Lecture 12: Poisson’s formula. We will now derive a formula for the solution of the Dirichlet
problem for the unit disc:

Upg + Uyy = 0, for 2% + y* < 1, u=h(f), when 2?4 y* =1,

and 0 is the angular variable in polar coordinates in the plane. It is natural to express the Laplacian
and u(r, ) in polar coordinates:
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(12.1) Upp + —Ur + Zugg =0, 0<r <1, u(1,6) = h(0).
T T

Assume that u(r, 0) for fixed r can be expanded in a Fourier series with coefficients depending on r:

+oo
(12.2) u(r,0) = Z Ry (r)et*?,
k=—o0
This has to satisfy (12.1) so we get
. . B2
Z R} (r)e™*® + R/ (r)ett? — T—QRke"kg =0,
which is satisfied if
k?2

2
R{(r) + = Ri = 5 Ry(r) =0.

The solution are Ry (k) = cpr!*l (or r~*I which is excluded since its singular when r = 0). Here
r0 = 1. Hence the general solution to (12.1) is

+oo
(12.3) u(r,0) = Z cprlFleihd.

k=—oc0
We must now satisfy the boundary condition when r =1 in (12.1):

“+oo

(12.4) ho)= Y cpe™,

k=—00

i.e. we must be able to expand the boundary values in a Fourier series. Assuming that we can do
this we must have
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12.5 ot
( ) ¢ 2T 0

h(p)e™? dep.

In fact, if we multiply both sides of (12.4) with e~ and integrate we get

2m +o0 27
/ h(O)e™ ™0 do = > e / e k=m0 49 = ¢, 2,
0 ke —o00 0

since
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(12.6) / eimf qp — tmé _—_
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=0, ifm=#0, and / e’ df = 2r.
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Let us assume that we can write h in terms of its Fourier series (12.4), with the coefficients
satisfying (12.5). Using (12.5) in (12.3):

2m 2m +00
(12.7) u(r,e) 27T/ ¢)e” " dg riMe? — %/0 > rHe* =9 () dg.
— k=—00

If we also change variables we get

27 +00
Ikl ik
u(r,0) 27T/ Zoo e (0 + ¢) do.

Here
(12.8) Z rlkleikd = Zrke’k¢+27“ e~
k=—00

These are two geometric series in the complex variables z = re?(®=%?) and z = re~“?=%). We have
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(12.9) l;)zk -—, it ] < 1.
(In fact, (1 -2 Z = 2Pl =1 2" and (12.9) follows when n — c0.)
k=0 =0 k=0

Usmg (12 9) n (12 8) glves
(12.10)

+§ T S L 2= te?) 14 (P e
R T B RN i PR ) B R e

1—r2  (l=r)+r)  (I=r)(l+7)

- 1+72—2rcos¢ (1 —7)242r(1 —cos¢p) (1—r)2+4rsin2 (d)/?)'

Using (12.10) in (12.7) we have hence obtained Poisson’s formula for the solution of (12.1):
(12.11)

1 [ 1— 72 1 =)l +7)
u(r,6) = 2W/O 1572 —2rcos (@ — o) 940 = 2W/O T aren? (g3 "0 T

The proof relied on that h(f) can be expanded in a Fourier series. However, once we have the
formula (12.11) we can directly prove that it satisfies (12.1). First its easy to check that it satisfies
Laplace equation. This follows from the construction of the kernel as a convergent sum (12.10)
of functions that satisfy Laplace equation in the interior, but can alternatively be check by direct
computation. That (12.11) converges to the boundary values:

(12.12) u(r,0) — h(0), asr — 1,

require bit of work to prove but its well worth it since at the same time we would have shown that

(o) —+o0
ik6 _ 1 k| ik6 _ 7 _
(12.13) kz cpe™’ = 71,1_)1r1% 2 cpr’tle’™ = ll_)rr{ u(r,0) = h(6),

provided that > |ci| < co. (12.13) is exactly the fact that the Fourier series converges to h(0).
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In (12.11), sin” (¢/2) only vanishes when ¢ = 0 in the interval [~n,7]. The integrand in (12.11)

(12.14) asr — 1,

1 (I—=r)(1+4+7r) _){0, when ¢ # 0
21 (1 — 7)2 4 4rsin® (¢/2) 00, when ¢p=0"

in such a way that, in view of (12.10) and (12.6),

L2 (1-r)(i+7) LTSS ke g,
(12.15) %/0 A T arsn (@73) dgz)_%/_”;wr e dp = 1.

In other words the integrand tend to zero everywhere apart from at the origin where it tends to
infinity, in such a way that the total integral is one. The limit is delta function in distribution theory.

We will now make two changes of variables which will enable us to take the limit of the integrand.
First, we make the change of variables s = 2sin (¢/2), ds = cos (¢/2)d¢ = 27 (4—s%)'/2d¢ and
$/2 = sin"*(s/2) so:

u(r,0) = % /_2 8 : :351:702 h(0+2sin~" (s/2)) \/%

To understand better what is going we make another change of variables t = (1 — r)s, to obtain

1 [ (147) . 2dt
u(r,6) 2 /_2/a 1+ rt2 A6+ 2sin”" (at/2)) i—ae "

At least formally, if & is smooth we can now take the limit » — 1, and get since sin~* 0 = 0;

1 [ 2 L[> dt 1, )t 1 7 T

A more careful analysis using that if h is differentiable then
|1(0 + ¢) — 1(0)] < K14,

can be used to justify this limit.



