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1. Introduction.

In a beautiful article Kac (1966) asked whether knowledge of the eigen-
values of the Laplacian operating on smooth functions defined on a bounded
region R of the plane and vanishing on the (assumed smooth) boundary, dR,
uniquely determines the geometry of R. If one interprets the eigenvalues
as normal modes of vibration of a thin membrane which is held fixed by
a wire frame forming the boundary and which vibrates in the region R in
accordance with the wave equation, the question can be phrased in physical
terms: “Can one hear the shape of a drum?” Kac provided a partial solution
by probabilistic methods.

In this paper I discuss, also by probability methods, the expansion
(1) Texp(—t) = (2nt)"*|R| - [4(2nt)}]*|oR]

+(1-h)/6+27%(2n) % ([, cz(s)ds) t3 +o(t?),

R

where A, < A; < ... are the eigenvalues of the Laplacian, |R| denotes the
area of R, |@R| is the length of the boundary, h is the number of holes in R, s
is arc length on the boundary, and ¢(s) is the curvature of the boundary at
s. The first two terms were obtained by Kac, who also conjectured the third
after a lengthy heuristic calculation. Subsequent authors have used analytic
methods to obtain even more detailed expansions. Some references are given
by Lerche and Siegmund (1987). With respect to Kac’s original question, one
can say on the basis of (1) that one can “hear” the area of a drum, the length
of its boundary, and the number of holes. A definitive answer to Kac’s ques-
tion remains unknown, although the answer to the analogous mathematical
question in more than three dimensions is known to be negative.

* Lecture given to the Society on 7 April 1987.

60



2. Random Walk, the Reflection Principle, and Brownian Motion.

In this section I give the probabilistic background relevant to a proof
of (1). In order to make the presentation elementary insofar as possible, 1
begin with simple random walk, derive a result equivalent to the so called
reflection principle, and finally introduce the more technical subject of Brow-
nian motion. See Feller (1957, Chapter III) for a classical treatment of the
reflection principle.

Let z,,z,,... be independent random variables assuming the values of
+1 and —1 with probability 1/2 each, and put S, =z, + ...+ z,. Let

578 (Brasrsa Sl B mBel@s 7= Gpnichoi s =5..|S... k)i

Note that Pr(S, = k) = (. .",,,)2"" and hence

(n+k)/2

(2) fy(;'n)(61""a5n|£)
_ Pr(z; =6,,...,2, = 6,) Pr(5, =S, =€—-3 7 &)
u Pr(Sn = §)

= ((m Be e_—nz'; a-)/z) / ((m . f)/Z)’

provided the denominator is positive, and 0 otherwise.

Let b be a positive integer and 7 = inf{n : S, = b}, with the under-
standing that inf($) = +oo0.

Proposition 1. Let £ < b be an arbitrary integer, and let ¢’ be any
other integer such that £ + ¢’ is even. Then

Pr(r <m|S, =€) = E{li,<m)R,|Sm = €'},

where R, = f,(."')(zl,...,znlf)/f,(,'")(zl,...,z,,|£'), and 0/0 is interpreted
as 0.

Proof. Obviously Pr(r < m|S,, = §)

=EPI‘(T=n|Sm=£)=Z E f,(,m)(sl"",anIE)'

n=1"{(61,...,05):r=n}
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Dividing and multiplying by f\™ (6.,...,6.|¢'), one obtains

m=1
PI‘(T = mlsm — 6) = Z E{l(-r:n)RnlSm e €l}
n=1

= E(l(r<m)RrISm - E’)

Corollary. For arbitrary £ < b
m m
Prtr <l =0 = (i ey) / (ot e12)

Proof. Let & = 2b— ¢ > b. Since S, = b whenever 7 < m and
((mr‘.)/z) = ((mf“.)/z), it follows from (2) that

R, = ((m+z;n— 5)/2)/ ((m v 5)/2)

whenever 7 < m. Since & > b, Pr(r < m|S,, = €) = 1, and hence the
corollary follows immediately from proposition 1.

