through the origin. More precisely,
it implies that every product of the form

P(c,x,)P(x,,x3) - - P(x5,—¢) = 0

whenx, ¥ Ofori = 1,2,...,n. Thisisa property of left-continuous
random walk, and indeed it characterizes left-continuous random
walk. For suppose P(0,a) > O for some a < —1. Then there is a
path from ¢ to + 1, not going through zero, another (consisting of one
step) from 1to 1 + g, and a third from 1 + ato —c. The existence
of the first and third of these paths was verified in the proof of P18.8.

Since left- and night-continuous random walk with mean zero and
finite variance is perfectly well behaved as far as the positivity of a(x)
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is concerned, one might ask if it has other interesting properties.
Indeed there is a peculiar property of the potential kernel which
characterizes left- and right-continuous random walk with mean 0
and 0% < oo. It will be useful in the proof of T31.1.

P3  One-dimensional aperiodic recurrent random walk has the
property that
a(x) = ax for all x > 0, where « is a positive constant,

if and only if the random walk is left continuous with o = =1,

Proof: Suppose first that a(x) = ax for x > 0, where a > 0.
Then o2 = «~! by T29.1. Now let 4 be the set A = {—1,0}. One
calculates easily that

Hy(x,—1) = p(—1) + [a(x) — a(x + 1)]IT1,(0,—1), x€R.
Setting x = 0 gives

pa(—1) = a(1)I1,(0,— 1) = «Il ,(0,-1).
Hence

H,(x,~1) = [a + ax — a(x + 1)]I1,(0,~1) = 0

for every x > 1. Thus, starting at a point X, = x > 1, the random
walk can hit the set 4 only at the point0. Thereis no need to formalize
the obvious argument by which one can now conclude that the random
walk must be left continuous.

Conversely, suppose that we are given a left-continuous random
walk with finite variance 2. By the same argument as before, one gets

H,(x,—1) = [a(1) + a(x) — a(x + 1)]I1,0,-1), x> 1.
But now we know that H,(x,—1) = 0 when x > 0, so that
a(x + 1) — a(x) = a(1)

when x > 0, or a(x) = xa(1) = xa. Thus a(x) = ax for x > 0, and
since the variance is finite « = (02)~! according to T29.1.

Remark: P2 and P3 are actually manifestations of a much more
general phenomenon: it can be shown (see problem 8) that the potential
kernel determines the random walk. In other words, two aperiodic
recurrent random walks with the same potential kernel A(x,y) must
have the same transition function P(x,y). (In problem 13 of Chapter
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VI, the same observation was made for transient random walk, which
is determined by its Green function G(x,y).)

The remainder of this section will be devoted to some interesting
but completely straightforward consequences of P1 and P2. First we
shall show how one can calculate Hg(x,y) for left-continuous random
walk with 0> = o0. Given aset B with |B| = n, we order its elements

by < by <---< b,
Then

Ha(xb) = palb) + 3 al = b)a(bybe) = 8]

for xeR, k=1,2,...,n. When |B| =1, there is no problem.
When |B| = n > 1,set x = b. Then

8ik) = Habubi) = wslb) + O a(b, — b)[Ma(b,b) — 8GiK),

I=i+l

for 1 < i,k <n Settingi =k =n gives

na(bs) = 1.
But from the definition of ug(y) as

na(y) = lim Z P, ((x,0)Hg(t,y)

R s R

it is clear that

D ua(y) =1,  pugb) =0 for k < |B| = n.
vyeB
Now it is very easy to use

8(i,k) = 8(n,k) + > a(b, — b)[Ta(by,b,) — 8(ji.k)], 1 sik<n,
=i+l

to determine the matrix Il in terms of the values of a(x) when xis a

difference of points in B. And, of course, once Il and g are known,

we have an explicit formula for Hg(x,y) from P1.

Having thus dismissed left- and right-continuous random walk with
o? = o0, we are again ready to copy results from Chapter 111 insofar
as possible. In all remaining cases—this is the crucial observation—
the matrix operator A(x,y), with x and y restricted to a set B with
2 < |B| < o, has an inverse. This was proved in P11.8 and the
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proof applies here too, as it depended only on the fact that a(x) > 0
for x # 0. Asin D11.3 we call this inverse K(x,y) and denote

Ky(x-) = Z Kg(x,y), Ky(-y) = Zy K(x,y)

veB
Kg(-+) = ZB Kg(x+), x,y € B.
€

With this notation we can imitate T11.1 and T14.2 to obtain

T2 For aperiodic recurrent one-dimensional random walk with
o? < o0, or with o® = oo, but in the latter case neither left nor right
continuous, and 2 < |B| < o

(@) Ty(xy) = 8(xy) + Ko(zy) - Z2&Ks() e p

Ko(-)
® w0 = D w) - L syeB,
©  Hos3) = wsl) + 3 A)a) - e

xeR, yeB,

@ gamy) = —A) - g

+ z ra(s)A4(s,y) + ;A(x»‘)ﬂa'(t)

seB

+ D > AD[Mg(ts) — 8(t,)]A(s,y),  xyeR
seB (eB

The proofs of these statements in Chapter III require no modifica-
tion whatsoever. The most difficult proof was that of (d) in T14.2.
There we were extremely careful? to refrain from using any asymptotic
properties of a(x) beyond the boundedness of the function A(x,t) —
A(0,¢) for each fixed x, which in the present context follows from

T29.1. The proof further made use of the equation

> P(x.7)a(y) = alx) = ¥=0)

which is also available to us in the one-dimensional case, according to
T28.1.

Significant differences between the cases 0? = c© and o? < ©
manifest themselves in the asymptotic behavior of the functions in T2.

2 Cf. footnote (7) of Ch. III.
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For example, when 02 = oo (left- and right-continuous random walk
being excluded)
(M) lim Hp(x,y) = ps(y), ye€B,

|z|]—= ©
@ lim ga(sy) = 3 us(A(5) - K—(‘—) yeR.

When ¢2 < 00, on the other hand, the limits of Hy and gz as x — + o0
and as x — — o0 turn out to be a little more complicated. Although
they are easy to calculate on the basis of T2 and the known asymptotic
behavior of a(x), the remarkable thing is that (1) and (2) continue to
hold in a slightly modified form. Let us call

3 Limf(x) = } lim f(x) + } lim f(x)

for a function f(x) on the integers with the property that the two
ordinary limits exist. Then it may easily be verified that (1) and (2)
continue to hold when ¢2 < 0, provided one replaces the limits by
Lim as defined in (3).

