Chapter 3

Laplace Equation

One of the most important PDEs is the Laplace equation
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The corresponding inhomogeneous PDE is Poisson’s equation
—Au = f.

Both equations are linear PDEs of second order with the unknown function u : R™ — R.
A function that solves Laplace’s equation is called harmonic. As is typical with linear
inhomogeneous equations, the sum of a solution of Poisson’s equation and a harmonic
function is again a solution to Poisson’s equation.

These equations show up in many situations. In physics they describe for example the
potential u (also called the voltage) of an electric field in the vacuum with some distri-
bution of charges f. To give some more detail, perhaps you are familiar with Coulomb’s
law: if we have a particle with charge ) at the origin and another particle with charge ¢
at x, then the force on the second particle is
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where k. is an empirical constant. (If you haven’t seen this before, it is very much
like Newton’s equation for gravity.) If the charges have the same sign the force pushes
the second particle in the & direction (repulsion); if the opposite sign the force is in
the —& direction (attraction). We interpret the bracket as the electric field of the first
particle. Then this same rule could be stated that a positively-charged particle moves
in the direction of the electric field and a negatively-charged particle in the opposite
direction. And in fact this vector field is a gradient
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For historical reasons, the potential is defined £ = —Vu. So then we could say that a
positively-charged particle tries to decrease the electric potential, like a ball rolling down a
hill. The steeper the change in potential, the stronger the force. We will use this example
of electric potential to give an interpretation of some of our results. Indeed, much of this
theory was developed first by physicists and some techniques seem strange if one does not
know the physics motivation!

3.1 Fundamental Solution

The Laplace equation is invariant with respect to all rotations and translations of the
Euclidean space R". Therefore we first look for solutions which are invariant with respect
to all rotations. These solutions depend only on the length r = |x| = /z -z of the
position vector z. For such functions u(z) = v(r) = v(y/x - x) we calculate:

2
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Hence the Laplace equation simplifies to an ODE
Npu(x) =V, - Veu = U”(r)gl:2 + v/(r)n v'(r) o v (r) + n- 1@’(7’) 0
v e r? r r2r r B

Let us solve this ODE:

V"(r) 1—n , C'In(r) + C" forn =2
n(v'(r)) = (1 —n)In(r) + v(r) { e for n > 3.

v'(r) r
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We see two things here. The space of solutions is two dimensional, with one solution
being just the constant solution u = C”. The other solution is not a solution on all of R”
because is has a singularity at the origin. Never-the-less these are important ‘solutions’
to consider!

Definition 3.1. Let ®(x) be the following solutions of the Laplace equation:

_1 =
D) — 5= In |z forn =2
1 forn > 3.
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Here w,, denotes the volume of the unit ball B(0,1) in Euclidean space R"™. We call these
fundamental solutions of the Laplace equation.

This solution lies in the space of radially symmetric solutions. And notice that for n = 3
it is the electric potential of a single particle. We have chosen C” = 0, which makes
the solution tend to zero for large x. The constant C” is chosen in such a way that the
following theorem holds:
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Theorem 3.2. For f € CZ(R™) a solution of Poisson’s equations —Au = f is given by

u(r) =exf= [ &) f(r—y)dy.

R’I’L
Moreover, the distribution corresponding to the fundamental solution obeys —AFg = 6.

Proof. We see that the function u is twice continuously differentiable since f is twice
continuously differentiable and because it has compact support we can differentiate under
the integral sign. We calculate

0*u 0*f
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In particular, Au(x fR" y) A, f(x —y) dy. We decompose this integral in the sum of
an integral nearby the Slngularlty of ® and an integral away from this singularity:

Au(z) = / SO —y)dy  + / ()OS (x — ) dy
B(0,€) R\ B(0,¢)
=1 +J..

We use [rlnrdr = %(lnr — Y and [rdr =% and estimate the first integral for € | 0:

Cé*(|lnel+1) (n=2)
L] < 1A f]] oo dy <
10 < 181 ““/B(o,@' ) {02 -

In the J. integral, because A is second order, we can change A, f(z —y) to Ay [f(z —y)]
without changing signs. Then integration by parts yields

J = / DY)V, - V,lf(x — y)] dy
R\ B(0,¢)

—— [ Vel 4 [ e, -y Nl
R7\B(0,¢) 0B(0,¢)
=K. +L..

