II. THE POTENTIAL EQUATION

1. Introduction.
Our objective here is to show that the Dirichlet boundary value problem is well-
posed for Poisson’s equation

(1) —Au(z) = f(z)

which contains the Laplace operator Au = Y"1 | uy,,,. That is, in a domain G
in R™ we seek a solution of (1) which takes on prescribed values u|sg = g on the
boundary 0G. Thus, the data in the Dirichlet problem consists of the two functions,
f and g, and the domain G. It is this last condition, the domain G, which makes the
problem difficult, since a solution which agrees with g on the entire boundary 0G is
demanded. In particular, it is rather easy to find solutions of the partial differential
equation itself, but the real problem is to satisfy the boundary conditions. Although
local solutions of (1) might seem interesting, or even a single global solution on all
of G, they usually represent very little progress towards solving the boundary value
problem.

In Section 2 we shall derive a representation for solutions of (1) in terms of f
on G and the function uw and its normal derivative on dG. Various properties of
solutions of Laplace’s equation

(2) —Au(z) =0

will be derived in Section 3 from this representation. This representation will
be refined in Section 4 to construct a candidate for the solution of the Dirichlet
problem, and we shall use this to solve explicitly the Dirichlet problem for very
special domains. After examining some of the consequences of solvability on the
sphere, we turn finally to prove existence of a solution on general domains.

2. A Fundamental Representation.
Let G denote a normal domain in R™. A harmonic function on G is a function
u € C%(G) which satisfies Laplace’s equation

(1) Au =0

in G. As is often the case with linear equations, certain special solutions which
depend only on the distance from some point can be useful in the construction
of other solutions. In particular, solutions of (1) of the form w(z) = w(r), where
r=|lz—¢& =0 (@ — €)?)2 is the distance from z to &, are given by

u(zx) =

{hua, n=2,

1
=z, Nn=3.

Each of these functions has a singularity at £ characterized by the dimension n. It
will be convenient to define the singular solution of (1) by

wm={ 7 =R g
9 - 1 n>3, - b

—2)wnr=2 =
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where w,, denotes the surface area of the unit sphere in R”. In particular, wy, =
2m and w3z = 4m. The coefficients are chosen to normalize the singularity for
calculations to follow below.

Recall that the Divergence Theorem

/v-ﬁdx: F.7dS
G oG

holds on G when F = (Fy, Fy,..., F,) has components in C(G)NCHG) and 7 is
the unit outward normal on the boundary, G. If u, v € C*(G) N C?(G), then we
can set F; = uv,, in the divergence theorem to obtain the First Green’s Identity

(2) /(uAv—i—Vu'Vv)dx:/ u@dS
G o OV
in which Vv = (vgy, Vsy, ..., Vs, ) is the gradient of v and
% =Vv-0

is the normal derivative, the directional derivative in the normal direction, v. A
corresponding result holds with v and v interchanged, and by subtracting these we
obtain the Second Green’s Identity

ov ou
(3) /C;(uAv—vAu)dx—/aG(ua—UE)dS.

From (2) we obtain our first uniqueness result for Laplace’s equation. If u = v
is a harmonic function in G' and belongs to C!(G), then from (2) follows

ou
Vuzdx:/ u—ds,
Lavapae= [ w3

so if additionally u = 0 on G, it follows that u is constant on G, hence, identically
zero. This shows that there is at most one such solution in C1(G) N C%(G) of the
boundary value problem for Poisson’s equation

—Au(z) = f(z), €,

4
4 u(z) =g(x), z€0G.

We shall show later that there is at most one solution of (4) in the larger class
C(G) N C%*(G). Note also that by setting v = 1 in (3) we obtain Gauss’ law

ou
5 /Audac: —dS.
( ) G oG OV

This is related to the conservation of mass in many applicatons, and it will be useful
in some computations below.

We want now to obtain a representation of a solution of the boundary value
problem (4) in terms of integrals over G and around JG. The identity (3) is our
starting point. We shall apply it to a smooth function u and choose v(x) = s(z, &),
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a singular solution of Laplace’s equation (1) with singularity at £ € G. Because of
the singularity we cannot apply (3) directly to the region G, but we shall instead
apply it to the region G obtained from G by deleting the sphere S. of radius € > 0
centered at £. Now since As(-,€) =0 in G, 0G. = 0G — 0S:, and at = € 0S; the

unit outward normal to 0G. is given by —w;'ﬁ, we obtain for n > 3

B 0s(x, &) ou(x)
- [ s e = | w5 - s as.

oG

1 1 ou(z)
(6) - /asa (u)( ) o) as.

wpen 1 n — 2)wpen 2

We consider the behaviour of each term as € — 0. From (5) we get the estimate

8u<x) = u\x X ann max u\x
|/BSE dsm|—|[SEA<>drs( ) max | Au(z)|

ov n TES.

in which the coefficient on the last term is the volume of the sphere S.. This gives

the first limit
1
lim { _2/ Qu(z) 1oy 0.
e—0 gh 88 aV

n—1

Since the surface area of S; is given by w,e" ™", we obtain

| [ u(@)dSy —wpe" (@)l = [ (u(z) —u(§)) dS,]
95. o5.

