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1. Introduction

This is an attempt to show that a potential theory is associated with certain
recurrent Markov processes in a natural way. For transient Markov processes
this fact has been studied intensely. Thus Hunt [9] bases a general potential
theory on transient continuous parameter processes, Doob [7] and Hunt [10] use
the theory to construct boundaries for discrete parameter processes, It0 and
MecKean [11] solve the problem of characterizing the recurrent sets for simple
random walk in three and higher dimension within the framework of the as-
sociated potential theory.

The class of recurrent Markov processes considered here are defined as fol-
lows. The state space will be E, the set of all ordered pairs (lattice points)
z = (m, n) where m and n are integers. X is a random variable with values in E.
Its characteristic function ¢(6) is

(1.1) ¢(8) = E[e¥X] = EE ¢?* P{X = z},
where 8 = (6, 6:) and 6. = 6im -+ O if £ = (m, n). Here X3, X,, -+ is an

infinite sequence of independent random variables with the same distribution as
X. Each characteristic function ¢(6) defines a Markov process

(1.2) . So=8+Xi+ - + X, n =1,

where the starting point So is an arbitrary point in E.
For simplicity we assume throughout that ¢(8) = ¢(—#6), or equivalently that
P{X = z} = P{X = —uz}. Two further assumptions are essential to the theory.

Let S denote the square |6;] < 7, |6y < = in the 6-plane and let [ [ ] dé denote

mtegratlon over S where df is two-dimensional Lebesgue measure. For 6 E S,
it is assumed that ¢(8) satisfies

(1.3) 0 =1=0=0

do
(1.4) [—1-—_—;(—05 = o

" A number theoretical érgument may be used to show that (1.3) is equivalent
to the condition that every x in E is a possible value of the process.S,, that is,
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that, given S, and z, there is a positive integer n such that P{S, = z} > 0.
Condition (1.4) is equivalent to

(1.5) f:op{sn = Sy = o
and if (1.3) holds, this is equivalent to
(1.6) P{ ﬁlkﬁ (S, = x)} —1

for every Sy, that is, every point in E is visited infinitely often with probability
one. These things are discussed in [4].

Conditions (1.3) and (1.4) are obviously satisfied by the simple random walk
with

1.7) o(0) = %cos 0+ % cos Os,
and, according to [4], a sufficient condition for (1.4) to hold is, using the assump-
tion that ¢(8) = ¢(—9),
(1.8) 2 |zl P{X = a} = E(|X|®) < .
z€E
The potential theory will be based on three operators P, 4, and K. P has
the representation (kernel)

and will act on the space £ of real-valued functions on E for which P|f| < «,
that is, P: £ — £, where

(1.10) Pf(z) = %ZEP(% Vi), f€ &= {|Plfl <}.

If I is the identity then P — I (being the second difference operator for simple
random walk) is our version of the Laplace operator. We let € denote a finite
subset of E and £(22) the vector space of real-valued functions on @ whose dimen-
sion |Q| is the number of points in Q. In section 2, lemma 2.1, it is shown that,
for each pair z, ¥ in E, the integral

_ _ 1 —cos(x—1y)-0
(1.11) Az, 3) = (2n) 2/ [ ao
exists and we define A as an operator (potential kernel) A: £(2) — £ by
(1.12) Af(x) = .En A(z, 0)f(a), TE€E, fe £9).

The one-dimensional analogue of the kernel A (z, y) was first studied by Kac [12]
in a somewhat different context. In section 3, lemma 3.1 we use one of his results
concerning A(z, y). (This kernel is studied by W. Hoeffding in his paper “On
sequences of sums of independent random vectors,” given at this Symposium.
In particular, many of the results in section 2 are also obtained by Hoeffding,
-and used in a context closely related to potential theory.)
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Lemma 2.2 will show that Ay € £ when ¢ € £(2). It will show more, namely
that (P — I)Ay(x) = 0 when 2 € E — Q whereas (P — I)Ay(z) = y(x) when
z € Q. This is familiar from potential theory. If ¥ is a nonnegative function
(charge distribution on Q) in £(Q), f = Ay satisfies Laplace’s equation
(P — I)f = 0 off © whereas f satisfies Poisson’s equation (P — I)f = ¢y on Q. In
the classical case the sign is reversed in the last equation. This could be remedied
by using — A4 as the potential kernel instead of A. Our notation has the advantage
of a more natural probability interpretation which is given in section 4.

If the range of the operator A is restricted to £(2), A becomes a (matrix)
operator mapping £(Q) into £(2). In section 3, lemma 3.1, this mapping will be
shown to be onto, that is, the restricted version of A has an inverse K = K(x, y),
z, ¥y € @ defined by K: £(Q) — £(Q),

Kf(x) = ¥ K(=z, o)f(a), for f€L@), zE€Q
(1.13) aca
AKf(x) = f(z), when f& £(9Q), z& Q.

The first of several equivalent definitions, in section 8, of the capacity of the set
Q will be in terms of the quadratic form (e, Ke) where ¢ = e(z) = 1 for z € Q.