We are able to apply integration by parts because f has compact support; we can restrict
R™ to some large ball without changing the integral. The second term converges in the

limit € | 0 to zero:
Cell =9
B(y)| do(y) < {6'”' (n=2)

=N fl“R’/ Ce (n>3).

0B(0,¢)

Another integration by parts of the first term yields

K. = / Ny®(y) f(z —y)dy — / V@) f(x —y) - Ndo(y)
R”\ B(0,¢) 0B(0,¢)

= —/BB(O )Vﬂ)(y)f(x —y)- Ndo(y).
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Here we used that & is harmonic for y # 0. The gradient of ® is equal to V&(y) =
——L % The outer normal N of R"\ B(0, ¢) on dB(0, €) points towards the origin and is

nwn |y["
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given by the expression —%. Together V,®(y)-N = T T

in Lemma 3.3, the limit of K, as € — 0 is — f(z). We can understand this intuitively by
observing that for € small and y € dB(0, €) by continuity f(x —y) ~ f(z). Therefore

As we will prove rigorously

11 1
Kom= [ @) ) = 1@ [ 1doty) = )

nwy, |€ nwy, |€|nt
Putting these three limits together
Au(z) =1+ K+ Le = 0— f(x) +0.

Because the left hand side is independent of €, we conclude that it must have been equal
to — f(x) all along.

It remains to prove the claim about distributions. For any test function ¢ we have per
the definition of distribution derivative

n

(AFg)(p) = Fa(Dyp) =/ D(y)Aep(y) dy.

But then we can see this as the calculation above with ¢(y) = f(0 — y). The conclusion
is that the value of the integral is —¢(0). Moving the minus sign around we arrive at
—AFgp(p) = ¢(0). But this is the definition of the delta distribution. O

In general, a fundamental solution of a constant coefficient linear PDE Lu = f has the
property that L® = ¢ in the sense of distribution. We make these assumptions on L so
that L is just the real-linear combination of partial derivatives, and so interacts well with
convolution. In particular, if we apply L to the convolution of f and the fundamental
solution

L®xf)=(L®)x f=dxf=f.

This shows that the convolution ® * f solves the inhomogeneous PDE as long as it is well
defined and the derivative rule for convolutions holds.

To give the physics explanation, the fundamental solution is the potential of a single
particle with unit charge. The charge of a particle is described by the delta distribution
because it is only at a point but the total amount is finite. Consider the situation with
two particles f = @10, + Q20,. This formula (pretending that ¢ is a function) says that
their potential is

ue) = [ 2w -)f0) Py = [ 2o -1)Qu0) Pyt [ B pQubly) 'y
= Q1 P(z — p) + Q2P(z — q).
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The interpretation is that if you have charges described by f, then treat them as a sum
(or integral) of particles. Each particle produces an electric potential Q1 ®(z — p), and
the total potential w is the sum (or integral).

Fundamental solutions are not usually unique however. Consider the present case of the
Laplace equation. If we have any harmonic function v then A(® +v) = AP+ Av=§+0
shows that ® 4 v is also a fundamental solution. The difference between two fundamental
solutions solves the Laplace equation, so this is the only possibility for other fundamental
solutions. Different fundamental solutions can produce different solutions to the PDE.
We shall see that the fundamental solution we have chosen is the only one that vanishes
at infinity, which makes it in some sense the best one.

The difference between the first and second claim of the theorem is the assumption of
regularity of f: twice continuously differentiable or smooth respectively. In fact it is
possible to generalise this theorem further: the convolution of f with & is defined for
continuous functions f € I}(R") and belongs to L'(R™). In this case the result of the
convolution may not be differentiable but it is a solution of Poisson’s equation in the sense
of distributions. However, if one assumes that f is Lipschitz continuous and belongs to
L}R™) then u is twice differentiable (in the usual sense) and solves the PDE. This situation
is typical of the delicate questions of regularity of the solution.