Now a few words concerning the notion of capacity, of the logarith-
mic type, which was sketched at the end of section 14 in Chapter I11.
One can dismiss the left- and right-continuous random walk with
o? = oo with the statement that it does not give rise to a nontrivial
potential theory. (According to any natural definition of capacity at
all, three of which were discussed in Chapter III, the capacity of any
finite set would be zero for left- or right-continuous random walk.)

It should be clear that for every other one-dimensional random walk
with 02 = oo the associated potential theory is exactly of the same
type as that sketched in Chapter III.

Finally, consider the case when o2 < co. If the capacity of a
finite set B is defined by

1
Kg(--)
a significant difference appears in the relation between capacity and
the asymptotic behavior of the Green function. While

C(B) = lim [a(x) — ga(x,0)]

whend = 2,and whend = 1and 0% = oo, one gets in the case d = 1,
02 < ©

CB)=0if |[B|=1 C(B) = if |B| > 1,

C(B) = Lim [a(x) — Lim gg(x,y)].
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This exposition of the potential theory was kept quite brief for
several reasons. First of all it is not clear why one should set any
store by formal generalizations from classical potential theory under
the pretext of studying probability theory. (Logarithmic capacity
does not have as simple a probability interpretation as capacity for
transient random walk. See problems 9 and 10 at the end of the
chapter.) Secondly, according to the general plan formulated at the
beginning of Chapter I1I, we were going to study stopping times, and
in particular the hitting time Ty for a finite subset of the state space.
With T2, and its counterpart in Chapter III, this problem is in a sense
solved. But much more important than the actual explicit solution
are the methods which were developed on the way. In particular the
proof of part (d) of T2 was quite difficult. The reader who con-
scientiously traced it back to its origins in Chapter III should be
somewhat reluctant to leave things as they are. The explicit formula
for gg was obtained by solving the equation

> P(xt)gs(t,y) = Hg(x,y), x€R - B, yeB.

teR

By the substitution

u(t) = gB(x’t) + A(x’t))

this equation was reduced to

> u()P(t,y) — u(y) = Hu(x,y), yeR,

teR

which is a special case of Poisson’s equation
Pf(x) — f(x) = $(x), x€R, ¢ =20o0nR

The theory of Poisson’s equation, however, as developed in P13.3 and
T28.1 is quite crude, and was developed before we could anticipate
what demands would be made on it in the future.

This theory—concerned with the existence and uniqueness of non-
negative solutions to Poisson’s equation, will be vastly improved in the
next section. In the course of this improvement we shall use only the
basic results of this chapter—namely those concerning the existence
and asymptotic behavior of the potential kernel. In short we shall
use only T28.1, T29.1, P2, and P3. Thus the reader may, without
fear of circular reasoning, use the results of the next section to obtain
a simplified proof of T2.
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31. THE UNIQUENESS OF THE POTENTIAL KERNEL

In the last chapter, example E27.4, we studied the equation
z P(x’y)f(y) = f(x)’ x#0,
y#0

with P(x,y) the transition function of an aperiodic recurrent random
walk in the plane. It was shown that all the non-negative solutions
are multiples of the potential kernel a(x) = A(x,0). At that time
little information was available concerning the one-dimensional re-
current random walk. Now, however, it will be relatively easy to
extend this result to arbitrary aperiodic recurrent random walk. In
so doing we shall again discover a sharp distinction between the case
of dimension one with finite variance on one hand, and all other cases
on the other.

We need a preliminary lemma, which simply exhibits certain
solutions, without making any claims as to uniqueness.

Pl Recurrent aperiodic random walk. If d =2 or if d = 1 and
02 = o0, then a(x) is a non-negative solution of

(1) Zo P(x,y)f(y) = f(x) =0, x#0.

v#
If d = 1 and o® < oo, then the function f(x) = a(x) + «x is a non-
negative solution of (1) if and only if the real parameter « lies in the
interval —(0%)"! < a < (0?)"1.

Proof: The first part of P1 is simply a restatement of part (b) of
T28.1. The second part requires proof. In view of T28.1, a(x)
satisfies equation (1). But also f(x) = x satisfies (1)—this is clear
since recurrent random walk with ¢? < o0 has mean zero. Thus
f(x) = a(x) + ax satisfies (1), but it is not necessarily non-negative on
R — {0}, as required. Now the condition that || < (0?)~! is
necessary, in view of T29.1, for if we want f(x) > 0 we must have

ax) +ox 1

lim — >0

z-+®© x o? te ’
. a(x ax 1

Iim Q+—=—§—a2 0,

T~ = -X [+ 4
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which implies that |a| < (02)~!. To prove sufficiency, suppose that
|¢| < (6%)~!. We know that

0 < go(xy) = a(*) + a(—y) — a(x — y).
Using T29.1 to let y—> + o0 and y - — o0, we obtain

X X
05a(x)+a—2¢, Osa(x)—;—z, x€R.

Since these functions are non-negative, so is a(x) + ax whenever
le| < (o)7L

We are now ready to prove uniqueness, which constitutes a
considerably more delicate task.

P2 The non-negative solutions of (1) exhibited in P1 are the only ones.

Proof: The two-dimensional case is left out, having been settled in
E27.4, but the proof for the one-dimensional case will nevertheless
parallel closely that in E27.4. Consequently it will be convenient to
adopt the notation in D27.4 and P27.3. At first one is tempted to let
Q(x,y) = P(x,y), restricted to x and y in R — {0}. Then the count-
able set S in P27.3 would be S = R — {0}. But this is not a good
idea, since go,(x,y) may fail to be positive for some x or some y in
R — {0}. Instead we shall choose S in a slightly more elaborate
fashion, which will greatly simplify the remainder of the proof.

Given a solution A(x) > 0 (but not identically zero) on R — {0} of

(1) > Px.y)h(y) = h(x), x#0,

y#0

we define
S = [x]|xeR — {0}, h(x) > 0].