This paper relies to some extent on the imbedded Markov chain induced by the
finite set Q. This chain is simply the process S, observed only at those (random)
times n when 8, is in ©. Thus its transition matrix is the (stochastic) matrix II
of size |©,| defined by

(1.14) O(x, y) = il P{S,¢Q for v=1,---,n—1;8 = y|S = =z},
z,y &

In section 3, theorem 3.1, a formula for II(z, y) is obtained in terms of A (z, y)
and K(z, y) by the method of the imbedded Markov chain, the foundation for
which was laid in [14]. The method adds probabilistic interest to the potential
theory and makes it more explicit, without being essential to its logical develop-
ment. Thus, in section 5, theorem 5.2 gives an explicit formula for the harmonic
measure. It was first discovered by the method of the imbedded Markov chain;
nevertheless the proof which is given in section 5 consists of verifying that the
formula obtained is the appropriate solution to the exterior Dirichlet problem,
which has a unique solution in view of theorem 5.1. The last three sections,
sections 6, 7, 8, imitate classical potential theory, giving explicit representations
as well as the standard theorems for the potential, Green function, and capacity
of finite sets of lattice points, corresponding to each process S., satisfying
¢(0) = ¢(—0) as well as conditions (1.3) and (1.4).

The methods and results of this paper should be compared to those of 1t6 and
McKean [11]. Our method will yield part of their results, namely those concerned
with finite sets, in a different and more explicit form. Thus the matrix II of the
imbedded Markov chain can be expressed in terms of the inverse of It6 and
McKean’s potential kernel, restricted to the set in question. (II is of course
substochastic in their theory.) Just as we do in section 8, the capacity of a
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finite sct can be expressed as a quadratic form, and the equilibrium charge on a
‘finite set @ turns out to be the limit of p(x, a) as 2 — «, p{(z, a) being the condi-
tional probability that the set @ is first hit at a, starting at x, given that it is
hit in a finite time.

The fact that we get more formulas than It6 and McKean is of dubious merit.
The hard calculations in [11] are based on maximum principles, such as we ob-
tain in section 7, enabling one to use integral estimates from classical potential
theory rather than “‘explicit” formulas, involving matrix inversion.

Typical new problems arising from this work are, in increasing order of dif-
ficulty: (1) Its extension to nonlattice random walk in the plane of the same sum
of independent variable type as here. The theory of integral equations with
completely continuous kernels should imitate the present matrix theory without
serious difficulty. (2) To understand the connection of the limit theorems (as time
tends to infinity) of Kac [12] which lead to the same potential kernel as the
present (time-independent) theory. (3) To discover the domain of validity of
present key theorems among general irreducible recurrent Markov chains. For
example let zx, £ = 1, 2, - - - be the states of such a chain and Q a finite set of
states. What are necessary and sufficient conditions, that is what does it mean,
for limy—» p(xs, @) to exist for all a in @, for every @, where p(z, a) is the harmonic
measure, defined as in (5.2), of 0?

2. Some Fourier analysis

To justify the definition in (1.11) we first show

LemMa 2.1. Forz,y € E, [1 — cos (x — y)-60][1 — ¢(0)]~ 2s Lebesgue inte-
grable on S and

@1  A(y)

o [l—cos(x—y)-8
(21r)/ cos (27100 gy

N
lim 5 [P{S. = 0[Sy = 0} — P{S, =z — y|So = 0}].

Proor. Let Sy = 0. In view of (1.3), [1 — #(8)]! is continuous on S except
at the origin. ¢(6) is real. Suppose that

2.2) Q) = E[(6-X)?] = Boy + 20:6000 + O3om < 0.
Then ;
(2.3) li MO_) = l

oo Q) 2

Equation (1.3) implies that Q(6#) is a positive definite quadratic form. Con-
sequently there is a constant d > 0 such that [1 — ¢(8)]~! < d(6-6)* for all 6
in S. The integral defining A(xz, y) therefore exists in the sense of Lebesgue,
since [1 — cos (x — y)-6](8-6)! is Lebesgue integrable on S. If on the other hand
Q(0) = 4+, for some 6 = 0 we have
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(2.4) BIX] = e, hm—ﬂl +e,  [X]P=X-X,
and the previous argument may be resumed.
(2.5) 1?‘:‘0 [P{S» = 0} = P{S. = = — y}]

= @02 [ [1 = cos (@ = 1)- 611 + ¢(6) + -+ + $(O)"] do

_ 1 —cos(z—y)-0 .
— —_ 2 N+l
Ay - o [ CE o an
Since |¢(0)] < 1 except at most at a finite number of points in S, the last term
tends to zero as N tends to infinity.
A(z, y) will play the role of a potential kernel because of
LEMMA 2.2. For f € £(Q), Af € &, and

flx), =z€Q
(2.6) (P — DAf(x) = {0’ sCE—g

(For the case of simple random walk this fact is due to Stohr [15], as is the
result of lemma 2.4.)

Proor. Since A(z, y) is a difference kernel we assume without loss of gener-
ality that @ contains 0 (the origin). Let f(0) = 1, and f(x) = 0 when z € Q,
a # 0. It remains to show that, for z € E,

=0
2.7 P(x, A, 0) — A(z, 0) = ’
2.7) %E (x, A, 0) (z, 0) 0. zs0.
The left side is
2.8  (2n)? [ [1 = 6O =, Plx,0)cost-6 — 1+ cosz-6]do
t

= (2m) [ [1 — $(8)]'[— (cos x-0)$(6) + cos xz-8] db

= (21r)—2fcosx-0d0 =1

when = = 0 and 0 otherwise.
By linearity (2.6) holds for all f € £(2) and by the triangle inequality P|Af| < o
so that Af € £.

The next lemma, concerning the asymptotic behavior of A(z, y) is responsible
for the asymptotic results in our potential theory. All we assume is that ¢(8) =
¢(—0) and that ¢(8) satisfies (1.3) and (1.4). Let

_ 1 —cosz-0
(2.9) a(e) = A(z,0) = (@m)? f L.
LEMMA 2.3.
(2.10) lim a(xr) = +=.

z—®
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For X1, X2 m E
2.11) lim [A(z, 21) — A(z, z2)] = 0.