Remark. The classical combinatorial proof of the corollary is based on
the observation that the number of possible paths, S,, n =0,1,...,m, from
(0,0) to (m, &) which touch the line y = b equals the total number of paths
from (0,0) to (m,2b— £). The virtue of the preceding derivation is that the
identity in Proposition 1 is completely general, i.e. it does not depend on
the exact definition of the first passage time 7. Hence in perturbations of
the present problem where simple exact solutions do not exist, there is the
possibility of analyzing Proposition 1 to obtain approximate solutions.

A Brownian motion or Wiener process, w(t), is in a sense which cannot
be made precise here the limit as m — oo of 5, / m'/2. Corresponding to
Proposition 1, we have for 5> 0 and £ < b

(3) Pr(7 < tjw(t) = €)
= E{1(sce)exp [(€ — €){w(7) — (£ + &)F/2t}/(t — 7)]Jw(t) = €'},
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where 7 = inf{s : w(s) = b}. Putting ¢’ = 2b— £, one easily obtains from (3)
@) Pr(7 < tlu(t) = &) = exp~2b(b - £)/1].

It is possible to derive (3) from Proposition 1 by a brute force calculation.
A more elegant approach uses the optional sampling theorem of martingale
theory.

Remark. An analytic approach to the results of this section is to set
uy(m, §) =Pr{r > m,S,, = f}( mPr{S. = £} [1 —Pr{r <m|S,, = 6}])

and observe that u = u, satisfies

u(m, €~ 1) + 3 u(m, € +1) (€ < b)

BN | =

u(m+1,¢) =
with the initial and boundary conditions u(0,0) = 1,u(m,b) = 0. Putting
i(t,€) = lim u_y ([mt],[m?¢]),
one can show that
i(t,€)d¢ = Pr{7 > t,w(t) € d¢}

and u satisfies the heat equation,

ot 1 3%u
a - 5 ) £2 (6 < b)a
with the initial and boundary conditions %(0,0) = Dirac delta function,

@(t,b) = 0. Although we do not solve these equations here, the relation
of Brownian motion to the heat equation is at the foundation of the devel-
opments in the next section. At first it seems remarkable that one can learn
something about wave motion from the study of heat flow, or diffusion, but
the eigenvalue problems are the same.
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3. Brownian Motion and Hearing the Shape of a Drum.

Let R be a bounded region in the plane with a smooth boundary dR. Let
€ € R and let w(t) be a two—dimensional Brownian motion process (a vector
of two independent one-dimensional Brownian motions) with w(0) = &,. Let

= inf{t : w(t) € R} and define p(t, &, £1) by
p(t, &, &1)dé = Pr(T > t,w(t) € dé,|w(0) = &).

It is known that p(¢, &, £,) satisfies the heat equation %E = %Ap and equals

0 on R, where A = a”% - % is the Laplacian and (z,y) can be taken to
be either &, or &,. It follows from general theory of the heat equation that

p(t, &, &) has an expansion of the form p(t, &, &) = Ze™*** o (&) px (&),
where the ), are eigenvalues of A and {p,,n = 1,2,...} is a complete
orthonormal set of eigenfunctions vanishing on dR. As a consequence

Texp(— // p(t, €0, &) déo-

From this and the relations

P(t, an £l)d£1
= Pr(w(t) € d¢,|w(0) = &){1 — Pr(T < t|w(0) = &, w(t) = &)}
= (27mt)" " exp{— || & — & |* /2t}dé,[1 — q(2, &, &1)],
where we have put ¢(t, &, &) = Pr(T < t|w(0) = &, w(t) = &), follows

(5) Bexp(-xt) = (2nt)* {181 - [[ att.60, )t} -

Since q(t, &, &) — 0 as t — 0 for each & € R, the first term in (1) follows
at once from (5). To obtain the higher order terms in (1) one must evaluate
q(t, &, &) for t — 0 and &, approaching dR.