"1 max fu(z) —u(6)].

< wp,&
- €S,

The continuity of the function u then yields the limit

. 1
lim {
€—>O wngn—l

/ u(x) dS,} = u(é).
oS

1>

Thus, we have shown that the right side of (6) converges as ¢ — 0, and so it follows
that the left side does also, and we have obtained the integral representation

(7) u(g):/aG (s(x,f)ag—(jc)—u(x)aséa:g))de—/GAu(x)s(a:,f)dx.

This identity expresses the value of a function v € C'(G) N C?(G) at a point
¢ € G in terms of Aw in the interior GG and both of u and g—fj on the boundary 0G.
Thus, the first term in (7) containing the normal derivative of u on the boundary
is a defect in the representation of a solution of the boundary value problem (4).
However the identity (7) will be very useful in the following discussion of properties
of harmonic functions, and we shall return in Section 4 to make the appropriate
modifications to eliminate the defect in the representation, i.e., to eliminate the
term involving %.



Exercises.

1. If u is a function whose value at x depends only on the distance r = ||z — £||
from some point &, show that Au = r1="(r"~1u,.),.. Then show that such a function
is harmonic if and only if it is of the form c¢; +c25(z, £), where ¢; and ¢y are constants
and s(z, &) is the singularity function.

2.a If w,, denotes the surface area of the unit sphere in R™, then the surface area

of the sphere of radius ¢ is w,e™ !, and its volume is given by

g n
v (e) = / wne"tde = wjj .
0

2.b Show that

1
vn+1(1):2/0 vp(V1—22?)dx.

Note that va(1) = 7 = “2, so wp = 27. Also v3(1) = 4%, so w3 = 47. Show that
wy = 272,

2.c Note that

1 3
Unt1(1) = 2/0 &(1 —2%)% dr = 2—”/ cos" " (6) db

n n 0

hence,

Derive the equality

" cos™ 1 (0) df = —" / "=1(9) df
/0 cos"TH(0)d nill, cos" " (0)

from which we get the recursive formula

n—2wWpWn—1

= >
Wn41 =1 o n>3
2.d Show by induction that
2m % > 1
Wp = n
n 1—1(%) Y — Y

where I'(+) is the Gamma function. B
3. Show that if u is harmonic in G and u € C1(G), then

ou
—dS, =0.
oG 81/

4.a State and prove a uniquenes result for the Neumann problem which asks for
a solution of

—Au(z) = f(z), ze€q,

ou
E =g(z), ze€0G.
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In particular, show that any solution is determined up to a constant and that this
is the best that can be done.

4.b Show that a necessary condition for the Neumann problem to have a solution
is that the compatibility condition

/ f(:c)d:c+/ g(x)dSy =0
G oG
hold.

4.c Discuss uniqueness for solutions of the Robin problem
—Au(z) = f(z), z€G,
ou
au(x) + 65 =g(x), z€0qG,

in which o2 + 32 > 0 and af3 > 0.
5. Verify the formula (7) for the case n = 2.
6. The boundary value problem (4) in R! can be stated as

—u(z) = f(z), 0<z<1,
w(0) = g1, u(l) = g2,

where G = (0,1). Show that for any function f which is continuous on [0, 1] the
unique solution is given by

u(@) = (1 - )g1 + 295 + / G, 5) () ds

where
(1—2)s, 0<s<z<l,

(1-s)z, 0<zr<s<l.

G(.s) = {

3. Harmonic Functions.

Here we shall develop some of the properties of harmonic functions such as
differentiability, mean value theorems on spheres, and maximum principle. All of
these results are consequences of the representation (2.7), and it leads to the very
useful notion of subharmonic functions. Throughout this section, G is a bounded
open set in R™ and S(§, r) denotes the sphere of radius » > 0 and center at £ € R”™.

Proposition 1. If u is harmonic in G then u is infinitely differentiable in G.