3.2 Mean Value Property

In the previous section we constructed a solution to the inhomogeneous equation. Any
other solution must differ from the constructed one by a harmonic function. We should
therefore understand harmonic functions in order to understand the space of solutions.
In this section we shall prove the following property of a harmonic function v on an open
domain © C R": the value u(z) of u at the center of any ball B(x,r) with compact closure
in € is equal to the mean of u on the boundary of the ball. Conversely, if this holds for all
balls with compact closure in €2, then u is harmonic. This relation is called mean value
property and has many important consequences.

Let us introduce some notation. Given a function v let

1 1
— u(y)do(y) = u(x +rz)do(z)
nwyT OB(z,r) NWrn JoB(0,1)

be its spherical mean. Here w,, denotes the volume of the unit ball in Euclidean space R"
and equality follows from Lemma 2.9(iv) using rP(z) = x + rz. We write S(r) when the
function and center point are clear.

Slul(z,r) =
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The ball mean or of u on the ball B(z,r) is

1 1 "
Mlul(z,r) = / udp = / / udo ds,
Wt B(z,r) wnt™ Jo 0B(z,s)

using the co-area formula, Lemma 2.11. Many statements can therefore be made either
in terms of ball means or spherical means.

The spherical mean, and means generally, have several nice properties. First note that
the normalisation constant in the definition ensures that S[1] = 1 and likewise for any
other constant. The mean is real-linear in the function: S[au+bv] = aS[u] + bS[v], which
just follows from linearity of the integral. Likewise it follows from the monotonicity of the
integral that if u < v then Su] < S[v]. From these basic properties follows continuity at
the center:

Lemma 3.3. If u is a continuous function then lim, o S[ul(x,r) = u(z).

Proof. By the definition of continuity for all € > 0 there is a radius ¢ such that for all
points y € B(x,d) we know |u(y) — u(x)| < e. For any r < ¢ it follows that

|S[u] — u(z)] = [S[u] = Su(2)]| = |S[u — u(@)]| < S[|lu—u(=z)[] < Sle] =-.
But this is the definition that lim, o Su|(z,r) = u(x). O
Particularly important is the relationship between the spherical mean and the Laplacian of

u. Differentiating the spherical mean with respect to the radius and using the divergence
theorem gives

0 1 d 1
ES(T) = / —(u(z +rz))do(z) = /83(0’1) Vu(z +rz) - zdo(z)

nwn Jop(o,1) dr Wy,

1 1
= \Y% -Nd = Audpy. 3.4
nwnrn_l /QB(ﬁ,r) u<y) U(y) nwnrn_l /B(x,r) aen ( )

Therefore if u is harmonic then S(r) is constant. With these important properties of
means prepared, we are ready to fully prove our claim.

Theorem 3.5 (Mean Value Property). Let u € C(Q2) on an open domain Q@ C R™. We
say that u has the mean value property if

1
u(zr) = Slu)(x,r) = —— u(y) do
(2) = S[ul(. 1) /83(”) (y) do(y)

nwy, "1
for all balls with B(z,r) C Q. A twice continuously differentiable function u € C*(Q) has
the mean value property if and only if it is harmonic. Additionally, the same result holds
if ball means are used in place of spherical means.
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Proof. We have just calculated that if w is harmonic then S(r) is constant. From the
previous lemma we then conclude that S(r) = w(z) for all applicable . Conversely, if
Au(x) # 0, then by the continuity of Awu there is a ball B(z,r) where Au is strictly
positive (or negative). For this ball and any ball contained in it the right hand side of
equation (3.4) is strictly positive (or negative) and the spherical mean is strictly mono-
tonic. Therefore it is not constant.

