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2 LU ZHIHAO

1. INTRODUCTION

In this lecture, we introduce the layer potentials methods to solve Dirichlet and
Neumann boundary problems of Laplace equation.

The note organizes as follow. In section2,we introduce our problems and some
notations. Section3 deals with the general kernel properties on the boundry. Section4
and 5 study the double and single layer potentials respectively. Then we solve our
problems in section2 at the functional analysis frame in section6. Finally, we select
some common facts about removable singularity and asymptotic behavior at infinity
of harmonic function and its radical derivative in appendix.

2. SETUP

Let © always be a bounded open subset in R" with C? boundary S,and we set
O =R"\ Q. Qand @ will both be allowed to be disconnected, however S can be
differetiable there can only be finitely many component. We denote the components
of Q by Qy,---,8,, and those of Q' by Q,Q},---,Q ., where € is the unbounded

component.

By tubular neiborhood lemma, we have following C! natural diffeomorphism
(2.1) F(z,t) =z + ty(x)

from S x (—¢, €) to a neiborhood V' of S for some € > 0 and every point in {x +tvy(x) :
t € (—¢,€)} is the unique nearest point to x. Here, y(z) is outward-pointing unit
normal vector field along S.

The we can extend the normal derivative to the whole tubular neiborhood V. we
set

(2.2) Oyu(z +ty(z) = y(z) - Vu(z + ty(z))

for u € CH(V). )
We define C,(Q2) to be the functions u € C*(Q) N C(Q2) such that the limit

(2.3) Oy—u(x) = t<%¢ni>07(x) -Vu(x + ty(x))
exists for each x € S,the convergence being uniform on S.

Similarly, we define C.,(€) to be the functions u € C*(2') N C(Y') such that the
limit

(2.4) Oyru(z) = lm ~(z)- Vu(z + ty(z))

t>0,t—0

exists for each x € S the convergence being uniform on S. The operators 0,_ and
0,4 are called the interior and exterior normal derivatives on S.
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If Q Cc R™\ {0}, we set
Q={z|2x:2€Q}
and if u is a function on €, we define its Kelvin transform @, a function on {2 by
0= |z u(lz| )

Suppose u is harmonic outside some bounded set, we say u is harmonic at infinity if
u has a removable singularity at 0.
We can now state our problems we propose to solve:

The Interior Dirichlet Problem: Given f € C(S),find u € C(Q) such that u is
harmonic on €2 and v = f on S.

The Exterior Dirichlet Problem: Given f € C(S),find u € C() such that u
is harmonic on Q U {oo} and u = f on S.

The Interior Neumann Problem: Given f € C(S5),find u € C,(€2) such that
is harmonic on €2 and 0,_u = f on S.

The Exterior Neumann Problem: Given f € C(S5).find u € C, (') such that
w is harmonic on QU {oo} and 0,4u = f on S.

To begin with, we prove the uniqueness for four problems.

Theorem 2.1. (I) If u solves the interior Dirichlet problem with f = 0,then u = 0.
(II) If u solves the exterior Dirichlet problem with f =0, then u = 0.

(III) If u solves the interior Neumann problem with f = 0, then u is constant on each
component of €.

(IV) If u solves the exterior Neumann problem with f = 0, then u is constant on each
component of Q, and u = 0 unbounded component S, when n > 2.

Proof. (I)(II) is trivial by maximum principle.(III) just by Green’s formula. We just
need to prove (IV). Let r > 0 such that Q C B,, by Green’s formula

/ |Vul? = —/ uAu—/uaﬁu—ir/ ud,u
BA\Q B\ s 0B,

Since |u(z)| = O(|z|*™) and |9,u(x)| = O(|z|'™™) for n > 2, |u(x)| = o(log(|x])) and
|0,u(z)] = O(Jz|~2) for n = 2. Then let r — oo, yields our desired. O

We shall see the Dirichlet problem are always solvable. For the Neumann problems,
however, there are some necessary conditions as follows.

Theorem 2.2. (I)If the interior Neumann problem has a solution, then fan f=0

forg=1,--- m.

(11)If the exterior Neumann problem has a solution, then faQ’. f=0forj=1,---,m,
J

and also for 7 =0 in case n = 2.