The fact that the choice of S depends on A(x) will cause no incon-
venience. Furthermore there are really only three possibilities.
Either S = R — {0}, or if this is false, then S must be either the half-
line [x | x > 0] or the half-line [x | x < 0]. That is easily verified,
for suppose that h(x,) > 0, for some x, € R — {0}. Iteration of (1)
gives

2 Z) Qn(®:Y)h(y) = h(x),  x#0,

v

if @(x,y) is P(x,y) restricted to R — {0}. Thus h(x,) > 0 implies
that 4(y) > 0 whenever g,5)(¥,%,) > 0, but this is certainly true of all y
which have the same sign as x, (by a simple combinatorial argument,
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familiar from the proof of P18.8). This observation verifies our
claim that S is either a half-line, or all of R — {0}. Let us now suppose
that S is a half-line, say the positive one. Then, as we just saw, it
follows that

gwoy(%,y) = 0 when x < 0, y >0,
and in particular
3) P(x,y) = 0 when x < 0, y > 0,
as could have been observed directly from (1). This state of affairs

simplifies matters considerably. We can now define, in all cases (S
being either a half-line or all of R —{0}),

Q(x,y) = @i(xy) = P(x,y), Qo(x,y) = 8(x,), x,y €S,
Quer(®) = 2 Qu(x0Q(ty), xyeS, n20,

teS

and finally

@

g(xy) = Z @u(%y),  xyE€S,

being sure that
4 g(x,y) > 0 for x,y € S,

(5) g(x’y) = g(O)(x’y) for X,y €S.
Next we define the transient kernel

Q(x,y) = Q(xh{:Z) ) -
its iterates @,"(x,y), and its Green function
< h
(6) ) = 2 Q) = ) = £E220)

and proceed along the lines of P27.3. But it is convenient at this
point to separate the argument into two cases, according as ¢ = ©
or o2 < o0.

When 0% = oo we conclude from (5) and from T29.1 that

7 L g%Y) _ . (%)
O 2Ey) ~ s 2(E)

= lim %) +a(-y) - a(x — y) _ alx)
w-w a(€) + a(—y) — a(€ — y) a(f)
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where ¢ is an arbitrary point in S. Forgetting for the moment the
unpleasant possibility that a(£) = 0, we see that, in view of (5), (7),
and P1, all the hypotheses in P27.3 are satisfied. Thus we are able
to conclude that A(x) is a multiple of a(x), which proves P2 when
o? = oo, provided we were able to choose ¢ so that a(¢§) > 0. Suppose
now that ¢ > 0 and a(§) = 0 (the case £ < 0 receives the same
treatment). This implies, in view of P30.2, that the random walk is
left continuous. Now either S = R — {0}, in which case we can
modify (7) by choosing ¢ < 0 so that a(§) > 0. Otherwise S =
[x|x >0], but that is impossible, since (3) gives P(—1,m) =0 for
n > 0, whereas left continuity together with 02 = co implies P(—1,n) > 0
for arbitrarily large n.  'T'hus the proof of P2 is complete when o2 = c©

When 62 < o0 we cannot hope to quote P27.3 verbatim, as it deals
only with cases where there is a unique solution. But it is easy enough
to retrace the steps in the proof of P27.3 until we come to the crucial
argument which begins with equation (4), namely

@ =1~ lim 3 G0

By the same compactness argument used there and in E27.4 and
E27.5, equation (8) yields the conclusion that

®)  1=we)+ lim ,,&:y; s
£'(x,y)
* yBngh(ft )

Here u"(x) is a @" potential, and of course only one of the two limits
will be present if S is a half-line instead of all of R — {0}. (This
situation can occur in the case of symmetric simple random walk.)
The limits in (9) are, by a calculation based on T29.1 applied to
equation (6),

y(+ o), xeS.

 gMxy) _ o%a(x) £ x h(g)
(19) MM Ey) = aa(d) £ E He)

Again we first ignore the possibility that
o%a(é) + ¢ =0 or o%(f) — £ =0.

As may be seen by applying P1 to (10), equation (9) represents the Q*-
regular function e(x) = 1 as a @"-potential plus two @Q"-regular

xeS.
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functions. By the Riesz decomposition theorem (T27.1) the potential
must be zero. Substituting (10) into (9), and multiplying (9) through
by h(x) we find

) = = ) ol [oa(s) - ]

+ y(+ ) za(hg()f)_'_ ¢ [aza(x) + x]» xeS.

This shows that every regular function A(x) is a linear combination of
a(x) and x, which is just what we wanted to prove!

The proof of P2 will now be completed by eliminating the alarming
possibility that equation (9) does not make sense because one of the
denominators o%a(£) + ¢ in (10) vanishes. According to P30.3 of
the last section, it is only left- or right-continuous random walk that
could cause trouble. For every other random walk one can choose
£ so that o2%a(f) — |€| # 0. Therefore we shall consider all the
different possibilities separately.

(a) Suppose the random walk is both left and right continuous.
Then 0 < P(0,1) = P(0,—1) = [1 — P(0,0)]/2 < 1/2. But in this
very simple case P2 can be verified directly.

(b) Suppose the random walk is left but not right continuous.
Then there are several possibilities concerning the set S. If
S =R - {0}or S = [x| x < 0] we may choose a negative value of §,
such that, according to P30.3, both o%a(¢) + ¢ and o%a(§) — £ are
non-zero. Finally there is the case S = [x|x > 0]. But then an
examination of equation (1) shows that this case cannot arise;
equation (1) implies that if A(x) > 0 for x > 0, then A(x) > 0 for all x.
Thus case (b) is disposed of.

(c) The case of right- but not left-continuous random walk receives
the same treatment as (b) and thus the proof of P2 is complete. We
summarize P1 and P2 as

T1 If P(x,y) is the transition function of aperiodic recurrent random
walk, then the non-negative solutions of

h(x) = > P(xyh(y), x#0,

v#0

are multiples of
(1) ax) if d=2o0r d=1 and o* = o,
() a(x) + ax, where |o%«| < 1, if d = 1 and o < o0.
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For many applications it is important to modify T1 to give informa-
tion about potentials, i.e., about non-negative solutions of

% P(x,9)f(y) = f(*) = 8(x0), xeR,
or, more generally, about functions f(x) > 0 on R such that
Pf(x) — f(*) = #(x), x€R,
J(x) =0 when xeR - A.

This reformulation is accomplished by means of a minimum principle
which is the recurrent analogue of the maximum principle for transient
random walk in part (a) of P25.9 in Chapter VI.

T2 Suppose that P(x,y) is the transition function of aperiodic
recurrent random walk, that f(x) > 0 on R, and that

ZR P(x,9)f(y) — f(x) <0 on R — A4,

where A is a given subset of R. Then
f(x) = inf f(2), xeR.
teA

Proof: Let Q(x,y) = P(x,y) when x,y are in R — A4, and let
@a(x,y) be the iterates of the transient kernel @ defined on the set
S = R — A. (Qis atransient kernel if, as we may assume, the set 4
is nonempty, since the original random walk is recurrent.) Observe
that f(x) is excessive, relative to @ on S, because

(1) f(x) - gQ(x,y)f(y) = ;4: P(x0)f(t) = w(x) 20, x€eS.