Proof. Choose S(&,r) so that S(£,r) C G. Applying the representation (2.7) to u
on S(&,r) gives

ou(x 0s(z,
(1) u(y) = /85(5,7«) (s(x,y)% — u(az)%) ds, .

Since the integrand has continuous derivatives of all orders in the variable y in some
neighborhood of S(&,7) x {¢} in R?" | it follows by Leibinitz rule that u is infinitely
differentiable at &.

One of the characterizations of harmonic functions is that they have the mean
value property. We show the necessity of this property here, and in Section 4 we
shall obtain the converse.
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Proposition 2: Mean Value Theorem. Ifu is harmonic in the sphere S(§, R)
and continuous on S(§, R), then u(§) is equal to the mean value of u on S(§, R)

Proof. Let 0 < r < R and set y = ¢ in the identity above. Since s(z,§) = %
is constant, Gauss’ law (2.5) shows that the integral of the first term is zero. Also,
% = %, SO we obtain
1

2 u(€) = / u(x) dS
) O =Gt [ v
from an explicit calculation. Expressing this integral in the polar angle gives

1

u(§) = — u(ry) dfy
Wn Jos(¢,1)

and the uniform continuity of u on S(£, R) permits us to take the limit » — R in
the above to obtain the desired result, namely, (2) with » = R.

Corollary 1. The value of u at & is equal to the mean value of u in S(&, R).
Proof. For each r, 0 < r < R, we have from (2)

Integration of this identity gives

n R
wnft u(€) = / / u(x)dS, dr = / u(x) dx .
n 0 Jas(,r) S(¢,R)

The coefficient of u(&) is the volume of S(&, R), so this is the desired result.

Many of the following results will depend only on the mean value properties of
harmonic functions. Moreover, we will find it useful to consider the following class
of functions.

Definition. A function u € C(G) is called subharmonic in G if for every sphere
S(&,r) with S(&,r) C G we have

1
dS, .
(3) u(§) < e /E)S(w) u(x)

Of course it follows as before that any such function necessarily satisfies the
volume form of the sub-mean-value property, namely,

@) ) < g | e

n

for any sphere S(£,r) as above.

We are motivated by the proof of Proposition 2 to use the identity (2.7) on a
general function u € C?(G) restricted to the sphere S(¢,7) with S(¢,7) C G. By
evaluating it at the center of the sphere and using Gauss’ theorem on the first term
as before, we obtain

1
u(é) /8 PRI / (— Au(a)) (s, €) —

 wyrnt (&) wn(n —2)

7,.2—n

)dx .

Since s(x,§) — ﬁ > 0 for x € S(&,7), we obtain the following extension of the
Mean Value Theorem.



Proposition 2’: Sub Mean Value Theorem. If u € C?(G) N C(G) satisfies
Au(z) >0, z € G

then u(§) is subharmonic in G.

The Mean Value Theorem provides one proof of the following fundamental result.
Another is outlined in the exercises.

Proposition 3: Maximum Principle. Let u be subharmonic in G. Then the
mazximum of u on G is attained on 0G.

Proof. Since u is continuous on the compact set G, there is a y € G such that
u(z) < u(y) for all x € G. Assume that y € G, and let R > 0 be the distance from
y to OG. Since u is subharmonic, we have

wn R" " tu(y) < /

u(z)dS, < / u(y) dSy = wa, R tu(y),
95 (y,R)

9S(y,R)

so we obtain

/ fu(y) — u(z)] S, = 0.
dS(y,R)

But the integrand is continuous and non-negative, so it must be identically zero.
Hence, by the choice of R, the maximum value is attained somewhere on 0G.

Corollary 2: Strong Maximum Principle. Let u be subharmonic in G. If G
18 connected then either u is constant or

u(xr) < maxu(y), xé€G.
yeG

Proof. Consider the set A = {z € G : u(z) = max, g u(y)}. Since u is continuous,
this set is closed in G, that is, its complement is open in GG. From the proof of the
Maximum Principle, if € A then there is a sphere S(z, R) C A with R > 0, so A
is also open in G. Since G is connected, either A = G or A = ().

Corollary 3: Order and Uniqueness. Let G be open and bounded in R™, f;
and fo € C(G), g1 and g2 € C(0G). Let uy ,us € C*(G) N C(G) be corresponding
solutions of the boundary value problem (2.4). If fi(x) < fa(x), x € G and g1(x) <
g92(x), x € 0G, then ui(x) < us(x), = € G. In particular, there is at most one
solution u € C%(G) N C(G) of the boundary value problem (4).

Proof. 1t suffices to note that u = u; — uy is subharmonic on G and non-negative
on 0G.