Proof. For n = 2,Let r > 0 such that {2 C B,, by Green’s formula

Oru — / Oypu =0
OB, o9,
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As before, let r — 00, yields our desired. The remainder is trivial by Green’s formula.
O
3. KENEL PROPERTIES ON BOUNDARY

Let K be a measurable function on S x .S and suppose 0 < a < n — 1. We call K
a kenel of order « if

(3.1) K(z,y) = Alz,y)lz —y[™
where A(z,y) is a bounded function on S x S. We call K a kenel of order zero if

where A and B is a bounded function on S x S.

We call K a continuous kenel of order a (0 < v < n— 1) if K is a kenel of order «
and K is continuous on {(z,y) € S: x # y}.

If K is a kenel of order a (0 < o« < n — 1), we define the operator T formally by

(3.3) Tx f(x / K(z,y)f(y)do(y)
We select some useful properties as following lemma.

Lemma 3.1. If K is a kenel of order a (0 < oo <n—1)

(I)Tk is bounded on LP(S) for 1 < p < oco.

(IDIf K is supported in {(x,y) : |t —y| < €}, there is a constant C = C(n, «, S) such
that

I Txfll, < Ce [ Allll £, (> 0)
I Txf ll, < Ce" (Il Alloe (1+[loge)+ || B llso) | £ Il (@ =0)

(IIDIf K € C(S x S),Tk is a compact map from LP(S) into C(S).

(IV)Tx is compact on L*(S). Moreover, if K is continuous kernel, Tk is compact on
LP(S) for 1 <p < 0.

(V)If K a continuous kenel of order o (0 < ov <mn — 1), then Ty transforms bounded
function into continuous function.

(VI)If K a continuous kenel of order a (0 < a < n—1), then Tk transforms LP into
continuous function forp > (n—1)/(n —1— a).

(VIDIf K a continuous kenel of order a (0 < a <n—1), ifu € L*(S) and u+Txu €
C(S), then u € C(S).

Proof. (II) implies (I) by choose € > diam(S).
(II):WLOG, € < j(S) < 1, here j(S) is the injective radius of S. Using polar coordi-
nates on S centered at x, we see (a > 0):

/ K, p)ldo(y) < || Al / 2 — y|*dy
S |lz—y|<e
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< CuS) | Al [
S0 [ A e
Similarly,
[ 1K @ aldota) < CnS.a) | Al

in the case a = 0:

/S K, p)ldo(y) < || Al /| llog(lz — yl)ldy+ || B [l &
r—y|<e€

< Cn,9) || Al / —r" 2 log rdr+ | B |l el
0
= C(n,9) (|| Allos [loge| + 14 || B [|o)e™"

the remainder is obvious by Young’s inequality.

(II):By computation

| / K, 2)f(2)dz < C(K.,S) || f I
S

LAK@@—MMMﬂWMSﬂﬂm@@—KdefM

then Ascoli-Arzela theorem yields our desired.

(IV):Given € > 0, set K (z,y) = K(x,y) if |x —y| < € and K. = 0 otherwise, and set
Kl(z,y) = K(z,y) — K/(z,y). It’s easy to see Tk is compact operator on L*(S)(if
K is continuous kernel, Tk, is compact on LP(S) for 1 < p < 0o). Then conclusion
holds by closeness of compact operator.

(V):Given z € S and 0 > 0. Define Bs(z) ={y € S: |z —y| < 0}, we have

a>0:

T @) =Tl = | [ (K@.2) = K(y. ) )
K(z,z) — K(y,2))f(2)dz K(z,z) — K(y,2))f(z
< [ IR = KD+ [ ) - K )G

S\Bj;(x)

< 1 Allll £ I (/ o el + | |y—z|a)+R<:c7y,5>
Bas(x) Bas(y)
— O,@)F || A ]l £ e +R(z9.0)

Tif(2) = Tuf )| = | / (K (2, 2) — K(y,2))f(2)d2]

IN

/B NG 2) = K ) e + / (K (2, 2) — K(y,2))f(2)

S\Bjs(x)
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< mﬁunﬂu(/ o—cle+ [ w—w§+3m%&
Bas(z) Bas(y)
= O, a) || £ e "] A I 108 0] + 14 | B [l) + Rz, 5,0)

then the conclusion holds by € — § argument.
(VI)As same as (V).