=N

Proor. Let S. be the subset of S defined by 6-6 < ¢, with 0 < ¢ < m, and
decompose

\ _ 1 — cos -0 1 —cosz-6
(2.12) (2m)%a(x) J——l — (0) do+ f YT #(0) de
8-S,
de cosz-0
> —
= fl—qs(o) f1—4>(0) a.
8—8, 8-S,

With e fixed let 2-x = |z|* tend to infinity, and the two-dimensional Riemann
Lebesgue lemma [1] gives lim,—« (2m)%a(z) = /:g s do/[1 — ¢(6)] for ev-

ery 0 < e <. Because of (1.4), the integral on the right tends to infinity as €
tends to zero, and this proves (2.10).

Since A (z, y) is a difference kernel it clearly suffices to prove (2.11) for x; = 0,
with 2, arbitrary in E. Letting vy = (1,0), uz = (0, 1), z = mus + nuy, it is
clear that

(2.13)  lim [A(zy, 2) — A(0, 7)]

=m lim [A(u, ) — A0, 2)] 4+ n lim [A(us ) — A(0, 2)],
provided one can show that the last two limits exist. Since they are of the same
type it suffices to consider only the first one and the proof of (2.11) is completed
by showing that it is zero.

2 _ _ cosz-0 — cos (x — uy) -0
2.14)  @0A(u, ) — A, 2)] = / TS &0

sin b sin (r - ;—1)0
= -2 / 2 de.
1 — ¢(6)
But f(8) = —2sin (6:/2)[1 — ¢(6)]~" is integrable on S since |8:(8-6)~* is inte-
grable. Letting * — /2 = y and noting that y tends to infinity with z, we have

(2.15) lim (2m)2[A(u, 2) — 4(0, )] = lim /f(ﬂ) siny-6do =0

by the two-dimensional Riemann-Lebesgue lemma.

Sharper results concerning the asymptotic behavior of A(z, y) require further
assumptions concerning the random walk S,, or its characteristic function o(0).
Under the assumption that E(|X[?) < = it can be shown that a(z) ~ ¢ log |2| as
|z| — o, where ¢ is a positive constant. (Theorem 5.1 of Hoeffding’s Symposium
paper.) However, the behavior of the difference a(z) — clog |x| depends on the
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direction in which x tends to infinity, unless we assume the random walk to
be isotropic, that is, that the quadratic form Q(6) has no preferred principal axes.
To get a result as strong as in classical potential theory it also seems necessary to
assume that |X| has a finite moment of order greater than two.

Lemma 2.4. If Q(6) = E[(6:X)?] = ¢%0-60 < o, and if E(|X|**®) < o for
some & > 0, then

(2.16) lim [a(x) ~ Lo [x]] =t —sd =k,
2.17) 0<ec= (%)—2/[1 _1¢(0) - Q?O)] do <

where v = .5772- - - is Buler’s constant, A = YL n-o(—1)"(2n + 1)2 4s Catalan’s
constant, and d = v 4+ log w — 2\/w. For the simple random walk ¢* = 1/2,
k= (1/7)log8 + 2v/x.

Proor. First we check that the integrand

(2.18) ¥(6) = [1 — ¢(6)]7'Q(6){Q(6) — 2[1 — ¢(8)]}
in (2.17) is Lebesgue integrable. Since [1 — ¢(8)]~1@~1(6) has a positive constant
times (8-6)~% as a lower bound, it suffices to prove integrability for

2.19) x(6) = (6-6)2 ["5 06 — 1+ ¢<o)]

= (0.9)—2E[% (6-X)2 — 1 + cos 0-X].

For some constant & > 0, by the Schwarz inequality,
(2.20) Ix(6)| = h(6-6)~* E(|6-X[**?)
< h(6-6)7* E{[(8-0)(X - X)]"+¥/2}
S R(8-6)7HIRE(|X ),

which is integrable.
Now we decompose

@21)  a(@) = (2n) / L—cosz:6 4

0
2 _ 1 —cosf-x
= ;(21) 2 / 9.0 do 4+ (2m)—2 / (1 — cos-z 0)y(8) dé.

The last integral tends to ¢ by the two-dimensional Riemann Lebesgue lemma
and it only remains to verify that

. 1 1 —cosz-6
(2.22) lim (2#] 5.8 de — loglx[)

00

2.1 1 —cosz-6
—'y+10g1r—1r)\21r TdO—L(m)-}-h(x),
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where -

) _ 1 I —cosz-0
(2.23) Li(z) = 2 8 de,

0= ‘/0——0 <=
and I,(z) is the integral over the remaining part of the square S
By introducing polar coordinates it is shown that I:(z) — log |z| — v + log (7/2),
using the formula

(2.24) 7=/ 1 —cost [ COStdt
0

The second integral I»(x), by the Riemann-Lebesgue lemma, tends to a limit as
z — o which may be expressed in terms of Catalan’s constant X\. The details
are omitted as is the calculation of k for simple random walk.

3. The imbedded Markov chain

For the purpose of this section only let A = A(x, y) be restricted to z, y in
QCE, and let 2 £ |2| < . The case when |Q] = 1 is trivial. Imitating an
argument of Kac [12], we obtain more than is needed to assert that A has an
inverse K according to (1.13). A real number X is an eigenvalue of A if there is a
function f in £(2) such that Af = N\ on Q. Thus the inverse K exists if N = 0
is not an eigenvalue. Also ¢ = ¢(x) = 1 for 2 in @ and (f, g9) = 2 .caf(z)g9(2).

LEmMA 3.1. A has one simple positive eigenvalue, its other eigenvalues are
negative and the quadratic form (e, Ke) = 3 zca 2 yece K(z,y) # 0.