A similar argument shows that a solution of the Dirichlet problem (4) depends
continuously on the boundary values: if f; = f5, then

max [uy () — uz(w)| = max [g:(z) — g2(2)]



Exercises.

1. Verify the statement in the proof of Theorem 1 concerning the differentiability
of the integrand.

2. Provide the details in the following proof of the Maximum Principle. Let
y € G be a point at which the maximum of u occurs. If ¢ > 0 is sufficiently small,
then v(z) = u(x) + |z — y|? is larger at y than at any x € dG. Thus, v has
a maximum at some z € G. But Av(z) = Au(x) + 2en > 0 for x € G, while

2
887;%” <Oforallj, 1<j<n.
3. Let uy, us be subharmonic in G. If ¢, ¢ > 0, show that ciu; 4+ cous and
max{uy,us} are subharmonic in G.

4. Green’s Function.

Our objective here is to obtain an integral representation and existence theorem
for the solution of the Dirichlet problem for Laplace’s equation (2.1). We showed
already in the previous section that there is at most one such solution and that it
depends continuously on the boundary values, so it will follow that the problem is
well-posed.

Recall the discussion which led to the representation (2.7) in terms of the singu-
larity function. If u € C*(G) N C?(G), then we showed that

W w©= [ (9% w5y as. - [ Auw)ste.g)do

Were it not for the term containing the normal derivative of u, (1) would provide a
representation of a smooth solution of our boundary value problem (2.4) in terms
of the data, that is, in terms of the boundary values of u, and Au(z) in the interior,
hence, (1) would provide a means of defining a likely candidate for the solution.
This motivates the following construction.

Definition. The Green’s function for the region G is given by

G<wa€) = S((lf,g) - ’lU(il?,f)

where s(z, &) is the singular solution of Laplace’s equation and for each § € G, the
function w(, £) is a harmonic function in C'*(G) for which

w(z,€) = 5(x,6), =€ dC.

It follows from the uniqueness result above that there is at most one such func-
tion, w(-,-), so any Green’s function is uniquely determined by the region G. By
repeating the argument that led to (2.7) but with the Green’s function G(-,-) in
place of the singular solution s(-,+), we obtain

@) w9 = [ w0 as, - [ auw6(.6 ds

for any normal domain G and v € C*(G) N C?(G). Note that by using the Green’s
function we have eliminated the troublesome term involving BZ on the boundary.
In particular, if u € C*(G) is harmonic in G, then

(3) u(§) = — /E)G u(x)% dS; .



Fix &, ¢ € GG, and then define the functions

Then v and w are harmonic in G — {¢} and G — {z}, respectively, and v = w =0
on 0G. By applying Green’s identity (3) to these functions on the domain G, =
G — S5(&,¢e) — S(x,e) we obtain

ov ow ov ow
—w — —uvdS +/ —w— —vdS, =0.
/85(5,6) o o Jos@e) OV oY

By calculations as those leading to (2.7), we find that the above converges to
—w(§) +v(z) =0,

so we have established the following.

Proposition 1: Symmetry of Green’s Function. For all £, x € G, we have
G(&x) = G(x,8) .

In the remainder of this section, we construct the Green’s function for two im-
portant examples.

The Half Space. Consider the half space defined by G =R = {zx € R" : x,, >
0}. Let & = (21,22, ..., —x,) denote the point symmetric to x = (x1,22,...,T,) €

G =R, and define then

G(l‘,f) = S(l’,f) - S(l‘,f).

It is easy to check that G(§, x) is the Green’s function for G. Furthermore, note that
the two terms in G(-,-) are symmetric with respect to G, and it is this symmetry
that gives the required equality on the boundary. Then we compute

G 9G 26,

. - = n:()a n 07
ov 0r,  wple —&" ’ &n >
so from (3) we obtain
2 w(x1, T2, ..., Tn-1,0)& day ... dr,—
(4) U/(E):_/ ( . 22 . )é. . 2 Zlﬂ
wn Jre-1 (01— &1)2 + (Tt — §p-1)? + 622

for bounded harmonic functions on G.
Proposition 2. Assume g € C(R"™1) and define

_ 2 g(r1, T2, ..., xp_1)ndxy ... .dTy_q
@ uld) = /Rn—l (1= &)+ (Tn1 —&n1)2+ €22

Wn

Then w is harmonic (and, hence, C*) in G and

lim u(z) = g(zg), z0€R".
T—Tg

zeG
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The proof follows by a direct calculation; see the next case below.