Proceeding as in the proof of the Riesz decomposition theorem, as one
may since Pf — f < 0 on S, one iterates the application of @ to (1)
n times to obtain

) f(=) = 2 @uar(x)f () = ZS [Qo(*y) + -+ + @u(x,)](y).

VEeS

with

If we call

@

&(xy) = Z Qn(%,), x,y €S,

n=0

the right-hand side in (2) has the limit, as n — o,

A3) gsg(x.y)w(y) = gs ‘GZA gx)P(y,0)f(1) = ‘ZA H  (x0)f(t).
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Here H 4(x,t) is of course the hitting probability measure of the set 4,
for the random walk given by P(x,y) on R. Now it follows from (2)
that

flx) 2 ‘g H (x0)f(2)

> [inf f(t)] S Hyxf) = inff(t)  xeS.
ted & teA
That proves T2. We shall actually use only the very special case
when the set 4 is a single point. Nevertheless the full strength of T2
is indispensable in developing further the logarithmic type potential
theory which was sketched at the end of the last section.
Letting 4 = {0} in T2 the following extension of T1 is immediate

P3  The non-negative solutions of

(1) ZR Pxy)f(y) — f(x) = 3=0), =xeR

ve
are exactly the following functions: if d = 2 or if d = 1 and o® = o,
then

f(x) = a(x) + ¢, where ¢ > 0;
ifd =1and o® < o, then
f(x) = a(x) + ax + ¢
where —(0?)"! < a < (0?)"Y and ¢ > 0.

Proof: In view of T2 every non-negative solution f(x) of (1)
assumes its minimum at the origin. Letting k(x) = f(x) — f(0), it is
clear that A(x) > 0 and

2, P(r.y)(y) = =) =0, x#0.

Hence h(x) must be a constant multiple of the solutions given in T1.
Finally, this multiplicative constant is determined by use of part (b)
of T28.1.

The result of P3 gives an analytic characterization of the potential
kernel a(x)—with the exception of the case of finite variance. There
an additional requirement is needed; for instance, a symmetry con-
dition such as f(—x) ~ f(x) as x — + oo will serve to pick out a(x)
from the one-parameter family of solutions in P3. It is easy to
extend P3 to a larger class of potentials.
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T3 When P(x,y) is aperiodic and recurrent, let AC R, 1 < |A] < o,
Yy=00on R~ A, f = 0on R, and suppose that

1) Pf(x) - f(x) =¢(x) 20, xeR.
Then
f(x) =S A(xyW(y) + ¢, when d = 2 or d = 1 with o® = o,
and
f(x) = z A(x,y)(y) + cox + ¢3 when d = 1 with 0% < o0.

Here c,, c,, c; are constants satisfying

¢; + min > A(x,y)(y) 2

z€4 yea
ol €3 60, e+ min [ AwmaWO) + ] 2 0
I€A V€A
Conversely every f(x) of this form is non-negative and satisfies (1).
Proof: If

gx) = D> A, D $(x) = ¢,

teR IEA

then, according to T29.1,
l,im [g(x) — ca(x)] = 0 when d = 2 or d = 1 with 0% = o0,

lim [g(x) - ca(x)] = 7 — Z ty(t) when d = 1 with o? < co.

I~ %@ teA

In either case g(x) — ca(x) is bounded. By T28.1,
h(x) = f(x) + ca(x) — g(x) + ¥
is then a non-negative solution of
Ph(x) — h(x) = ¢8(x,0),

provided Pf(x) — f(x) = a,l;(x) and y is a sufficiently large constant.
Consequently the problem is reduced to that of finding A(x), which
may be done using P3. When d =2 or d =1 with o? = w,
h(x) = ca(x) + constant, so that

f(x) = h(x) — ca(x) + g(x) — y = Z A(x,t)(t) + constant.

ted
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When d = 1 with ¢ < 00, one obtains

f(x) = z A(x,t)(t) + ex + constant, le| < ()~

It is easily verified that the only possible values of the constantsc,, ¢,, ¢3
are those given in T3.

One can extend T3 without difficulty to hold for charges y(x) whose
support is an infinite subset 4 of R or even all of R, but only if ¢ is
a-integrable, i.e., if J.pa(x — t)|Y(t)] < o for xe R. To show
that one cannot hope for much more, consider the example

El Two-dimensional simple random walk, where we write

_f[iforz=1, -1,4 —i,
P(0,2) = { { for all other z ¢ R.

Let
f(3) = |Re(3)l, A4 =[z|Re(z)=0]
Then
% P(z,0/(8) — f(3) = ¥(a),
where

_ [ for 2€ 4
¥(2) —{o for s€ R — A.

These facts are easily checked. Now P3 or T3, if valid in this case, would
give
f(z) = Z A(z0)

which is false, the sum on the right being divergent since
A(0,2) ~ %In |#| as || — co.

T3 shows that, when d = 2 or d = 1 with ¢? = oo, the potential
theory sketched in sections 30 and 14 is the “correct” and only
analogue of classical logarithmic potential theory. However, when
d =1 with 0% < o0, P3 and T3 show that there is a whole one
parameter family of different potential theories: for each «, every
finite subset B of R will have a different equilibrium charge, capacity,
and so forth. Their properties will be much like those in logarithmic
potential theory, the minimum principle (T2) making possible the
entire development once the equilibrium charge pg*(x) of a set B is
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found. Itis easy to verify that every finite set B has the one-parameter
family of equilibrium charges

() = ‘;“HB*(+ 0,t) + 1 5 ZHyp*(—o0,), teB, || <1,

in other words that

Z [A(x,t) + % (x — t)] te*(t) = constant
teB o
for xe B. Here Hg* denotes the hitting probability measure for the
reversed random walk. When we set « = 0 we get the simplest
(symmetric) equilibrium charge

K(t-)
K(-+)

ro*(2) = pp*(t) = $Hp*(+ o0,t) + $Hp¥(— o)) =

)

satisfying

Z A(x,t)ug*(t) = constant = ﬁ_‘) for x € B.

teB

32. THE HITTING TIME OF A SINGLE POINT

In T16.1 of Chapter III it was shown that

. PJT >n]
lim T - 4% *#0,
for aperiodic two-dimensional random walk. Here a(x) is the usual

potential kernel, and
T=min[n|1<n< o;x, =0]

is the time of the first visit, after time 0, of the random walk to the
origin.