Proor. Suppose that A\, and \; are two distinct positive eigenvalues of A
with eigenvectors u; and . in £(Q). Since A is symmetric the functions »;, and u,
may be taken real and such that (u;, u1) = (us, u2) = 1, (U, u2) = 0. One may
choose real constants a;, ay, not both zero, such that (v, ¢) = 0 where v = ayu;, +
asug. Direct computation yields

(3.1) (1), AU) = al)\l + O(2)2 > 0

On the other hand, for every v such that (v, ¢) = 0 the definition of A(z, y)
in (1.11) gives

(3.2) (v, 40) = —(@n) [ |Z, 0@ e= 2 [1 = ()l do = 0

with strict inequality if and only if v = 0 on @. Thus (3.2) contradicts (3.1) so
that A has at most one positive eigenvalue, and there must be one, since the
trace of A is zero. This eigenvalue is simple by the theory of positive matrices of
Frobenius (for every ¢ > 0, A + e is a strictly positive matrix whose largest
eigenvalue is simple).

A is nonsingular, for suppose Au = 0, (u, ) = 1. Then either (u,e) = 0 in
which case (3.2) applied to u gives (u, Au) < 0 which is impossible, or (u, ¢) # 0.
In the latter case let u > 0, Av = w, (v,v) = 1. By (3.2) (v, ¢) # 0. Hence we
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can choose real a # 0, 8 # 0, such that (au -+ Bv, ¢) = 0 and calculate, for
w = au + Pv, that (w, Aw) =-f%u.< 0 which is impossible.

Finally let K be the inverse of A which has just been shown to exist, and take
v = Ke. Since K has an inverse, v is not the zero vector. If (v, €) = 0, then (3.2)
implies (v, Av) < 0 which is impossible since (v, Av) = (¢, Ke) = (v, ¢). Hence
(v, €) = (e, Ke) # 0.

Unfortunately the eigenvalues and eigenfunctions of A do not seem to have
a natural place in the potential theory. An additional fact which does, to be
proved in section 5, is that

(3.3) Ke(x) 20 for z EQ, and (e, Ke) > 0.

Lemma 3.1 is used to derive a representation for the transition matrix II =
Ii(z, y), defined in (1.14), of the imbedded Markov chain. For f, ¢ € £() we
write f ® g for the matrix f(x) g(y), withz, y € Q.

THEOREM 3.1. If2 £ |Q| < ,

_ _Ke ® Ke.
(3.4) n=I+K (e, Ke)
Proor. Define II; = I(z, y) for 0 = ¢t < 1, by
3.5)

W(z,y) =5 P{S, @9 for v=1,- - ,n—~1;8 = ylS = 1},
n=1

z,y € Q.

Then I(z, y) = lim;.;- I(z, y) and a simple renewal argument, given in detail
in [14], shows that

(3.6) (d — W)z, y) = io tP{S, =ylSo =42}, 0=<t<l;z,yCQ.

This renewal argument gives I + II, + II 4+ - -- on the left, but by (3.5) II.
has all row sums less than one when 0 < ¢ < 1 so that one obtains (3.6). Let

3.7) s(t) = (2n) / - ¢(0) 0=<t<l.
Using lemma 2.1, equation (3.6) may be written for 0 £ ¢ < 1,

(3.8) I—-—H)'=st)e®e— A+ B,

where

(39)  B:= Buz,y)
1

= (21r)"2/ [1 — cos (z — y)-6] |:1 —¢(0) 1 —1t¢(0)] @

A matrix M of the form M = f ® f + C, where C is nonsingular and (f, CYf) +
1 5 0, has the elegant property [8] that (f being the transpose of the vector f)
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) —1fF (-1

(3.10) M- = C-t — _g__iLC_

| 1+ fCf
Thanks are due to I. Olkin, who pointed out this fact to me. (3.10) is easily
verified, and it may be used to invert the matrix (I — II;)~! in (3.8) if one can
verify that, for ¢ close enough to one, the conditions for (3.10) are satisfied. We
shall take Vs(t)e = f and B, — A = C. Since A is nonsingular and since B.
tends to the zero matrix as ¢ tends to one, by (3.9) and lemma 2.1, it is clear
that B, — A is nonsingular for ¢ sufficiently close to one. Also

(3.11) 1+ s(t)fe, (B, — A)e] #0

for t close enough to one by the above argument and lemma 3.1.
Observing that B, — A is symmetric, one obtains from (3.8) and (3.10) for
some & > 0

(B,—A)'e® (B: — A)te

- — _ -1 _
3.12) I-1,= (B —A4) O + @, (B: — A)"0)
for 1 — 8 £t < 1, and passing to the limit
. O Tt - A Ale @ Ale
(3.13) ‘ILI?_ [I - Ht] = I o= A 1 + (e’ A_le)
_ Ke ® Ke
= —K+ —.———(e, Ke) )

proving theorem 3.1.

4. Probability interpretation of the potential kernel

Taking z, y, 2 in E, not necessarily distinct, we let .E., denote the expected
number of visits of the process S., with S; = z, to the point y, before the first
visit to z. Formally
4.1) o= P{S,#2 for v=1,---,n—1;8 =ylS = z}.

n=1

It turns out that
(42) ZE?-‘II = A(Z, y) + A(Z, x) - A(.TJ, y) + 5(2, y) + 6(2, x) - 5(23, y)y

where 6(a, b) = 1 if a = b and 0 otherwise. In section 7, theorem 7.1, the Green
function go(z, y) is obtained explicitly and that result will generalize (4.2) as
.E., = ga(z, y) with @ consisting of the single point z, when z, y, 2 are distinct.
Equation (4.2) will not be proved there as its proof requires only trivial modifica-
tions of that of theorem 2 in [14] which concerns one-dimensional random walk.
A simple direct proof may be based on theorem 3.1 for arbitrary sets @ with
|2] = 2and [@| = 3 and requires only certain calculations based on the geometric
distribution of the number of returns to a point before visiting a different,
prescribed, point.
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A(z, y) has the probability interpretation given by
THEOREM 4.1. [fzx # y,

4.3) vEz: = By = 2A(2,y) — 1
(4.4) lim ,E,, = lim ,E,. = A(z, y).