Remark. The preceding construction depends on the symmetric placement of the
points & and f with respect to the boundary, 0G. In the case of a quadrant G =
{(z1,22) : 1 >0, x5 > 0} in the plane, we start with a point (£1,&2) € G and then
reflect about 27 = 0 to get (—&;1,&2) and then reflect both of these about xo = 0
to get (—&1, —&2) and (&1, —&2) for which the four points are symmetric about both
x1 = 0 and x5 = 0, hence, about the boundary of G. The Green’s function is then
given by

G(x,8) = s(x,8) = s(x, (&1, €2)) — sz, (&1, =€2)) + 5(2, (=&, =€2)) -

Note that the alternating signs of symmetric points cause the corresponding terms
to add to zero on OG. A similar construction in R? leads to 8 such terms. These
are examples of the classical method of images.

The Sphere. Now we consider the sphere S(0, R). Again the idea is to construct
the Green’s function by taking advantage of some symmetry of the region. For
each point & € S(0, R) we define the corresponding symmetric point f to be that
point outside of S(0, R) which lies on the same ray through the origin with the
requirement that ||£]|||€]] = R?. Thus, we have & = H]Z%' We shall justify this
definition. For any point x € R"™, we have

lz — €)% = [|=]|* — 2 - € + [IE]1?

R? R

=zl =2 - 6—— 4+ —_
Il =22 S * e

and if in addition ||z| = R, it follows that

~ R2
RZ
= WH§—$H2'

Thus, for each z € 95(0, R) we have

o — €l =l — 1S

This shows that the ratio of the distances to £ and to é is constant from each
boundary point of the sphere, and this is the symmetry condition that we needed.
By placing a singularity function at £ and scaling it with ”iR”, we obtain the desired
Green’s function. Thus, we define

G €)= s(a,€) — s(15l0, [el gy

It is immediate from our calculations above that this is the Green’s function for the
sphere.
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Now we calculate the normal derivative % on 9S(0,R). In order to use the
chain rule we note that G(z,¢) is a difference of a function of r = ||z — £|| and a

function of 7 = @ |z — &||. As before, we compute

or x;—§& 0s(x,§) -1 x;—§

ox;  r ' Ox;  wprml o

Y

and similarly we obtain

oF _lelPai—& os(Ula le) 1 &) -1 el

= =t —— _
ox; R? T or; Cwy, T wpt™ " R2

—&)-

Finally, on 95(0, R) we have r = 7 and v = %z, so we have from above

R

oG (. ¢) d 2 (R~ Jlel?)
o wnr”ZR &) = Cpaoi == R g

Substituting this into (3), we obtain

(B — ¢]?)u(x)
- dsS, .
ul) /as<o,R> onRlle — €

We have shown that if u is harmonic in the sphere S(0, R), continuously dif-
ferentiable on S(0, R), and if u satisfies the Dirichlet boundary condition in (4),
then

2 2
aso,r) wnRlz =&
Note that for & = 0 this is just the Mean Value Theorem. Also, by using a uniform
continuity argument like that in the proof of the Mean Value Theorem, we establish
(5) for those u which are harmonic in the sphere S(0, R) but only continuous on the
closure S(0, R). In fact the formula (3) can be extended likewise for those regions
G which can be uniformly approximated from within. Finally, we note the special
case of (5), namely,

(6) 1:/8 wdsx, ¢ S(0,R),

s(o,r) WnRllx —&[™

which follows for the function u(x) = 1. This result will be useful in a computation
below.
The representation (5) suggests the following major result of this chapter.

Proposition 3: Poisson’s Representation. Let the function g be continuous
on the sphere 0S(0, R) and define a function u : S(0, R) — R by (5) for £ € S(0, R)
and u(§) = g(§) for £ € 9S(0,R). Then u is harmonic and, hence, infinitely
differentiable in S(0, R) and continuous on S(0, R).

Proof. First we show that u is harmonic in S(0, R). Let £ € S(0, R). The denomi-
nator in (5) is infinitely differentiable and bounded away from 0, so it follows that
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u is infinitely differentiable and we may compute derivatives in the integral. In
particular, we have

(R~ |¢?)
A = A——— 2 dS,.
ule) /asm,mg(‘”) Rz — €]

It suffices then to show that the integrand is harmonic in €. For this, we need only
to compute the derivative in the integrand directly. Alternatively, we can note that
G(x,€) is harmonic in &, and by the equality of mixed derivatives the same holds
for each %ﬁ,g) and, hence, for %.