(VII)Given ¢ > 0, choose ¢ € C(S x S) such that 0 < ¢ < 1, ¢(z,y) = 1 for
|z — y| < e and ¢(z,y) =0 for [z — y| <e. Set Ky = K¢ and K; = K — K, then

2

The,u(@) = Tryu(y)| <[ ul [/S(Kl(x, z) — Ki(y, 2)) f(2)dz

then f := u+Tk,u is continuous. If we choose € sufficiently small, then u is continuous
by (II). O

4. DOUBLE LAYER POTENTIALS

In this section, we introduce the double layer potential and study its kernel behavior
partially by some facts in section3.
Let ¢ € C(S), the double layer potential with moment ¢ given by

(4.1) wmzé%nmw@w@

for x € R™\ S, here I'(x) is the fundamental solution.
We note that ( ) )
rT=Y) 7Y
o, I(x,y) = —————==
Yy ( y) wn|x _ y|n
We point out that w is not in R™ and there is a jump at boundry. Before proving the
important fact, we need some basic lemma.

Lemma 4.1. (I)There is a constant ¢ > 0, such that for all x,y € S
(@ —y) ()| < clz—yl*

(II)K is a continuous kernel of order n —2 on S.
(III) The following integal formula hold

1 if x el
o,,I' d = ’
E

/SK(:U,y)da(y):2 if €8

(IV)There is a constant C > 0 such that for all x € R™\ S

L@J@mw@sc

(V)Suppose ¢ € C(S) and ¢(xy) = 0 for some xy € S, then u continuous at xg.
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Proof. (I):WLOG y = (0,---,0) and v, = (0,--- ,1), 2, = f(x1, -+ ,2_1), then by
Taylor’s theorem
(@ —y) -l <@, z) P < clo -yl

S is compact and of class C?, so a uniform c exists.

(I1):By definition of double layer potential and (I).

(III):The first integal formula is trivial by property of fundamental solution. Now we
prove the second, suppose = € S, we set

Se=S\(SNB,), 0B.=0B.NQ, OB'={ye€dB.:v, y<0}

Green’s formula gives

0= [ K(z,y)do(y / I(x,y)do(y)
Se B!
here we have chosen proper oritation on 0B.. Then

/SK(x,y)da(y) = —hm 0y, I'(z,y)do(y) = lim - /83/ do(y)

oB! e—=0 Wy

Again since S is C?, the symmetry difference between 9B/ and 0B is contained in

{y€0B:: |y vl <cle)},  cle) = O(e?)

whose area is O(e") and the result follows.
(IV):Let dist(z,S) be the distance from x to the nearest point in S. Fix § with the
following property:
a.0 < o, here cis in (I).
b.0 < %e, here € is in section2 about tubular neiborhood.
Casel:dist(z, S) > 6. Then |9,,I'(z,y)| < C(n)é*~", hence

10, P @aldot) < Cln.5)
Case2:dist(z, S) < 36. Let xo be the nearest point to = in S.If y € S\ Bs(w):

1
!:B—y!Z!y—:vo!—\:U—wo\Z§5

then the integal in S\ Bs(z) is bounded by C(n,S) as above.If y € Bs(zg), we note
that:

[(x —y) -l
walO T (z,y)] = =
! lz —y[n
[( — x0)| + cly — xo|?
- |z —y|"
and
lz—yl> = |z — 20>+ |y — zo|* + 2(x — o) (y — o)

> |z =z’ + |y — xof* — 2¢|(z — z0)||(y — w0)]
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1
> §(|$—$0’2+\y—1?0|2)
hence
|z — o c }
o' (z, < C(n +
0@ y)} < )[<|x—xo|2+|y—xo|2>n/2 PR

therefore, we set @ = |z — x| and integrate in polar coordinate:

5 4 1
< n—2

~ ¢, S) [/Om(lf%drw}
_ O, )

Combining this with integal in Bj(zy), so we have done.
(V):Given € > 0, by

juz) — u(zo)| < / (185, D )] + 184, (zo, ) D |6(w) [do ()

Bs(zo)

w0, Pl - 10, Dl D iewldo()
S\Bjs (o)

we choose § sufficiently small to make the first item less than %e, then choose n > 0

and |z — x| < 7, so the sum less than e.

Suppose ¢ € C(S) and u is defined by (4.1). we define the function u; on S for

small ¢ # 0 by
u(r) = u(z + ty(z))

Then we have following jump formula.