2—®

Proor. (4.3) is just a special case of (4.2) and (4.4) follows from lemma 2.3
applied to (4.2).

b. The harmonic measure

Given a finite subset @ of E, the harmonic measure of  is defined as a function
p(z, a) on the product space E X @by z € E, a € Q,
5.1) p(x, a) = §(z, a) when 2z E€Q

(5.2) p(z, a) = ill){S.,QQ for =1, n—1;8, =a|S, = 2}

when z € E — Q.

Thus the harmonic measure defines, for each z, a probability measure on Q
which assigns to each point a the probability that Q is first visited at a, if Sy = z.

This is well known, as is the fact that the harmonic measure yields the solution
to the exterior Dirichlet problem, that is, the boundary value problem

(5.3 P—-Df=0 onE-—Qq,
(5.3") f=¢ ong,
(5.3 fE€ £ is bounded on E.

Here ¢ € £(Q) is a known function and (5.3) turns out to have a unique solution
f € &. It is given by
THEOREM 5.1.  The exterior Dirichlet problem has the unique solution

(5.4) @ = T p(, 06

Proor. The definition of p(r,a) in (5.1) and (5.2) and a simple renewal
argument (based on the strong Markov property of the process S.) imply that
(5.4) is indeed a solution of (5.3). To prove uniqueness, suppose f; and f; are two
solutions of (5.3) and let b = f; — fo. Then h satisfies (5.3) with ¢ = 0 on Q and
we have to show that h = 0 on E. Define

5.5) PP(z,y) = P(z,y),
' PPz, y) = ¥ Pz, )P (t, v) for n21.
teFe
Ash=0onQ,and Ph = hon E — Q,

GO k@)= T PRE) == T PO k),
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for all n = 1 and every z in £ — Q. Choosing M such that |h(z)] < M on F,
we have for every t & I/ — Q,

G7) k@l =M Z Pyt (x, y)
) —Q
=MP{S, &l —Q for v=1,--+ n|S = x}
for all n = 1. As the process S, is recurrent the right side tends to zero as n
approaches infinity, so that h(z) = 0.
An equally short proof comes from the following observation of Doob. If

Sp = x and if f satisfies (5.3) and if S, is the process 8., stopped when it first
reaches ©Q, then f(S;) is a bounded martingale [6]. (5.4) is the martingale theorem:

(5.8)  f(x) = B[f(Sw)] = Bllim f(Sy)] = Elé(lim S,)] = aéz p(x, ) (a).

The next theorem gives an explicit formula for the harmonic measure p(x, «)
which will be quite indispensable for the further development of the potential
theory. It need be given only for 2 < [Q] < ©. When [2] = 1, p(z,a) = 1 for
all z € E, and when Q is the empty set the only bounded (harmonic) functions
satisfying Pf = f on I are the constants by Derman’s theorem, giving the
uniqueness of invariant measure [5].

TaEOREM 5.2. When 2 £ Q) < =,

(5.9) plx, a) = (Iw[(\?)) + Z Az, O[T, a) — 8(b, a)].

Proor. As mentioned in section 1 this result was first derived probabilisti-
cally as a consequence of theorem 3.1. (It is not hard to see how p(z, a) is related
to the imbedded Markov chain corresponding to the set @’ obtained by adjoining
the point z to the set ©.) We shall be content to verify that (5.9) is correct.
In view of theorem 5.1 it suffices to verify that the right side in (5.9) satisfies
(5.3) with ¢(2) = 1 when 2 = a and ¢(x) = 0 when £ € @ — {a}. As a is fixed
we write h(-a) for the function h(z, ¢) on the right in (5.9), and (P — k(- a)(z)
for the image of h(-a) after applying /> — [ to it. The first term on the right in
(5.9) is independent of  so that P — I maps it into zero. Using lemma 2.2 we get,

(5.10) (P — Dh(-a)(@) = b‘; (P — DAz, H)[11(b, @) — (b, @)] = O
when z & Q, so that (5.3") holds. Using theorem 4.1

Ke(a) Ke(b)Ke(a)

(5.11)  h(r,a) = 5 + T A D) [K(b, R N OR ]

The definition of K in (1.13) applied to (5.11) shows that h(x, a) = é(z, a) for
z in Q so that (5.3") holds. To verify that A(x, @) is bounded in z, let ¢(b) =
10(b, a) — (b, a). Note that for each fixed a, >_sca c(b) = 0, as Il is a symmetric
stochastic matrix. (Even if S, were unsymmetric but recurrent, with ¢(6) com-
plex this conclusion would hold as II would still be doubly stochastic without
being symmetric.) A trivial extension of equation (2.11) in lemma 2.3 implies
that
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(5.12) lim ¥ Az, HIIE,a) = 56, 0] = 0
so that
(5.13) lim h(z, @) = (16‘4‘}{%

which is independent of z, so that (5.3"') is verified. Summarizing the observa-

tions which led to equations (5.10), (5.11) and (5.12) and introducing the nota-
tion

(5.14) Pe = Pula) = o 4o

for the harmonic measure of € ‘‘seen from infinity”’ which will play an important
role in the sequel, we can state
THEOREM 5.3. The unique solution of 5.4 s

(5.15) [ = (Puy ) + AL — )¢
(5.16) xlj’rg (@) = (Pwy ¢)
(5.17) (P—Df =M —10¢ on

Here (5.15) follows from (5.4) and (5.9), (5.16) from (5.12), and (5.17) from
(5.10) with z in Q.