To show the statement about ball means relate it to the spherical means:

1 r n—1 r
Mul(z,r) = / udp = n S—/ udods = E/ s"1S(s)ds
W™ B(z,r) ™ Jo nwnsn—l OB(z,s) ™ Jo

Thus if S is constant and equal to u(z), so is the ball mean. If the ball mean is constant
and equal to u(x) then we differentiate both sides with respect to r

= 0 — Mlu|(z,r) = — " /07’ s"1S(s) ds + Tﬁnr"_lS(r) = —Eu(ac) + ;S(r).

rn-i—l r

Therefore S(r) = u(z) too. O

Keeping with our theme of distributions, we might wonder how we can reinterpret the
mean value property for distributions. As is typical for extending definitions to distri-
butions, we first develop a formula for regular distributions. Suppose that u : 2 — R
is continuous and B(a, R) C €. For each point a € €2, we view the spherical mean as a
function 7 — S[u](a,r) on (0, R). Therefore Fsp@r) € P'((0, R)). For any test function
Y € D((0, R)) we compute

R
F. = ) dr = d d
swan) = [ Sul@neeyar= [ [ o T EN0) dof)
:/ u(x)—(\:v—od - dr = / u(x)—(|$_a|) - dx
B(a,r) nwy |z — al? 0 nwy |z — al?
TR
nwy|r — a|?1
Therefore we make the following definition for any distribution F' € D'(2). For any a € ()

there is a ball B(a, R) C €. The spherical mean S,[F] of F' around a is the distribution
n (0, R) C R with the formula

Y(lz — al)

nwy|r — a1

SalF](¢) = F(tha), for va(z) =

This is well-defined for two reasons. First, the support of 1 excludes 0, so 1;@ is identically
zero on a neighborhood of a. In particular, dividing by |z — a|"™! does not produce a
singularity. And second, the support of ¢, is contained in B (a, R). This shows that it is
a test function on €.
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The mean value property is that the spherical means of the function are constant in
the radius. Hence the corresponding property of distributions should require S,[F] to
be ‘constant’ in a suitable sense. We will prove in an exercise that a distribution G
corresponds to a constant function if and only if

V(pGD(Q):/gpd:CzO = G(p) = 0.

Together we have

Definition 3.6 (Weak Mean Value Property). Let U € D'(Q2) be a distribution on an open
domain €2 C R™. It is called harmonic if AU = 0 in the sense of distributions. We say
that U has the weak mean value property if for each a € € the respective spherical mean
S.|U] is a constant distribution. More explicitly, this means that for each ball B(a, R)
with B(a, R) C Q and each ¢ € C§°((0, R)) with [ du = 0 the distribution U vanishes

on the test function ,.

What is the relationship of the weak mean value property to the (strong) mean value
property? Suppose U = F,, for a continuous function v € C(2). If u has the mean value
property, then we observe that

Sa[Fqu) - Fu(@za) = FS[u](a,T) (¢) = Fu(a) (7/))

In other words, for each a € Q the distribution S,[F),] corresponds to the constant function
u(a). Thus F, has the weak mean value property. Conversely, suppose that F, has
the weak mean value property: For each point a € 2 there is a constant ¢ such that
F. = S,[F.) = Fspjar)- But we may use the fundamental lemma of the calculus of
variations, Lemma 2.15, to conclude that ¢ = S[u](a, ). Hence the spherical mean of u
is constant in the radius. In summary:

Lemma 3.7. Foru € C(Q), u has the mean value property if and only if F,, has the weak

mean value property.

The functions @a may look a little scary, but in fact they are actually friendly once you
get to know them. They are smooth functions characterised by two properties:

1. they are radially symmetric around a, and

2. they have compact support in R™\ {a}.
It is clear that any @a has these two properties. If a smooth function ¢ has Property
1, then it is a function of the distance |x — a|. Another way to state Property 2 is to

say that the support is contained in an annulus centered at a. Because it vanishes in
a neighborhood of a, there are no issues with the non-smoothness of |x — a| at = = a.
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So define ¥(|z — al) = nw, |z — a|"o(z) to get the function ¢ € Cg°((0, R)) with the
relation ¢ = 1,.

These functions also behave well under convolution, so long as its the convolution of a ‘big
annulus’ with a ‘little annulus’. By this we mean the following. Consider X, ¥,. Further
suppose that Y, is identically zero on B(b, R) and the support of ¥, lies in B(a,r) for
r < R. Then Y, *1, also obeys Property 1 and 2. Let us demonstrate this now. First, due
to Lemma 2.13 we know that y, * Vg 18 rotationally symmetric around b+ a. Second, the
convolution has compact support in R™ by the addition formula for supports. It remains
to show that it vanishes in a neighbourhood of b+a. But this too follows from the addition
formula for the support of a convolution, since a +b ¢ (R™ \ B(b, R)) + B(a,r).