To this end consider the point on AR closest to £ and the cartesian
coordinate system having this point as its origin, the outward normal as its
y—-axis and the tangent to R as its z—axis. Locally in a neighborhood of
this point AR is given by the graph of a function y = f(z), where f(0) =
f'(0) = 0. Let w(t) have coordinates w, (t) and w, (t) in this tangent-normal
coordinate system and define

T* =inf {t: wy(t) > f(w.(t))}.
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Let ¢*(t, &) = Pr(T* < t|lw(0) = &, w(t) = &). If q is replaced by ¢* in (4)
the error is exponentially small as ¢t — 0, and hence it suffices to study the
asymptotic behavior of ¢*(¢,&,) as ¢t — 0 and & = (0,—y,) — (0,0). Let
& = (0,y0). By a slight extension of (3) (with b = y,,€ = 0,¢' = 2y,, and
w(7) replaced by w; (T*) — o)

(6) q‘ (ta &0)
= e 2/ E {exp [ — 290w, (T*)/(t — T*)] |w(0) = &, w(t) = &}
= e 2/ E {exp [ — 290 f(w: (T*)) /(¢ — T*)] |w(0) = &, w(t) = &} .

The rest of the proof of (1) is a detailed analysis of (6), which is then
substituted for ¢ in (5) for &, close to R and integrated. To see what is
involved without considering the substantial technical details, note that since
f(z) ~ z2f"(0)/2 as £ — 0 and w?(T*) is with overwhelming probability
of order T*, which in turn is < t, the argument of the exponential function
inside the conditional expectation in (6) is of order y, — 0 as ¢ — 0. Hence

(7) q‘ (ta 60) et e—2y;/t (ts Yo — 0)1

which says in effect that when &, is close to R the probability of crossing
OR is to a first approximation the same as the probability of crossing the
tangent at the point closest to &, (cf. (4) with £ = 0).

A change of variable in (5) and some simple estimates show that for
sufficiently small

(8) // a(t, &0, €o)déo =/ / g (t, &)1 — yoc(s)|dyods + O(e™2¢" %),

R arJo
where s is arc length on AR and ¢(s) is the curvature of R at s. Substitution
of (7) into (8) easily yields the second term in (1).

To obtain the third term in (1) we use a Taylor series expansion to show
that the conditional expectation on the right hand side of (6) equals

9)  1—yof"(0)E {w?(T*)/(t - T*)|w(0) = &,w(t) =&} +... .

Moreover, in the limit as ¢,y — 0, T* may be replaced by r = inf{t :
w,(t) > 0}. This substitution and some fairly standard calculation show
that (9) equals

1—yo f"(0)E {w?(r)/(t — 7)|w(0) = &,w(t) =&} +...
=1—f"(0)t™% w2(—2u0/t%) /(240 /t*) + ...,
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where p(z) = (27)~ > exp(—z?/2) and ®(z) = [*_ ©(u)du. If the boundary
OR is parameterized by arc length s and if the origin (0,0) of our special
tangent-normal coordinate system corresponds to s,, then f”(0) = —c¢(so),
where ¢ is the curvature of dR. Hence by (6)

g'(t,&) = €290/ [1+ c(so)t™ ¥ y3@(—2y0 /t7) /(290 /t?) +...] ,

which when substituted into (8) yields the second and third terms of (1).
(Note that [, , ¢(s)ds = 2x(1 — h).)

The pattern is now clear, although admittedly the details are not. To
obtain the fourth term in (1), one must take one more term of the Taylor
series in (9). It is necessary to distinguish between the cases f”(0) < 0 and
f"(0) > 0 in order to approximate the difference between T* and 7; and with
substantially more calculation one can compiete the proof of (1). Details
of this argument, related results, and additional applications are given by
Lerche and Siegmund (1987).
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