A final observation is the

CoroLLARY. Equation (3.3) holds for 2 £ |Q] < .

Proor. The probability interpretation of p(z, @) yields that p.(a) = 0. To
get (3.3) we have to rule out the possibility that Ke(a) < 0 and (e, Ke) < 0.
That is impossible since Y sco A (b, a)Ke(a) = e(b) = 1ford € Qand A(b, a) =
0. Therefore Ke(a) = 0 on £ and (e, Ke) > 0.

6. Logarithinic potential

When 1 £ |@] < © and when 0 £ ¢ € £(2), we call the function f(r) =
S aca Az, a)y(a)] the potential due to the charge distribution ¥. The total charge
on Qis (¢, e). The potential f = Ay has the properties (1) (P —I)f = 0onE — @,
@ (P=Df =¢onQ 3)f(z) — (¥, e)a(z) — 0 as  — . Properties (1) and
(2) are immediate consequences of lemma 2.2, and, recalling that a(x) = A(z, 0),
property (3) follows from lemma 2.3. Thus f = Ay is similar (except for a change
in sign) to classical logarithmic potential [13], if the additional conditions of lemma
2.4 are met, so that

1
6.1) a(z) — — log |z| — &

with k given in lemma 2.4, as z tends to infinity. Note that in any case the po-
tential f(x) = Ay(z) of a ¥y = 0 tends to infinity with z, unless ¢ =0 on Q.
That follows from (2.10) in lemma 2.3.

It is also true that properties (1), (2), (3) characterize our potentials:
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THEOREM G.1. If0 £ ¢ € £(Q) then f = Ay satisfies (1), (2), (3). Converscly
if f satisfies (1), (2), (3) with 0 S ¢ € £(Q), then f = Ay.

Proor. Having already proved the first part, we assume that a function
g € £, as well as f = Ay satisfies (1), (2), (3) with 0 = ¢ € £(2). Letting
h=f—g, (1) and (2) imply that (P — I)h = 0 on E and (3) implies that &
is bounded, in fact that lim;—« h(x) = 0. From the uniqueness theorem for
invariant measure [5] it follows that A = 0. That completes the proof.

Much more than theorem 6.1 could be desired. The second (converse) part
could probably be altered by assuming that f = 0 and that f satisfies (1) and (2)
with 0 £ ¢ € £(Q). One would then expect the conclusion that f = constant +
Ay

Our methods break down, as well as the simple argument in section 3 of [11]
where it is shown for simple random walk in three and higher dimension that
f= 0and (P — I)f < 0 on E implies that f is a constant plus a (Newtonian)
potential. Note added in proof. It will be shown elsewhere that the above con-
jecture is correct for the random walks considered here. For one-dimensional
random walks the situation turns out to be more complicated.

In the next section we shall require the quite obvious extension of theorem 6.1

THEOREM 6.2. If P —Du=00nE —Q (P —Du=y¢y=200nQ, (Y,¢) =
1, lu(z) — a(z)] £ M on E for some M > 0, then u = constant + Ay.

A number of inequalities which imitate maximum principles from classical
potential theory will be proved in the next section (theorem 7.3).

7. The Green function

The Green function for the exterior domain E — Q is first defined probabilisti-
cally as the function go(z, y) on E X E

When y € Q, ga(z, y) = 0;

Wheny € E — Qand z € Q, gal(z, y) = 0;

Wheny CE — Qe EE—Q x#y;

(7.1) go(z, ¥) =i1 P{S,EE—Qforv=1, -+ ,n—1;8 = y|lS = z}.

Whene =y & E —Q
(7.1 galx, )
=1+iI){SVEE_QfOl'V=1,"‘,n—1;S"=x[SO=x}.
n=1

When z # y and both z and y are outside 2, then go(z, y) is the expected number
of visits to y of the process S, with Sy = z, before the first visit to Q. In spite of
the unsymmetric definition we shall show that ga(z, ¥) = ga(y, %) in the course
of finding an explicit formula for the Green function. This could be done prob-
abilistically, using theorem 3.1 and the method of the imbedded Markov chain,
but we shall appeal instead to the potential theory developed in section 6.
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First we need a definition.
72) f@) = %A@ a)pa(o)

will denote the potential due to the (nonnegative unit charge) distribution p.,
on Q. In terms of f we shall prove
THEOREM 7.1. For2 S |Q| < o andz,y €E

(7.3) m@w=—an+m%H@‘@}@

+ 2 2 A(z, 0)[ll(a, b) — d(a, b)]A(D, y).
ac2 ben

When |2| = 1, theorem 7.1 is meaningless since K is undefined, but in this
case (suppose Q consists of the single point {a}) equation (4.2) and the definition
(7.1) gives

(7.4) go(z,y) = —A(z,y) + Az, a) + A(g, ).
This agrees with (7.3) if we define (¢, Ke)™ = 0 when Q| = 1.

Before proceeding to the proof of theorem 7.1 we need an analogue of the
classical theorem [13] that the harmonic measure of Q is the normal derivative
of the Green function at the boundary of Q. Here the normal derivative of a
function u(t) evaluated at a in @ becomes Y icr—q P(a, t)u(t) — u(a) and applied
to the Green function, which vanishes on @, this is

TaEOREM 7.2. Fora €Q,z2 € E — Q,

(7.5) p(x,a) = 2 P(a, )galt, 2).
tEE

One can also obtain II from go, since for a, b € Q,

(76) @b = T P@apb) = T, T Pla Ol PG, b).