The theory of transient random walk in Chapter VI and of one-
dimensional recurrent random walk in this chapter now offers us the
opportunity to assess precisely under which conditions this theorem
is valid. It will turn out, fortunately, that we are dealing here with a
completely general property of random walk, recurrent or transient,
subject only to the entirely natural restriction of aperiodicity.
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The remainder of this section will be devoted to the proof of this
assertion, which we state formally as

T1 For arbitrary aperiodic random walk, recurrent or transient, of
dimension d > 1

Jim %—i—:} = lim 3 [P(0,0) — Py(x0)]

n-® k=0
for every x # 0. Both limits are finite and non-negative.

First (in P1) the proof will be given for transient random walk.
The next item on the agenda will be the proof of T1 for one-dimen-
sional recurrent random walk with finite variance ¢2. In this case we
shall in fact obtain a result which is stronger than T1, as P4 will show
that

P.[T > n] ~ a(x)Py[T > n] ~ a(x) /%a, as n— oo, for x # 0.

Since T1 was proved in Chapter III for two-dimensional recurrent
random walk, the only case then remaining after P4 will be the one-
dimensional recurrent case with 0> = c0. Here we shall encounter
the greatest difficulty. It will be resolved with the aid of the recent
([60], 1963) theorem of Kesten, concerning F, = Py[T = n]:
T2 For strongly aperiodic recurrent random walk in one dimension
lim Fasr _ 1
n— o n
T2 is also correct in two dimensions (problem 4) but we will not
need it in this case. The proof of T2 will be given in propositions P5
through P8. We defer it for a while in order to discuss the very easy,

and not particularly interesting transient case—never to return to it
again.

P1 For every aperiodic transient random walk

. PJT >n]
lim g T sa = %  *#0,

if we define (as is natural)

a(x) = G(0,0) — G(x,0) = i [P.(0,0) — P,(x,0)].

n=0
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Proof: This simple proof could easily have been given in Chapter I,
as we shall use only the methods and notation of section 1. Keeping
in mind that

P T > n] =P,Jn < T < 0],

we have

- 3 o)
PIT>n _RT-o] '~ 2
MLRT T RT-w - T-FO0) T *

From P1.2 one obtains

- Z t"P,(x,0)
Z t"F,(x,0) =

n=1

P, x#0, 0st<l
"Py(0,0)

uMe u

Letting ¢ — 1, and using Pl.S, we find that

F(x,0) =§1 Fy(x,0) = gi; g; x # 0.

Hence

@

1-3 Fyx0)

T = 600 - G0 = a@),  x#0.

That proves T1 in the transient case, and in the remainder of this
sectian we shall always work with aperiodic recurrent random walk in
one dimension. We shall adhere to the notation of D16.1, so that

T,=min[n|n > 1,x, = x], T, =T,

F, = Po[T = n], R, = Po[T > n], U, = Py[x, = 0],
nx0.

Our next lemma shows that T1 holds for every recurrent random
walk in a “weak’’ sense, namely in the sense of Abel summability.

P2 For recurrent random walk

[\%L:

t"P,[T > n]

n

lim 222
tr1l

= a(x) for x # 0.

N8

t"Py[T > n]

3
)
(=)
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Proof: Observe first that

(1 =05 rPT > n] = 1 - E[tT],

n=0

(1 - z)i t'P[T > n] = 1 — Eft%] = 1 — Ej[t™-5),

n=0

for xe R,0 < t S 1. Therefore P2 will be proved if

1 - Egfth]
(1) lgl}r?ﬁm = a(—-x) for all x # 0.
Now we define

@®

Ry(x,y) = z t"P(x,y),

and
do(x) = 1 if x = 0, 0 otherwise.
Then, fort < 1,

B 3 rhoxn] = B[ 5 rbuten)] - o 3 e

= R,(0,0) — E°[§o Tt po(xy, +.,)]'

Using the fact that T, is a stopping time, the last expectation may be
decomposed and one has

T,-1 :
(2 E°[ zo t"do(x,) [ = Ry(0,0) — Eo[f™:]Ry(x,0),
for0 <t < 1, x # 0. Similarly (we omit the proof) one finds
@) E[ 5 ré)] = RE:0) - BleIR(:0)

With the aid of (2) and (3) the ratio in (1) is
1 — E,[f™]
@ TEgm)

- (R0 - RO + B[ 5 reed {5 poue]}
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for0 st < 1,x# 0. Now, by Abel’s theorem

@

() lim [Ry(%0) — R(0,0)] = 2. [Pu(x,0) = P,(0,0)] = —a(),

n=0

where the last step used part (a) of T28.1. Next we observe that

©  GmE[ S rhx)] =B S dux)] = 200

according to the definition of the Green function in D10.1. But by
P29.4

) 8(0,0) = a(x) + a(—2).
Substitution of (5), (6), and (7) into (4) shows that P2 is true, provided
T, -1
®) imE[ S rgye)] = 1
tr1 n=0

This fact, however, is known from P10.3. (The frequent reference to
rather difficult results in this proof is misleading. The proof could
in fact be made quite elementary, at the cost of adding a little to its
length.)

P3 For one-dimensional aperiodic recurrent random walk with finite
variance o® < 0,

lim VaPy[T > n] = ch.

n-—+ o

Proof: We write, for 0 < ¢t < 1

O 0= 5 ve =5 enon -5 [ iy

where .¢(0) is the characteristic function of the random walk. Our
immediate goal is to show that

1
2 lim V1 -t U(t) = —
2) t:'T @ vV2a
Given any € > 0 we can choose 0 < 8 < = so that

[~0—22f+l—t](l—e)sl—t¢(9)=1—¢(9)+(1—‘)¢(0)

s[¥+l—t](l+e)
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when |6] < 8. By T7.1 the integral in (1), taken from 8 to = and
from —x to — 3, remains bounded as ¢ — 1 since the random walk is
aperiodic. Hence those parts of the integral in (1) are error terms

which go to zero when multiplied by V'1 — ¢, and (2) will be true if

— 1 db 1
3 lim V1 = t =— =
@) til 2n )_; 6%0° +(1 =1 V2o

for every 8 > 0, and that is easily verified by making the change of
variable from 6 to x = 6o[2(1 — #)] -2
The next step uses the identity

S R = [(1 - HU@)

n=0
which follows from P1.2. Combined with (2) it gives
“4) im V1 =12 Rt"=oV2.