We need only to verify that u is continuous at each point of 95(0,R). Let
e > 0 and z¢p € 05(0,R). Since g is continuous at z( there is a 6 > 0 such that
|z — x| < and x € 9S(0, R) imply that ||g(z) — g(z0)| < €. Let C; denote those
x € 05(0, R) at which ||z — z¢|| < ¢ and let Cy = 95(0, R) — C;. From (5) and (6)
it follows that for any & € S(0, R) we have

8S(0,R) wn Rz — &]|" o

This integral can be expressed as the sum of corresponding integrals over C; and
C5 to give the estimate

u(€) — glwo)| < (B - ||£||2)/C | S (B? —1€1I*) S,

+ oM [ —2E
wn R |z — & wn R c, llz =&l

where M is the maximum of g on 05(0, R). The first term is at most € by (6). If we

restrict € so that [|£ — zo|| < g, then for all x € Cy we have ||z —¢&|| > g and, hence,
2 2

the second term above is bounded by %QM (%)"wnR”_1 . By requiring that

|€ — 20| be sufficiently small, we force R? — ||€]|? to be small and, hence, the latter

term can be made as small as desired. That is, we can make |u(§) — g(zo)| < 2¢,

and this finishes the proof.

Exercises. 1. Show that (3) holds if G is convex and if w is harmonic in G and
continuous on G.

2. Show that the Green’s function is positive in G and that the kernel in (3) is
non-negative.

3. Show that (5) is equivalent to

R" (R — |I§]*)g(Rx)
= de, S 07 R b
ul) /85(0,R) wnllz —&[|" €508

where () is the polar angle.

4. Show directly that % is harmonic in £.

5. Prove Proposition 2.

6. Set S = S(0,R) and 9,8 = {x € 3S : z,, > 0}. Assume g, € C(0,S5) and let
g be the zero extension of g, to all of 9S. Find the boundary values of the function
u defined by (5).
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5. Consequences of Poisson’s Formula.

In addition to establishing the existence of a solution to the Dirichlet problem
on the sphere, Proposition 4.3 has certain other implications. Some of these are of
independent interest, and others will be used later in our discussion of the Dirichlet
problem on more general regions. The first result is a converse to the Mean Value
Theorem.

Proposition 1. If u is continuous on the open set G and satisfies the Mean Value
Property at every & € G, namely, there is an € > 0 such that

1
u(€) = / u(z) dSy
=0T Josien "

for every sphere S(&,r) for which 0 < r < e, then u is harmonic in G.

Proof. For each sphere S(&,r) there is an harmonic function v on S(&,r) which is
continuous on S(&,7) and equals u on dS(&,r). The function u — v has the mean
value property in S(&,7) and so the Maximum principle (Proposition 3.3) shows
that u —v and v —u have their maximal values on 95(€, ). Hence, u = v in S(,r),
and this shows that « is harmonic in every sphere within G.

In combination with the Mean Value theorem, this shows that a continuous
function on an open set GG is harmonic in G if and only if it has the mean value
property at every point in G. Another consequence of Proposition 1 is the following.

Reflection Principle. Suppose G is an open set which lies on one side of a hy-
perplane and whose boundary intersects this hyperplane in a subset I'. Let u be
harmonic in G, continuous on GUTL, and uw = 0 on I'. For each point x € R™
denote by T the point symmetric to x with respect to the hyperplane. Define u on
G={i:zecG}byu) =—u(x), z €G. Then u is harmonic in the interior of
GUTUG.

Suppose now that we have a sequence of functions {uy} which are harmonic
in the open set G’ and continuous on the closure, G. If the sequence converges
uniformly on the boundary, 0G, then it follows from the Maximum Principle that
this sequence converges uniformly on all of G to a function u which is necessarily
continuous on G. Let y be a point in G and choose 0 < r < R such that the closure
of the sphere S(y, R) is contained in GG. By Poisson’s representation (5) we have
for every k > 1

(R — [1€11*) uw ()
= dsxa S 5 ’
Uk(£> /85(%1%) wnRHa: — 6”” 6 S (y 7“)

and the denominator is bounded by (R — r)~", uniformly for z € 9S(y, R) and
¢ € S(y,r). From the uniform convergence of the sequence if follows that we may
take the limit in the above identity to obtain

_ (2 = lE?)ute) .
e /as(y,R) Bl — g e SESWT)

But r» < R is arbitrary, so this last identity holds for all £ € S(y, R), hence, u is
harmonic in S(y, R). Furthermore, if D denotes any derivative (of any order), then
we have also

(B2 — [I€]I*)

D = D(—————— dS; ,
w©= [ D@
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and the integrand is uniformly bounded as before for £ € S(y,r) and = € 9S(y, R).
Hence, the sequence {Duy} converges uniformly on S(y,r). Note that every com-
pact subset of G can be covered by a finite number of spheres, each of which is
properly contained in a sphere whose closure is in G. These remarks prove the
following.