There is a final point to be made about the total integral of these functions. Recall the
formula F,(1)q) = Fsju(ar)(¢). We apply this to the function u = 1, which has the mean

value property, to get Fi(v,) = Fi(¢). Writing this out as integrals shows

/ Yo dr = Y dr.
Q (0,R)

In particular, the integral of v, is zero if and only if the integral of ¢ is zero. And as
a reminder, when we introduced convolutions we noted that the integral of Y, * ¥, is
the product of the integral of each function. Important to the proof below is that if y,
has total integral zero, so too does Yp * 1. In particular, the weak mean value property
applies to it.

Now we ready to prove that a distribution has the weak mean value property if and only
if it is a harmonic distribution. This should be seen as a generalisation of Theorem 3.5.
Something stronger comes out of this proof, a famous result known as Weyl’s lemma. It
tells us that weak solutions of the Laplace equations coincide with the strong solutions,
and all solutions are smooth.

Weyl’s Lemma 3.8. On an open domain 2 C R", a distribution U € D'(Q2) is harmonic
if and only if it has the weak mean value property. For each harmonic distribution U €
D'(Q) there exists a harmonic function u € C*°(Q) with U = F,.

Proof. The steps of the proof are as follows:

1. We show that harmonic distributions have the weak mean value property.

2. For any distribution U with the weak mean value property, we can define a function
u through spherical means. This function is smooth and harmonic.

3. We show that u corresponds to the original distribution U. So every distribution
with the weak mean value property is a harmonic distribution.
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Step 1. Suppose that U is a harmonic distribution. Choose any point a € 2 and suppose
B(a, R) C Q. For every ¢ € D((0, R)) with integral 0, we will show that there exists a
test function g € D(Q) with Ag = v,. This is sufficient to prove that U has the weak
mean value property because then U(i,) = U(Ag) = (AU)(g) = 0.

By the assumption on v that the total integral is zero we can define a test function
¥ € D((0, R)) through ¥(r) = [ 4 with U/ =1. Then we define

: b
g(x) =v(lr —a|) with o(t) = /R = dr.
This function g depends only on |z — a|. Because one end of the integral is set at R and
U has compact support, g has compact support in B(a, R) C €. Similarly it is constant
on B(a,€) for some € > 0. For z near a therefore, Ag = 0 = (). And for = # a
we can reuse the calculation of the Laplacian for radial function from the search for the
fundamental solution:

Bg(a) =1/ (lz = al) + T/ ([ — a).
Note
v
V() = nw (ti)l
P B S, 10 R U N U 11
nw, "1 nw, 1" nw, t—1 t  nwptt1t’
which implies
Ag(x) o ¢(|x_a’) :'l/;a(l').

Cnwy|r — alm!
This concludes Step 1.

In Step 2, we assume that U has the weak mean value property and construct a smooth
harmonic function u. For any open subset ' € 2 there is a radius R such that ' +
B(0,R) € €. For all z € ' choose any ¥ € D((0, R)) with fOR¢(T) dr =1 and define

u(@) = (o * U)(2).
Due to Lemma 2.16, u is smooth. But we need to check that this definition is independent
of the choice of 1. We can unwind the definitions of the convolution

u(@) = (Yo x U)(x) = U(T,Pdo) = Uly = Py — 2)) = Uy = do(x — y)) = U ().

Now suppose that y is another choice. Then 1, — ¥, is a test function on Q with total
integral zero (it is equal to the integral of 1) minus the integral of x, both of which are
1). The weak mean value property now implies

U,) = U(Xs) = U@y — %) = 0.
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Next we prove that the distribution £, has the weak mean value property. How does F,
act on a test function ¢? Again this is answered by Lemma 2.16, F,(¢) = U(p * Pz/?o).
This formula simplifies a little due to ) = Pty being a radial function. Let {, be any
function from the definition of the weak mean value property. Then we must show that
U(xp * @/;0) = 0. The trick is to use the freedom definition of u to choose a suitable .
We know that there is an € > 0 such that x;, vanishes on B(x,¢€). We can choose JJO such
that its support lies inside the ball B(0,€¢/2). Then by the discussion above we know
that yp * 1;0 is again a function of the form considered in the weak mean value property.
Therefore F,(x%s) = U(Xs *%o) = 0. In other words F, has the weak mean value property.
By Lemma 3.7, v has the mean value property and further by Theorem 3.5, u is harmonic.