trl n=0

Observe that the sequence R, = P,[T > n] is monotone nonincreas-
ing, so that the stage is set for the application of Karamata’s theorem.
The strong form of this theorem, given in P20.2 implies that

lim Vn R, = oV'2/n,

which proves P3.
If we combine equation (4) in the proof of P3 with P2, we have

(5) limv1 -t i t"P,[T > n] = oV2a(x)

tr1 n=0

for every x # 0. Karamata’s theorem may again be applied to (5),
and the conclusion is

P4 lim VaP,[T > n)] = oV2[m a(x) for x # 0.

n—+o

Of course P2 and P4 together yield

. PJT >n] _
im pm>n ~ %™

for x # 0, so that we have proved T1 for aperiodic recurrent random walk

in the case d = 1, o < o0.
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Now it remains only to prove T1 in one dimension, when ¢® = 0.
It is natural to look back at the proof of T16.1, inquiring whether the
present case can be handled by the same methods. In the proof of
T16.1 we arrived at the equation

(1) % _ Rl,.e:ll S eeon), x40,

Here v,(¢) was a sequence of probability measures on R — {0}, and
we were able to show that

@) lim vy(f) =0, teR — {0}

n-+ 00

using the result of P16.1, namely

3) lim —Rn = 1,

n-+ o Rn+1

The proof of T16.1 was then completed by combining (2) and (3) with
the asymptotic result that

4) llim g(x,t) = a(x), xeR — {0}.

t]—

In view of P29.4 and T29.1 equation (4) is also valid for aperiodic
recurrent one-dimensional random walk with o2 = co. (It is false
when ¢? < oo and that is why this case required a different proof,
given in P2, P3, and P4.) Consequently the proof of T1 would be
complete if we had a proof of (3). That difficulty will be resolved by
proving the far stronger statement in T2, which implies (3). (If a
random walk is strongly aperiodic, then obviously F,/F, ., — 1 entails

Rn Fn+1

Rn+1 ! * n+1

And if it is not strongly aperiodic, then by P5.1, F,, = O unless & = ns

for some integer s > 1. But in that case the random walk with

transition function Py(x,y) is strongly aperiodic, with some subgroup

of R as its state space, and one gets F,,/F, ,,,,— 1, which suffices to
conclude that (3) holds).

The proof of T2 begins with

PS5 For every ¢,0 < € < 1, there is some N = N(e) such that
F,2(1-¢" nz=N.
Proof: We start with an arbitrary e. Given any integer a we have
Po[x, =a] = P[S, =a] 2 (1 — ¢)"

-1,
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for all large enough n, according to P5.2. The random walk being
recurrent, we can choose @, > 0 and a, > 0 so that

P(0,a,) >0 and P(0,—a,) > 0.
Then
() PS,=a, S,.,—-8,=a;,—a, §,=02(1 ¢

for sufficiently large n. This is obvious since the above probability is
nothing but P(0,4,)P[S,_, = a; — a,]P(0,—a;). The notation of
partial sums S, = X, +--- + X, of Chapter IV was chosen because
it facilitates the following combinatorial argument. Consider the
sequence X,, Xj,..., X,_,, and subject it to all possible cyclic
permutations (of which there are n — 2, including the identity). If p
is one of these cyclic permutations (acting on the integers 2, 3, ...,
n— 1)wegetX,,, ..., Xpm-1). Foreach cyclic permutation p con-
sider the polygonal line L(p) in the plane formed by connecting the
points

(l,al), (2,01 + xp(2)), (3,a1 + Xp(z) + x,(;,)), ooy (n - 1,a2).
For at least one of the n — 2 permutations the polygonal line will lie
entirely above or on the chord connecting (1,4,) to (n — l,a;). This

may easily be inferred from the illustration below, where n = 6 and p is
the cyclic permutation (3, 4, 5, 2). Which one of the permutations

&

O e e e e e e e e e . — . ——

4_
G
aH

has this property depends of course on the values of the random
variables X,, ..., X,_,. But that is irrelevant. What does matter
is that the probability in (1) is invariant under these permutations, as
the random variables X, are independent and identically distributed,
i.e., their joint probability measure is invariant under permutation of
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coordinates. Thus each cyclic permutation of the integers 2,...,n—1
is equally likely to yield such a polygon.

Now we are nearly finished. Call E,(p) the event that X; = q,,
X, = —a, and that L(p) lies above its chord. Then, for each p, the
probability of E, (p) is at least as large as the probability in (1) divided
by n — 2. If e denotes the identity permutation, then

Po(En ()] = L2,

for large enough n. On the other hand, the event E, (e) implies that
the first return of the random walk x, with x, = 0 to the origin
occurs at time n. Hence

Fy 2 B (] 2 C—F

for sufficiently large n, and that proves PS.

Remark: At this point, using PS5, it is possible to complete the
proof of T2 in a few lines, under the additional hypothesis that
P(0,0) > 0. This may be done just as in the proof of the ratio
ergodic theorem in P5.4. (Wherever we used P5.2, giving the
exponential lower bound P,(0,0) > (1 — €)" in proving P5.4, one may
now use P5S in exactly the same way.) However, it does not seem
possible to eliminate the hypothesis that P(0,0) > 0 when working
with the sequence F, instead of U, = P,(0,0). Therefore a different
approach is necessary, which begins with

P6 For every integer m and every € > 0 there is some M = M (m,e)
such that for each A > 0

-— 1M .
lim p D P[ISy| < AorS,,,#S, whenm <j< M|T =n] < e
n-+ k=1

Proof: In the statement of P6, T is the first return time to zero.
In addition to conditional probabilities of the form

P[4 N B]
P[B]

when P[B] > 0 (as will always be the case), we shall use conditional
expectations, defined by

P[4 | B] =

E[f| B] = E[f;B).

P[B]
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We define the random variables (characteristic functions of events)
Ji(Amm) = 1if |S,| < A and T = n, 0 otherwise; L,(m,M,n) =
Sess # S, for m < j < M, 0 otherwise. For any pair of events
4,, A, P[4,V 4, | B] < P[4, | B] + P[4, | B, so that the sum in
P6 is bounded above by

[ZJ,,(AnHT—n] +E[z L,‘(mMn)IT—n]

Given 7 > 0 (to be given the value ¢/2 later) we pick M so large that
PS;s;# S, form<j<M]=P[S,#0form<j< M]<n
This may be done, since m is fixed and the random walk is recurrent.
Then
n-M
@) E[ S Ly(mMn)|T = n]

a = E[REML,‘;"E"L,, <2m|T-= n]

+ :.-:-[1,‘21 1:13" L, > 2| T = n]
sZm;+P[T [ZLk(mMn)ZZnn]

To continue the estimation observe that L, = L,(m,M,n) depends
on X, .y, X¢40, ..., Xe4n but not on any of the other increments
X, =S, — S,_, of the random walk. Thus we can write

n-M
2 Li=(Lo+Ly+Lat+)+(Ly+ Lygsy +--) +

k=0
+(LM-1+L2M-1 +...)=Il+lz+..,+lu.