Theorem 4.2. Suppose ¢ € C(S) and u is defined by (4.1). The restriction of u
to Q has a continuous extension to ) and the restriction u of ¥ has a extension to
Q.More presicely, the function u; converge uniformly on S to continuous u_ and u,

as t approach zero from below and above,respectively. u_ and uy are given by

(1.2 w = gola)+ [ Ka)oiny
(4.3 W = —5ota)+ [ Klepoiat)
.e ) ,

Moreover, ¢ = u_ —u,.
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Proof. If x € S and t < 0 is sufficiently small, then x + tvy, € Q2 | so
wle) = o) (0,0 + 1, )do(y)
S
" / (0, T + 1, 4) (6() — H(x))dor(y)
— o)+ / (0, T + 1, 9) (6() — 6(x))do ()

the second integal is continuous in ¢ as t — 0. Hence
Jim @) = 6f)+ [ K@)owaty) = o) [ Ka)inty
= 3@+ [ Knowoy)
If £ > 0, the argument is same except that
o(x) /S(avyf‘(a: + tv.,y)do(y) =0

The convergence is uniform by the proof of (V) in lemma4.1.

5. SINGLE LAYER POTENTIALS

We now consider the single layer potential with moment ¢

(5.1) u(z) = / D(z,y)é(x)do(y)

here ¢ € C(5). It's easy to see that the restriction of I'(z,y) to S x S is a cntinuous
kernel of order n — 2, so w is also well defined on S. Now we consider the normal
derivative of u, for x € V'\ S we have

(52) 0.u(e) = [ 0,.T(@)otu)dr(y
We set

(5.3) K*(z,y) = K(y, )

and

(5.4 Tief(@) = [ K@t wiat)

then T} is the adjoint of Tk as an operator on L*(S).

First, we prove some simple facts which used in Theoerm 5.2 and section6.
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Lemma 5.1. If ¢ € C(S) and u defined by (5.1), then

(al)u € C(R™).

(a2)If 1o+ Tjrd=f, then [(o=[, [

Moreover n = 2, we have

(b1)u is harmonic at infinity iff fs ¢ =0, in which case u vanishes at infinity.
(b2)If  [¢¢ =0, and u is constant on §Q, then ¢ = 0.

Proof. al:We need to show continuity on S, oy € S then

|u(z) = u(zo)] S/ (I (2, )| + T (2o, y) Do (y)ldo (y)

Bs(zo)

" / T(e,y) — Do, y)||6(y)|do(y)
S\Bs(z0)

the remaining argument is same as proof of lemmad4.1.
a2:By

| f@ast@) = 5 [o@+ [ [ Kaotdotin

- [ ot

the last equality due to Fubini’s theorem and (III) of lemmad4.1.
b1l:We have

1

uw) = 5= [ Qogle =yl —loglel)os)doty) + 3-loglel [ ts)doty)

the first item tends to 0 uniformly for y € S as x — oo, then conclusion is obvious.
b2:If u = ¢ on €2, u solves the exterior Dirichlet problem with f = ¢ by bl. Thus

u = c everywhere, so ¢ = 0 by the following theoerm.

As might be expected, there is a jump discontinuity between the quantities defined

by (5.2) on V'\ S and by (5.4) on S. Indeed, we have following theoerm.

Theorem 5.2. Suppose ¢ € C(S) and u defined on R™. The restriction of u to

Q(resp.QY) is in C(Q) (resp.C (), and for x € S we have

(5.5 0,u(e) = —50@)+ [ Klna)oly)doty)
(5.6 Ouule) = 50+ [ Ky.o)ot)dn(y

| 1 1

(5.7) Oy-u = —§¢ +Tx¢;  Oypu = §¢ + Ty

Moreover, ¢ = 0, u(z) — Oy—u(x).
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Proof. Let v is the double layer potential with moment ¢, consider the following f on
the tubular neiborhood V' of S by

() = v(z) 4+ Oyu(x) if eV \S,
Trod(x) + Tro(z) if v €S,

Claim: f is continuous on V.

proof of claim: it suffices to show that if o € S and z = zo+t7,,, then f(x)— f(zo) —
0 as t — 0, the convergence being uniform in zy. By

@)= fan)l = | [ @1 ()+ 0,T(w.9) = 0,.Tan, ) = 0, . 1) ol ()
<ol [ 10.Tlew) + 0, D pldoly)
Bjs(o)
#10ls [ 190 0) + 0, w0 0)ldo ()
B (o)

+ ¢l /S 05,1 (z,y) + 0, 1'(,y) — 0, I'(w0,y) — 05, 1'(wo,y))|do(y)

However,

(T —y) (Yeo — W)
Wn|x - y|n

0, (z,y) + 0, T(z,y) = < Clag —y[*™"