Lastly, we have Step 3, where we prove F,, = U. The functions s(t) = A¢/3(t — %e) have
support [¢/3, €] and total integral 1. Thus the corresponding functions &, are a smooth
mollifier on R™. We again use the freedom in the choice of 1 to see that F, = k. x U for
every €. Now Lemma 2.12 implies F,, = U. [

To conclude this section we show that the mean value property leads to a growth estimate.

Corollary 3.9. Let u be a harmonic function on an open domain Q@ C R"™ and B(x,r) a
ball with compact closure in 2. For all multi-indices o we have the estimate

1
el0tlal ||

0% u(@)] < Cln,a)r " Jull e gy with C(n,lal) =2

Proof. We have just seen in Weyl’s lemma that all harmonic functions are smooth and
thus all partial derivatives of a harmonic function are harmonic. The mean value property
and integration by parts (the divergence theorem version) yield fori =1,...,n

|0;0%u(x)| = 0;0%udp

WnT"™ J B(z,r/2)

0“ulN; do

WnT" JoB(zr/2)

2n
< 0%l @Bwr/2)-

n ‘_

The inductive application gives first C'(n, 1) = 2n, and using the induction hypothesis
[0°u(w) | < 20 lol)r ! ull sy for all y € DB(z,r/2)

the relation C(n, 1+ |a|) = 2'*1%nC(n, |a|). The given C(n, |a|) is the solution. O

Liouville’s Theorem 3.10. On R" a bounded harmonic function is constant.

Proof. The foregoing corollary shows that |9;u(z)| is bounded by 2n |||z rnyr~" for each

t=1,...,nand z € R". In the limit » — oo the first partial derivatives vanish identically.
Therefore u is constant. [
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3.3 Maximum Principle

We have already mentioned the intuition that if a harmonic function is increasing in some
direction then it must decreasing in another. This would imply that a harmonic function
cannot have a local extremum, and this is indeed the case. Suppose a harmonic function
u has a maximum at a point x of an open connected domain €2 C R". The mean value
property implies on all balls B(z,r) C

o). o).
u(y) — u(xr)|dy = u(z) —u(y)dy = 0.
S o 1) —u@lay = ) —uty

By the fundamental lemma of the calculus of variations (or a standard argument from
continuity), we conclude that u(y) = u(z) for all y € B(z,r). Hence u takes the maximum
on all these balls B(z,r) C €. This shows that the set {y € Q | u(y) = u(z)} is open.
But it is also the preimage of a single value, and therefore closed. It is non-empty since
by assumption u does have a maximum. By the definition of connected, this set must be
all of Q.

Strong Maximum Principle 3.11. If a harmonic function u has on a connected open
domain 2 C R™ a mazimum, then u is constant. [

There is a more geometric proof in the case that €2 is path connected. We again begin
with showing that u takes its maximum on every ball centered at x in the domain. Since
(2 is path-connected every other point y € € is connected with x by a continuous path
v : [0,1] — Q with v(0) = = and y(1) = y. The compact image [0, 1] is covered by
finitely many balls B(y(t1),71),..., B(v(tn),rn) C 2 with 0 < t; < ...ty < 1 and
ri,...,rn > 0. Supplementing the balls if necessary, we can assume that the center of
each ball belongs to the previous ball. Then repeating the argument Inductively, u is
constantly u(z) on all these balls too and hence u = u(z) along v, and on (2 since this is
true for all y € Q2.

A practical consequence is the following

Weak Maximum Principle 3.12. Let the harmonic function uw on a bounded open
domain Q2 C R™ extend continuously to the boundary 9. The mazimum of u is taken on

the boundary OS).