Now each sum L, r = 1,..., M, contains at most [#/M] terms.

Further, each I, is a sum of independent random variables, each

of which assumes the value 1 with probability at most 5. If
R-¥ L, > 2n7, then one of the I, must exceed 2ny/M, so that

3) P["-z" Ly(m,M,n) > 2m,]

- < i P[I, > 2y -"M] < MP[I1 2 2"]\%]'

r=1
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According to P5.3, if I is a Bernoulli sum of j independent random
variables, each of them being one with probability 5 and zero other-
wise, then the probability that I exceeds 2y is less than a multiple of
e~/. Hence

4) P[I1 =2y -;7] < ¢ e

where ¢,,c, are positive constants, depending only on . Now one
can combine (2), (3), and (4) to get

"M Mn _
(3) E[ > LymMn) | T = n] < 2nn + - e,
k=1 n

Turning to the estimation of the sum involving J,(4,n), let ¢, be
the random variable which is 1 if |S,| < 4 and 0 otherwise.
Truncating just as was done in (2), one gets

6) E[:_ZT],‘(A,n) IT = n] < m+ Fl P[élcp,‘ > nnand T = n]

< m+ -F":P[T 2n |§1¢,, 2 m,]-
Now we choose some real y > 0 and an integer r > 0 such that
@) lr;n;r: P[S, = aforsomek <r] 2 x > 0.
Then
PT>2j+r||S|<4d]l=<1-y,

and since the event that ¢, + - - - + ¢, = ny implies that one of the
subsequences ¢; + @, ., + -+ of ¢, + -+ + ¢, must exceed ny/r,
we conclude that

(8) P[T >n| Z¢,‘ > '"7] < (1 = y)morr,
1
Combining (5), (6), and (8),
n-M
9) p Z P[|Si| < AorS,,, # S foralln < j < M|T = n]
k=1

< 2«,) + i‘! cle-c,(n/M) + fl' (1 —_ x)(rm)/r.
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Now we set 21 = € and then, taking the limit superior as n — oo,
P6 will be proved if the two exponential terms in (9) go to zero faster
than F,. But that follows from PS5, no matter what are the positive
constants ¢, and y, and therefore P6 is true.

P7 Lete; > 0, mand A be given. Then there exist positive integers
k and M such that

% - | < ¢, for all sufficiently large n,
n

where
gn =P[T =n,|S;| > AandS,,, = S, for somem < j < M].

Proof: Take € in P6 to be ¢ = ¢,2 and choose M so that P6 holds.
P6 implies that for every 8 > 0, and sufficiently large =,

n~-M

> P[{|S,] < AorS,,; # Scform < j < M} (T = n}]
! < (6,2 + S)nF,,
which shows that there are at least €,n values of k& for which

P[{|S| < AorS,,, # S form <j < M}Nn{T = n}] < ¢,F,.

If we pick such a value of %k in the definition of ¢, (which depends
on k), then

(l - ‘I)Fn Sqn s Fm
which proves P7.

P8 For sufficiently large m and A there exist positive integers k and M
such that

|qn — Gn+1l < €1gn  for sufficiently large n,
with ¢, and q, defined in P7 and

Gos1=P[T=n+1,|S) > 4,8,,;,=S8, for some m+1<j<
M + 1].

Proof: Remember that U, = P[S, = 0], and
Un+r

lim —= =1,
n-s n
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according to T5.1, which is crucial for the proof. We choose m so
that

(1) |Ugsr = Ud| < %‘ U, for k > m,

and A4 so large that

(2) P[|S,| > Aforsomej < M + 1] <= min U,
4 msksM+1
To simplify the notation let
P[S.,;=a,8,,#0forr=1,...,j - 1|8, = a] = ¢, (a) = ¢,
PT=n—-Fk—j;S, #aforp=12,....M—j|S, = a]
= d,_ [(a,M) = n—k.la

Then, decomposing g, according to the possible values of S, and
according to the last time k + j when S, ,, = §,,

M

gn = z P[sk =a;T > k] Z Ck.ldn—k.l'
ial>A J=m

A similar decomposition for §,,, yields

M
Gne1 = Z P[S, =a;T > k] z kg +19n-k.pr

lal>A J=m
so that
M
B) 90— Gner = z P[Sy, =a; T > k] 2 (ckg = Chga1) Bnoi,
lal> A J=m
To estimate this difference observe that

cey=P[S, = 0;8, # —aforr =1,2,...,j - 1]
=U - P[S5,=0,8, = —aforsomer =1,2,...,5 — 1].

Since |a| > A4,
lees — Uyl < P[|S,| = A forsomer < M + 1],

and from (2) one gets
“) lexs — Uy <2 U;. ms<js<s M.

3 According to D3.1, S = 0 by definition. Hence P[... |S; = a] is
meaningless—it should bemterpretednl’.[ J
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In the same way one proves

) lewssr = Upnal s FU,  msjs M
Combining (4) and (5), we have
lekser = €yl < 52‘1 Uy + |Ujsr = Uyl

and now one concludes from (1) that

3
lck',.’l - C"JI S % Ul'
Using (4) again, we obtain
3 -1
(6) lekger = €yl < % ( - %) Cky S €6k g

at least if, as we may assume, ¢, is sufficiently small.
Applying (6) to equation (3) we have

M
[g9a = nsea] < @ z P[S, =a;T > k] z Cksln-ks = €1n
la|>A Jj=n

which proves P8.

We are now ready to complete the proof of T2. By definition
Jas1 < Fu,y, and so by P8 and P7,

Frvi 2 §aer 2 (1 — ¢)gn 2 (1 — €)*F,

for large enough n, which amounts to saying that

lim F—;.:—‘z 1.

n-e

But an obvious modification of P7 gives

qvu»l - l

F’l+l

< €
so that

l-tlF*l.