Again by S is class of C2. Then the first and second integal is dominated by C§, the
remainder is € — § argument.
Hence we have

1
Tye(x) + Ticd(w) = v_(2) + 0, -u(x) = 6(x) + Td(x) + &y-u(x)
le
1 "
Oy—u = _§¢ +Txo
also we have
1
Tro(x) + Tip(x) = vi(2) + Oyqu(z) = —§¢(33) + Tgd(x) + Oy u(z)
le
1 *
Oyru = §¢ + Tk
The convergence is uniform of d,u(x + tvy) to d,xu(x) in x since the same is true of

v and v + 0,u(x).
0
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6. SOLUTIONS OF THE PROBLEMS

For simplicity, we consider the operator T and Ty on L?*(S) and define following
subspaces

1

U+ = ]{?67”(—51— + TK)
1

U_ = ker(§l + TK)
1

W+ = ker(—§I + T;;.)

1
W_ = ker(§I +T%)

We define functions aq,- -+ ,ay, and o, -+, , on S by
o =
! 0 otherwise.

L[ ireeon,
J 0 otherwise.

We first prove a key lemma which contains almost information of above subspaces.

Lemma 6.1. The spaces U, and W, have dimension m, the spaces W_ and W_ have
dimension m'. Moreover:
(a).If n > 2, for each (a1, - ,an,) € C™ there is a unique B € W, such that the
single layer potential w with moment B satisfies w|$); = a; for j=1,--- ,m.
(b).If n = 2, there is an (m — 1)-dimension subspace X of C™ such that:
i. C"=XaoC(1,---,1).
ii.for each (ay,--- ,am) € X, there is a unique 3 € Wﬂ such that the single layer
potential w with moment B satisfies w|QY; = a; for j=1,--- ,m.
(c).For each (ay,--- ,am) € C™ there is a unique € W_ such that the single layer
potential w with moment 3 satisfies w|Y; = a; for j=1,--- ,m' and w|Cy = 0.
(d).L2(S)=Ur W, =U-aW_.
(e).L2(S) = Uy @ range(—31 + Tx) = U_ @ range(31 + Tk).

Proof. a, b and c¢:By a simple computation, we can see a; € Uy and o, € U_. Clearly
Qp, , Qpy, O, -+ o0, are linear independent, respectively. So dimU,; = dimW, >
m and dimU_ = dimW_ > m/. On the other hand, suppose 8 € W, , let w be the
single layer potential with moment 3. Hence 0,_w = 0 and w is constant in each €2,
so we can define a linear map from W, to C™:

B— (W[, ,w|[Qy)

If n > 2, it’s clear that the map is injective by uniqueness of exterior Dirichlet problem
which yields (a) holds.
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If n = 2, the restriciton of the map to Wfﬂ is injective and its range does not contain
the vector (1,---,1), then the (b) holds.
For W_, the map should be from W_ to C™:

6 — (w’Q/h 7w|Q;n’)

notice w = 0 in {(by 9,yw=0) and is constant in each Q; (even n = 2 by a2,bl in
lemma5b.1). Hence if w = 0 in each 2, then w = 0 in © by uniqueness of interior
Dirichlet problem which yields that above map is injective i.e (c¢) holds.

d:It only need to check Ui NW,. =0. Vo € Ui N W,, then Tro = %¢ and ¢ =
—% + T4, uw and v are the single layer potential of ¢ and 1 respectively. Then we
have

1
O0y—u = 0; Oy_v=¢ = §¢ +Tx¢ = 0,4u

0 :/uﬁw_v—vﬁv_u :/uﬁwu = —/ |Vul?
s S o

then wu is locally constant in €' and ¢ = 0.

(Green’s formula holds at last equality above by: [ ¢ @ = 0 which yields u is harmonic
at infinity for n = 2)

Then we check UL NW_ = 0. V¢ € UL NW_, then Tj¢ = —3¢ and ¢ = 3¢ + T o,
u and v are the single layer potential of ¢ and i respectively. Then we have

Hence

1
Oy1u = 0; Oyt = ¢ = 5@25 —Tr¢=—0,_u

0= /ué?wv — V0,4 U = / —u0,_u = —/ |Vul?
s S Q

then wu is locally constant in 2 and ¢ = 0.