Proof. By Heine Borel the closure 2 is compact and the continuous function u takes on
2 a maximum. If it does not belong to 9€2, then w is constant on the corresponding
connected component and the maximum is also taken on 0f2. O

Since the negative of a harmonic function is harmonic the same conclusion holds for
minima.
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The triumph of the Maximum Principle is that it generalises to many elliptic operators
(Definition 2.1), unlike the mean value property. It really goes to the heart of ellipticity.

Theorem 3.13. Let L be an elliptic operator on a bounded open domain 2 C R™ whose
coefficients a;; and b; extend continuously and elliptic to 02, and ¢ = 0. Every twice
differentiable solution u of Lu > 0 which extends continuously to 0S) takes its maximum

on 0f).

Proof. Let us first show that L is uniform elliptic, i.e. there exists A > 0 with

> ai(@)kik; > XY "k forallz € Qand all k € R,
ij=1 i=1

The continuous function (x,k) — >27"._, a;;(x)kik; attains on the compact set (z,k) €

Q x S" 1 C Q xR" a minimum A > 0. Hence L is uniform elliptic.

Next we use a trick to move to the case where L of the function is strictly positive. For
v(x) = exp(ax;) with a > 0 we conclude

Lv = a(aay () + by (z))v > alar + by (z))v.

The continuous coefficients b; are bounded on the compact set 2. Therefore there exists
a > 0 with Lv > 0. By linearity of L we obtain L(u + ev) > 0 on  for all € > 0.

Now we show that the continuous functions u + ev cannot attain a maximum on {2 even
though they must attain a maximum on 2. At any such interior maximum z, €
the first derivative of the function u + ev which is twice differentiable on () vanishes
and the Hessian is negative semi-definite. At this point we need a little bit of linear
algebra to explain the connection between the Hessian and the Laplacian. The Hessian
is a real symmetric matrix, so it is diagonalizable by an orthogonal matrix O, that is
H = OTDO. D is a diagonal matrix whose entries are the eigenvalues of H. Because H

is negative semidefinite, all the eigenvalues are negative or zero. In symbols W =
10Tj

> & OkiAiOy;. The Laplacian is the trace of the Hessian. Therefore
Au(xg,tg) = trH = tr(OT DO) = tr(DOO™) = tr(DI) = tr(D) = Z Ai <0.

Similarly, for any elliptic operator

n

Llu+ ev)(zo) = Y i () 8 €(0) Z bi(2)0 = Y ay(2)0rMOy;

;01
Oz:0z; i.j k=1

ij=1

Because the eigenvalues are non-positive, we define By; = Og;v/—\i. Continuing with the
calculation

L(u+ ev)(xg) = — i i aij(7) By Bry < — i )\i Bj;, <0,
k=1 =1

k=1 i,j=1
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and this contradicts L(u+ ev) > 0. Therefore for all € > 0 the maximum of u + ev belongs
to the boundary. Finally, we use the following comparison between u and u + ev to reach
the conclusion.

inf < = < .
supu(z) + € inf v(w) < sup(u(z) + ev(z)) = max(u(z) + ev(x)) < maxu(z) + emaxv(z)

Because this holds for all € > 0 the boundedness of v on  implies the theorem. O

The negative of the functions u in the theorem obey Lu < 0 and take a minimum on the
boundary. In particular, the solutions u of Lu = 0 take the maximum and the minimum
on the boundary.

Now let us see why maximum principles are so important. We consider the following very
natural boundary value problem:

Dirichlet Problem 3.14. For a given function f on a bounded open domain 2 C R"
and g on OS2 we look for a solution u of —Au = f on  which extends continuously to
0) and coincides there with g.

The condition that u extends continuously to the boundary is necessary for the boundary
value problem to be meaningful. Otherwise the values on the boundary could be complete
unrelated to the rest of the function. We say that a function u is m times continuously
differentiable on the closure € of an domain, if it is m times continuously differentiable
on () and all partial derivatives of order at most m extend continuously to 0f2.