Proposition 2: Weierstrass. Let the sequence {ux} of functions harmonic in
the bounded open set G and continuous on G be uniformly convergent on G. Then
the sequence converges uniformly on G to a function u which is harmonic in G
and continuous on G. Furthermore, if D denotes any derivative, then the sequence
{Duy} converges uniformly on every compact set in G to Du.

Now suppose that u is harmonic and non-negative in S (0, R) and continuous on
its closure, S(0, R). Let £ € S(0, R) and note that

R—¢l<llz =&l <R+ €Ell, 2€dS(0,R).

From these estimates we obtain

e — u(x)dS,; < —dS,
I Josom "™ osio.m T2 — €7
1

D el dSma
S e /85(0,1%) ul)

and in view of (4.5) this implies

RO\"PR-| o R \"*R4|d]
o <R+||£||) Rl s (€)§<R—II€II) R

These are the Harnack inequalities for non-negative harmonic functions. In addition
to providing estimates for the growth of non-negative harmonic functions, they
imply the following.

Proposition 3: Monotone Convergence. Let ui be a non-decreasing sequence
of functions harmonic in the open and connected set G. If the sequence converges
at some point of G, then it converges uniformly on every compact subset of G to a
function which is harmonic in G.

Proof. Let y be a point at which the sequence converges. Since the class of harmonic
functions is invariant under a translation of coordinates, we may assume that y = 0.
Choose 0 < r < R with the closure of S(0, R) inside G. Then from the Harnack
inequality (1) applied to the non-negative function u; — uy, j > k > 1, we have

R o RAE]l

0< () ~wl® < ()" "= e|

(uj(0) —ur(0)), &€5(0,7).

Since {uy(0)} converges, this shows that the sequence {uy} is uniformly Cauchy,
hence, uniformly convergent in a sphere centered at 0. That is, if ug(y) converges
for some y € G, then {uy} converges uniformly in every sphere centered at y whose
closure is contained in G.

Suppose z is a point in G at which the sequence does not converge. Then the
sequence cannot converge at any point in S(z,r), where r is half the distance from
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z to the boundary of GG, since that would imply convergence at z by the preceding
paragraph. Thus, we have shown that the subset of G on which {uy} diverges is
open. We showed above that the subset on which {u} converges is open. G is
connected, and the latter set is non-empty by assumption, so the former must be
empty. The assertion about uniform convergence follows, since every compact set
can be covered by a finite number of spheres whose closures are contained in G.
Proposition 2 shows that the limit is harmonic.

Exercises. 1. Use the Mean Value Property of harmonic functions to show that
the uniform limit of harmonic functions is harmonic.

2. Show that if a sequence of harmonic functions converges uniformly on every
compact subset of the open set GG, then any derivative of the sequence converges
uniformly on every compact subset to the corresponding derivative of the limit
function.

3. Verify that the only bounded harmonic functions on R™ are the constant
functions.

4. Prove the Reflection Principle.

6. The Dirichlet Problem.

Our objective here is to show that the Dirichlet problem for Laplace’s equa-
tion has a solution whenever the domain is sufficiently smooth. In fact, we shall
characterize those domains for which the problem is always solvable as those for
which a much simpler problem is always solvable, namely, that for each point on
the boundary, there is a harmonic function which vanishes at that point and is
strictly positive elsewhere in the domain. Such a function can usually be found by
inspection.

The idea of the proof below is simple. Note that if u is the solution to the
Dirichlet problem

Au(z) =0, z€ G, uly)=g(y), y € 0G,

and if v is any subharmonic function on G with v < g on 9G, then v < u on all of
G. Thus the solution is characterized as the ‘largest’ such function.

Proposition 1. Let G be a bounded domain in R" and u a subharmonic function
on G. Let S be a sphere with closure S contained in G. Define the function

v e C(G) by v(z) =u(z), x € G—S, and v is harmonic in S. (Thus, v is given
by Poisson’s formula in S.) Then v is subharmonic in G and u < v in G.

Proof. Clearly v is subharmonic in S and in G — S. Since u — v is subharmonic in
S and is zero on 05, we have u < v in S, hence, in all of G. Finally, to see that v
is subharmonic at each £ € 95, we have for sufficiently small r > 0

v(€) = u(8) < 1_/ w(z)dS, < 1 1/35(5 )v(x)de.

wyrm1 98 (£.r) Wy,

Definition. The function v, determined in Proposition 1 from the subharmonic
function u, is called the S-harmonization of u, and it is denoted by u?.