Proor of (7.5). In view of (7.1) the right side in (7.5) is
7.7 iP{S,=E—Q for v=1,---,n—1;8, = z|S = a}.
n=1

The symmetry of the process S, $(8) = ¢(—8), enables one to set up a probabil-
ity preserving one to one correspondence between paths going from a to z in
time 7 without hitting © and paths going from z to a in time n without hitting
Q. Therefore the above sum is

(7.8) iP&EE—QfMuzhuwn—h&=ﬂ&=ﬁ

and this is the harmonic measure p(z, a) according to (5.2).
Proor of (7.3). Take a fixed y in E — Q. A simple renewal argument (based
on the strong Markov property of S,) and the definition (7.1) gives
9) (P — Dgal-9)(@) {0’ rrnEelm
. . - -y (x) =
PRV =121, z=y€E-a



530 FOURTH BERKELEY SYMPOSIUM: SPITZER

Let u(z) = u,(2) = go(z,y) + A(z, y). By lemma 2.2 and (7.9)

(7.10) P-DhHu=0 on E—-Q
and by theorem 7.2 and lemma 2.2

We wish to solve the system consisting of (7.10) and (7.11) to find an explicit
formula for v = u,. To do so one must first check that u satisfies the conditions
in theorem 6.2. The first two conditions in theorem 6.2 are equivalent to (7.10)
and (7.11) with y(z) = p(y, z) = 0 for z € Q. Clearly (¢, ¢) = 1. For each fixed
y, A(z, y) — a(z) is bounded, as it tends to a finite limit when x tends to infinity
by lemma 2.2. Thus the result of theorem 6.2 is applicable if we show that
go(z, y) is bounded in z for each fixed y. To do so let @ be a subset of @ consisting
of a single point. Then the probability interpretation of the definition (7.1) of
the Green function implies that 0 < go(x, y) < gao-(z, y), and either equation
(4.2) or theorem 4.1 proves that goe(z, y) is bounded in « for each fixed y.

Applying the result of theorem 6.2 we have 4 = constant + Ay, where ¢(z) =
p(y, x) for x € @ and we let h(y) be the constant, which may of course depend
on y. Then theorem 5.2 together with (7.2) yields

=h(y) +f@) + 2 2 Az, a)[1(a, b) — (a, b)]A(b, v),
acQ beR
€ E,ycE —Q
Setting = ¢ € Qin (7.12) gives fory E E — Q,
(7.13)

A1) = M) + gy + 5, T, AC K@ ) = (6 K)pa()pat)]A(b)

- hy) + (e;Ke) + A, 9) — f),

or
(7.14) M) =0 - gy

Equations (7.12) and (7.14) together complete the proof of theorem 7.1 for
the case when y & E — Q. For the case when y € Q the proof is completed by
straightforward calculation which shows that the right side in (7.3) vanishes.

The function k(z) defined by equation (7.14) is important as it follows from
theorem 7.1 and lemma 2.3 that go(z, ¥) has a limit as y tends to infinity, and
this limit is h(x),

(715)  lim go(s, 1) = ga(s, @) = ga(, 2) = h(e) = &) = e
1) = 4po(@) = T, Ala, a)pa(a).
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We use the resulting inequality
1
(7.16) h(z) = f(z) — o Ko 20, LAS

to establish a maximum (or rather minimum) principle for potentials.
THEOREM 7.3. For Y1 and ¢» in £(Q), Ay = Ay, on Q implies that Ay, =
Ay: on E, and that (Y1, €) = (Yo, €). If 0 < ¢ € £(Q), then

(7.17) AYy(z) = mc_ig Ay(a) for all x in E.
Proor. For a,t € Q, theorem 3.1 gives
(7.18) K(, a) = I—%&%ﬂ + TI(t, @) — 8(t, a).

For x € E — © and a € Q, therefore, using theorem 5.2,

(7.19) 2, A OK(t, a) = f(z)Ke(a) + p(z, @) — (- eIge)

- [1@ - g | Ke@ + pla, 0.
In view of (7.16), and (1.13)
(7.20) %ﬂA(x, )K(t, a) = p(z,a) =20 when z & E,a€Q.
Hence, if 0 = g € £(9),
(7.21) AKg(z)
=3 X A(x,)K(¢ a)g(a) 2 ¥ p(z,a)9(@) 20, z€E€E.
teQ ac ac

If AYy = Ayaon @, let g = A(Y1 — Vo) restricted to Q, giving, for all z € E,
(7.22)  A(z) — Ads(z) 2 agﬂ béﬂ p(z, a)A(a, b)[¥1(b) — ¥2(b)] = 0.

Since ¢ = 0 and Ke = 0 on @ we also have (g, Ke) = 0, but (g, Ke) =
(A(r — ¥o), Ke) = (Y1 — ¥, ¢) = (Y1, €) — (Y2, €) = 0. This proves the first

part of theorem 7.3. For the second part let ¥a(a) = cp.(a) for a € @ where
¢ > 0 is chosen so that

(7.23) min Ay(e) = A¥a(t) = (e—CK—é;

for all ¢ in . (It follows from the definition of p,, that its potential f(x) = Ape(x)
is constant on ©.) Since Ay is constant on @ we have Ay = Ay, on @ and by the
first part of the theorem Ay = Ay, on E. But

(7.24) Ays(2) = of(z) = (e—,"K—e) = min 4y(a)
because of (7.16) and (7.23).