1
FuZ%qunuZl—_’_—‘l
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That implies
F, Zn+l
I
which completes the proof of T2. In view of the remarks preceding
PS5, we have also completed the proof of T1.

<1,

Remark: One of the possible extensions of T1 was mentioned in
Chapter III. It concerns the limit of the ratios

Pz[TB > "]

Po[T > n]
The step from T1 to the theorem (proved in [60]) that these ratios
have a limit, as n— oo, for every finite set B, requires considerable
effort. As the discussion at the end of section 16 might lead one to
expect, the difficulty consists in showing that the ratios R,/R,, are
bounded for every recurrent random walk. This is done in [60] by
using very delicate estimates concerning the dispersion function of
P. Lévy ([71], section 16).

Other aspects of the asymptotic behavior of the sequences R,, U,,
and F, are still shrouded in mystery, giving rise to challenging con-
jectures. Kesten has shown ([61]) that every strongly aperiodic re-
current one-dimensional random walk in the domain of attraction of a
symmetric stable law (i.e., satisfying

0< ;in; [6]7°[1 — $(6)] =Q < ©

y a8 n—> 0O,

for some @, 1 < a < 2) has the property that

(1) lim = z F.F,_,. = 2.

-+ Nk=0
He conjectures that (1) holds for every strongly aperiodic recurrent
random walk.* This conjecture is related, in an obvious way, to the
random variables
T, = time of the k* return to 0.

Equation (1) simply states that Po[T; = n]/Po[T, = n] tends to 2 as
n— oo, but it also follows from (1) that

(2) lim PO[Tr = "] '

n-® PO[T, = ’l] S
for every pair 7,5 of positive integers.

¢ This is now proved under the additional assumption that the random walk
is symmetric [S18].
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Problems

1. For one-dimensional aperiodic recurrent random walk with absolute
moment of order 3 + & for some 3 > 0, show that

lim [a(x) - l;—;—:

]

exists and is finite. Is this true if only o® is finite?> (To obtain a sharp
result, use problem 2 in Chapter 11.)

2. Here and in problem 3 the random walk is one dimensional and
aperiodic, with a characteristic function ¢(6) such that

0< liml_#o)

-0 10]'— =Q<w

for some «, 1 < a < 2. Show that all such random walks are recurrent.
Prove that

lim Po[T., < T,] = 1/2,

1z]
where T, is the time of the first visit to x.
3. Continuation. Show that
lim Po[T, < Ty ] = 2°-3,

X ]

4. Extend T32.2 by showing that

lim Fouy

LEX ) n

=1

for every strongly aperiodic recurrent random walk in the plane.

5. Here and in the next problem the random walk is one dimensional
and aperiodic, with mean 0 and 0% < oo. Use P32.3 to conclude that the
ratios R,/R;, are bounded in n. Then use the discussion at the end of
Chapter III to prove that

. P, > . . .
lim % = Lim g5(x,y) = &[yyinm £5(xy) + lim 8&(-"’)')]

for all x € R — B, for every finite set B.
6. Use the result of problem 5 together with P32.3 to evaluate the limit

lim Va Po[T,;, _;, > n] = f(x),

R~ ©
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where x # 0 is an arbitrary point in R (but not the origin). Show that
either f(x) = 0 for x 3 0 or f(x) > 0 for all x # 0, and characterize those
random walks which give f(x) = 0.

7. The mean square distance of a random walk x, from the origin,
subject to the condition of no return to the origin in time n, is

D, = Eyflx,[* | T > n] = 2 Eof[x,[* T > ]

Suppose that the random walk is genuinely d-dimensional, with mean
vector zero and second moment m, = E([|x,|?] < co. When the dimen-
sion d = 1, prove that

D, ~ 2nm, = 2E([|x,|?] as n— o0,
whereas for dimension d > 2
D, ~ nm, = E([|x,]?] as n— oo.
Hint: To obtain these asymptotic relations, first derive the identity
EJ|x.|% T>n]=Ry+ R, + "+ Ry-)my, n>1
8. Prove that the potential kernel A(x,y) of a recurrent random walk

determines the transition function uniquely.

Hint: In the spirit of problem 13, Chapter VI, show that for every
subset B C R, Ilg(x,y) is determined by A(x,y). This follows from
T11.1 and T30.2 in all cases except for left-, or right-continuous random
walk. (But even then A(x,y) does determine Il;(x,y), according to the
discussion preceding T30.2.) Finally, let B, = [x]| |x| < 7] and show
that

P(x,y) = lim Il g (x,y).

9. The logarithmic capacity C(4) of a finite set 4 C R was defined for
arbitrary recurrent aperiodic random walk in the discussion following
T30.2. Using part (d) of T30.2 one can interpret C(A4) as the difference in
size between the set A and the single point {0}, as seen from infinity. Define
the difference in size as seen from the point x, as

C(4;x) = gioy(x,x) — ga(x,%).

Thus we measure the size of a set 4, seen from x, as the expected time
spent at x between visits to 4. Prove that

C(4) = lim C(4;x),
|z]— @

when d = 2 or when d = 1 and ¢%2 = o0, while the situation is much more
complicated when d = 1 and ¢ < co.
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10. For still another characterization of capacity define the energy
dissipated by a finite set A (or the expected area swept out by the set A) as

E(4) = z P,[T, < n].

T€R

Investigate whether E,(A4) — E,(B) may be normalized appropriately so
as to approximate C(A4) — C(B) for arbitrary recurrent random walk.

Hint: Consider first the asymptotic Abel sums, showing that
0 @ 2
3, UEA) - E(OD) ~ | 3 Rar| C(a) a5 £ 1 1.
n=0 n=0
Here, as usual, R, = Py[T, > n]. Conclude that

e z RkRn-k
k=0

whenever this limit exists. (S. Port has shown [S23] that it exists for
arbitrary recurrent random walk.)

= C(4) — C(B)

11. Prove, using the properties of a(x), that for an arbitrary recurrent
random walk the expected number of distinct points visited between suc-
cessive visits to zero is always infinite.

12. Prove that the potential kernel of arbitrary two-dimensional recurrent
random walk satisfies

(i) lim a(x) = o0.

(IR

13. Continuation. Prove that (i) also holds in one dimension when
o2 < 00. However, when 0% = o0, show that either (i) holds, or

(ii) lima(x) =M < 00, lima(x)= + o0,

=+ ® ]
or

m a(x) = M < 0.

li
T— -

(iii)  lim a(x) = + oo,

Note: The exact criteria for this classification are still unknown.
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