Let the function g € C(0G) be given, and define the set of functions

Cy ={v € C(G) : v is subharmonic in G,v < g on 0G}.
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This set is non-empty, since it contains the constant function ¢ = mingg g. By the
Maximum Principle, we have at each x € G

sup v(z) < maxg
vely ( ) oG

so we can define
u(x) = sup v(x), =€ G.
vely
Proposition 2. The function u is harmonic in G.

Proof. Let S be a sphere with S in G, and let € S. By definition, there is a
sequence {u,} in C, for which lim u,,(x) = u(x). Since we can replace each u,, by
max{us, us,...,u,}, we may assume with no loss of generality that the sequence is
monotone. (Note that the maxima of subharmonic functions is subharmonic: see
Exercise 3.3.) Consider the monotone increasing sequence {u2}. This sequence
necessarily converges to a harmonic function U in S, and we have U < u in G. We
will show that U > w in S. Suppose there is a y € S for which U(y) < u(y). Pick a
sequence {v, } in Cy with lim v, (y) = u(y). Set V,, = max{u1,vi,u2,v2,...,Un, vy},
so that the sequence {V,,} is increasing in G, limV,,(z) = u(x) and limV,(y) =
u(y). Consider the sequence of S-harmonizations: {V,°}. As before, this sequence
converges upward to a function V harmonic in S, and we have

V>U V(z)=U(z) =u(z), V(y) =uly) > Ul(y).

By the Maximum Principle, the first two imply that V = U in S, and this contra-
dicts the third. Thus, we have shown that v = U in S, so u is harmonic (in each
sphere contained) in G.

Now we consider the boundary values of the limiting function, u. For this, it
will be useful to introduce the following.

Definition. Let G be a bounded domain in R". For any point y € 0G, a barrier
for G at y is a function w € C(G), harmonic in G, with w(y) = 0 and w(z) > 0 for
all x € G — {y}. The boundary point y is called regular if there exists a barrier for

G at y.

~ For example, if there is a sphere S(&,r) for which G N S(¢,7) is empty but
GNS,r) ={y}, then we can use the singularity function to construct a barrier
for G at y by

w(z) = s(y,€) — sz, ),

so such a point y is regular. In particular, if the boundary G is C?, then every
boundary point is regular.

Proposition 3. If the point y € 0G is reqular, then the limiting function satisfies

lim u(z) = g(y).
T—Y

Proof. Let w be a barrier for G at y. Fix ¢ > 0 and choose r > 0 so small that
S(y,r) does not cover all of G and for all x € 0G with ||z — y|| < r, we have
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l9(x) — g(y)| < e. Note that necessarily wo = ming¢ gy, {w(x)} > 0. Consider the
harmonic function

maxpg g — g(y)w(x) = G
Wo ’ )

vo(x) =€+ g(y) +

It follows that vy > g(y) +¢ in G and so for x € G N S(y,r) we have vo(z) > g(z).
Also, we have for those z € 0G — S(y, )

vo(x) 2 € +9(y) + (maxg — g(y)) > g(z),

so g < vg everywhere on 0G. Now for any v € C, if follows from the Maximum
Principle that v < vy in G, so the limiting function satisfies

u(x) <wvo(x), =e€QaG.

This gives the estimate

lim sup u(z) < limsupvg(z) = lim vo(z) =€ + g(y),
T—Yy T—Y rT—yY

hence, we have limsup,_,, u(r) < g(y). Similarly, consider the harmonic function

minaGg - g(y)w(a:) = G
Wo ’ ’

vo(r) = — + g(y) +

As above, we find that vy € C,; and, hence, vg < u in G. This gives

liminf u(z) > liminf vg(z) = lim vo(z) = —e + g(y) ,

so we have liminf,_,, u(x) > g(y). That is, we have shown that lim,_., u(z) = g(y).

Theorem: Perron’s Method. Let G be a bounded domain for which each bound-
ary point is reqular. Then for each boundary function g € C(OG) there exists a

unique function uw € C(G) which is harmonic in G and for which w = g on 0G.

We note finally, that if the Dirichlet problem can be solved for any countinu-
ous boundary function, then each point y € dG is necessarily regular. It is only
necessary to solve the Dirichlet problem with g(z) = ||z — y|| for = € 0G.

Theorem. If G is a bounded domain and f € C(G), then

u(z) = — /G s(x,y) () dy

belongs to C(G) N C?(G) and satisfies —Au(x) = f(z) in G.