532 FOURTH BERKELEY SYMPOSIUM: SPITZER
8. Capacity

For a discussion of capacity in classical logarithmic potential theory see
Nevanlinna [13] and for the modern theory of capacity (of the Newtonian type)
Choquet [2] and Choquet and Deny [3]. To preserve the analogy of the present
to the classical theory, the capacity of a finite set @ should be defined as
exp [(e, Ke)~!] where K is the (matrix) operator given by (1.13). The quantity
—(e, Ke)™! then is our analogue of Robin’s constant. But for the sake of con-
venience we call (e, Ke)~! the capacity of Q.

DeriniTioN. If |Q] = 1 the capacity of @ is C(Q) = 0. If 2 S |Q] < » the
capacity of  is
1
8.1) cQ) = (o Ke)

The first theorem has the nature of a maximum principle. If 0 < ¢ € £(2)
and (¢, e) = 1 then the potential Ay of ¢ is greater than or equal to C()
somewhere on © and less than or equal to C() somewhere on Q. But there is a
unique ¢ (namely p,) such that 0 < ¢ € £(Q), (¢, ¢) = 1, and such that Ay is
constant on . This constant is C(Q) and p,, is called the equilsbrium unit charge.
A finite set @ has the same capacity as its boundary,

(8.2) a0 = [z|z € Q, p.(z) > 0].
TreorEM 8.1. If0 < ¢ & £(Q) and (¢, e) = 1, then
(8.3) min A¢(a) = C(2) =< max Ay(a)
pr=r3 Pr=r)
(8.4) C(Q) = Apa(z) = f(2) Jor z€Q
(8.5) CQ) = C(39).

Proor. When |2 = 1 theorem 8.1 is obvious, therefore let 2 < [Q] < .
Suppose (8.3) fails, in such a way that the second inequality is violated. Then

€
(¢, Ke)

This inequality is preserved under the inner product with Ke, so that

(8.6) Ay <

on

(8.7) (Ke, A¥) = (e, KAp) = (e, ) > K& .
(e, Ke)
This contradicts the hypothesis (¢, ¢) = 1. If the first inequality fails the same
argument works.
Equation (8.4) follows immediately from (5.14), (7.2) and (8.1). Equation (8.5)
is true because p,, restricted to dQ is a unit charge distribution on 8Q; the
potential due to p., is constant on 42 and has the value

(8.8) I, 4@0 05 = Ry = OO, zEQ,

where K is the inverse of A restricted to 2, but by (8.3) C(Q) is the capacity of <.
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Equation (8.3) may be expressed in the language of game theory. Let u, v range
over £(Q) with (u,e) = (v,¢) = 1,u = 0,v 2 0, and let (u, Av) = Y ecodren
u(a)A(a, b)v(b). Then (8.3) becomes

(8.9) max min (u, Av) = C(2) = min max (u, Av).

Thus C(Q) is the value of the game whose matrix is A.
As in classical potential theory the capacity of @ may also be defined through
the asymptotic behavior of the Green function.
TaEOREM 8.2. Let go(z, ) = lim go(z, 9), a(x) = A(z, 0). Then
Yy

(8.10) C@) = lim [a(z) — ga(a, =)].

Proor. When || =1, @ = {a}, equation (7.5) and lemma (2.2) give
ga(z, ©) = A(z, a). Lemma (2.3) gives C(2) = 0 as we defined it. When 2 =
9] <, (7.15) and (8.1) give ga(z, ) = f(z) — C(Q), a(z) — galz, ) =
C(Q) + a(x) — f(z) and by lemma (2.3) and (7.2)

(8.11) lim [a(z) — f(x)] = 0.

This characterization of capacity furnishes simple proofs of its behavior under
set theoretical operations. Typical results are

TuroreM 8.3. Let F, G be two finite subsets of E, and C(F n G) = — f
F n G is the empty set. Then

(8.12) C(FnG) + CF UG =< CF) + C@6).
IfF CGCE,
(8.13) C(F) £ C@.

If {x} is the set consisting of the single point c € E — Q, |Q] < o,
(8.14) 0@ S C@ U ) S C@ + 5 min A, v).
yeo
Proor. If F and G have nonempty intersection, the definition (7.1) of
go(z, y) implies that

(8.15) grne(z, y) — ge(®, y) Z gr(x, y) — grue(®, ),

for all z, y in E. Letting first y tend to infinity, and then z, one obtains in view
of theorem 8.2

(8.16)  lim [grne(z, ®) = ge(z, «)]
=C(@ — C(F n 6) z lim [ge(z, ©) — grue(z, ©)]
=CF UG — CF).

The proof of (8.13) is based on the simpler inequality gr(z, y) = ge(z, y) when
F C G. The first inequality in (8.14) follows from (8.13). The second one
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comes from (8.12) with F = Q and ¢ = {x} U {y} where y € Q, x € K — Q.
Equation (8.12) yields

(8.17)  C({g}) + CQ U &) = CQ U {&}) < C@) + C({x} U ).

For every pair of distinct points z, y in £, (1.13) and (8.1) give C({z} U {y}) =
A(z, y)/2. Since (8.17) holds for all y € Q, this proves (8.14).

Still another definition of capacity follows from theorem 7.1 and equation
(4.2). Let @ be an arbitrary finite subset of E, and a an arbitrary fixed point in
E. Then

(8.18) ylim [gia)(x, ) — golz, ¥)] = C(Q).

This formula has a comparatively pleasant probability interpretation, as gq(x, )
(or ga3(x, x)) is the expected number of returns to = before the first visit to the
set @ (or the set {a}). Thus C(Q) is a measure of the difference in “size” of the
sets @ and {a}, seen from infinity.
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