(Green’s formula holds at the first equality above by:[¢¢ = [ = 0 which yields u
and v is harmonic at infinity for n = 2)

e:Just prove L2(S) =U; @ W =U_ @ Wt

By:

Vo e U NWE, (¢,¢) =0 by ¢ = ¢1 + ¢o, ¢1 € UL, ¢po € W, Hence ¢ = 0.

Vo e U_NWZ, (¢,¢) =0 by ¢ = ¢1 + ¢2, ¢1 € UL, ¢po € W_. Hence ¢ = 0.

Then the direct sum by linear algebra.

Hence

Theorem 6.2. With the notation and terminology of section2, we have

(I)The interior Dirichlet problem has a unique solution for every f € C(S).

(II) The exterior Dirichlet problem has a unique solution for every f € C(S).

(III) The interior Neumann problem has a solution for f € C(S) iff faﬂj f =0 for
j=1,---,m. The solution is unique modulo functions which are constants on each
Q.

(1V)The exterior Dirichlet problem has a solution for f € C(S) iff fm; f =20 for

j=1,--,m' and also for j = 0 in case n = 2. The solution is unique modulo
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functions which are constants on each ¥} for j = 1,--- ,m' and also on § in case
n=2.

Proof. a:By (e) of lemma6.1, Vf € C(S), f = 3¢ + Tx¢ + Z;il cja, hence ¢ is
continuous by lemma3.1(VII).
by lemma6.1(c), 38 € W_, w is the single layer potential with moment 3, then

m/

wlg = Z ¢
j=1
u = v+ w is the solution of interior Dirichlet problem with boundary function f, here
v is the double layer potential with moment ¢.
b.n > 2, as same as (a)(remove all " and change 1 into —3 ).
n =2,

/

1 " 1 "
f - —§¢+TK¢+ ZCjOéj = —§¢+ Tqu—i— Zdjozj + CILS
j=1 j=1

here vector (dy, - ,d,,) € X.
Then v is the double layer potential with moment ¢, w is the single potential(with

moment 5 € W_) solves E;nz/l d;a; by lemma6.1(b). Finally, the solution of exterior
Dirichlet problem is v + w + c.
c:just consider the sufficient condition.

1 1
/ f=0 Vj<:>f€Ui:mnge(—§I+T}§):>—§¢+Tf*<¢:f
Q2

for some ¢ € C(9).
d:just consider the sufficient condition.

1 1
/ f=0 Vj@fGUf:Tange(§I+T}):>§¢+T;*<¢=f
Q;

for some ¢ € C(5).
n = 2, the single potential is harmonic at infinity implies [ o/ =0.
0

7. APPENDIX

In the appendix, we summarize some some common facts about removable singular-
ity and asymptotic behavior at infinity of harmonic function and its radical derivative
which have used before. For self-contained exposition, we give their proofs here.

Proposition 7.1. If u is harmonic on the complement of a bounded set in R", the
following are equivalent:

(I)u is harmonic at infinity.

(IDu(x) = 0 as x — oo if n > 2, or |u(x)| = o(log(|z])) as x — oo if n = 2.
(IIT)|u(x)| = O(|z|*™) as x — oo.
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Proof. we follow (I)=(I1I)=(1I)=(I).
(I)=(I1I):notice that

Au=0 in Q<= Ai=0 in Q
here Q is some neiborhood of origin, hence (III) holds.
(IIT)=-(II):trivial.
(II)=-(I):by (II) we have
_ o(|z|*™™)  ifn > 2,
ja(x)| = e
o(log(|z])) ifn=2.
in some neiborhood of origin, which yields (I).
U
Proposition 7.2. If u is harmonic at infinity, then |O.u(z)| = O(|z|'™™) as x — oo;
in case n = 2, |O,u(x)| = O(|x|72?) as * — oo.

Proof. By scaling transformation, we may assume that v is harmonic outside B%(O).
Then @ is harmonic in By(0), we can expand it in spherical harmonic function in Bj:

mm=2mﬁwﬁ (Yi € Hy)

here Hy, is the set of all spherical harmonic functions. By the relation of @ and u, we
have

ale) = 3 JeP ) Yk Hy)
k=0

u(e) =Y " y) (Y € Hy)

here © = ry,r = |x|. Hence

o

Ou(z) =r" 2(2 —n—k)r *Yi(y) (Y, € Hy)
then for » > 3 - .
Oru(a)| < Cr' Y e Yi(y)l (Y € Hy)
notice that RHS converges uniformly,kzgnce is bounded which yields our desired. For
n = 2, the first item in sum vanishes, then we complete the proof. 0]
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