Let Q C R™ be an open and bounded domain and suppose that there are two solutions u;
and uy to the Dirichlet problem for the Poisson equation with inhomogeneous term f and
boundary value g. Then the difference v := uy — uy solves the homogeneous problem, i.e.
it is harmonic, and v = 0 on 0f2. Therefore by the weak maximum principle we know that
both the maximum and minimum of v on every connected component of €2 is 0. The only
possibility is that v = 0 on all of €2. This shows that solutions to the Dirichlet problem
are unique.

Putting this another way, we can uniquely determine a harmonic function if we know its
values on the boundary of its domain. This gives us a way to understand the space of
harmonic functions.

3.4 Green’s Function

We just saw that the solution to the Dirichlet problem is unique, if a solution exists. In
this section we try to find some conditions which ensure the existence.
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First we prepare some well known formulas, which hopefully you have already proved as
an exercise. In first formula we apply the Divergence Theorem to x — v(z)Vu(z):

Green’s First Formula 3.15. Let the Divergence Theorem hold on the open and bounded
domain Q C R™. Then for two functions u,v € C*(Q2) we have

/vAudy—l—/Vv~Vudy:/ vVu - N do.
Q Q o0

If we subtract the formula for interchanged u and v, then we obtain:

Green’s Second Formula 3.16. Let the Divergence Theorem hold on the open and
bounded domain Q@ C R™. Then for two functions u,v € C*(Q)) we have

/ vAu —ulvdy = / [vVu —uVv] - Ndo.
Q o0

The significance of these formulas becomes apparent when we apply them to the funda-
mental solution v(y) = ®(x — y). This function is harmonic for y # z, so we need to
exclude a small ball B(x,€). We apply Green’s second formula on the domain Q\ B(z, €).
The left hand side becomes

/ O(z — y)Au(y) dy.
Q\B(z,€)

As argued in Theorem 3.2 (the part with /) this integral is well defined in the limit € | 0.
For the right hand side of Green’s second formula, there are two boundary components
to consider, namely 02 and 0B(x,€). The integrals over 0B(z, €) are of a type L, and K,
respectively. We have in the limit € | 0

/ O(x — 2)Vu(z) - N(z)do(z) — 0.
OB(z¢)

For the other integral, we must be very careful of signs. As required by the divergence
theorem, let N be the unit normal vector to 0B(z,€) that points towards z. It can be
expressed as N(z) = o Therefore N(x—2") = Ii_:l is the unit normal vector to dB(0, €)

pointing away from the origin. This is the opposite sign as the N in Theorem 3.2. We
have

—/ w(2)V.(P(x — 2)) - N(z)do(z) = / u(2)Ve®(z — 2) - N(z)do(2)
OB(z,¢€)

OB(z,€)

_ / u(e — 2)VB() - N(z — 2') do(2) = —ula).
0B(0,¢)

Rearranging the terms gives
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Green’s Representation Theorem 3.17. Let the Divergence Theorem hold on the open
and bounded domain Q2 C R™. Then for x € Q and a function u € C?*(Q2) we have

u(z) = — /Q B(x — y)Auly) dy + /m Dz — 2)Vu(z) — u(2)Va(®(z — 2))] - N do(2).

This representation formula allows us to reconstruct a function u from its Laplacian and
the values of v and the normal derivative Vu-N on 0§2. But the Weak Maximum Principle
implies the function is already uniquely determined by its Laplacian and boundary values,
the normal derivatives on the boundary are redundant information. The question is, how
can we calculate the normal derivatives from the other two pieces of information? If the
domain €2 admits a function of the following type, then there is a clean formula.

Green’s Function 3.18. A function Gq : {(z,y) € QxQ | x # y} — R is called Green’s
function for the bounded open domain Q2 C R™, if it has the following two properties:

(i) For x € Q the function y — Go(z,y) — ®(x — y) extends to a harmonic function on
y € (.

(ii) For x € Q the function y — Gq(z,y) extends continuously to 02 and vanishes on
y € 0f).

From the physics perspective, a Green’s function tells us the potential at x of a single
particle at y if the potential is forced to be zero on the boundary. This is the case if the
boundary is a metal cage (a Faraday cage). The first condition can also be expressed as
ANyGo(z,y) = 6, in the sense of distributions, where §, is the delta distribution centered
at x € . We could imagine expanding the definition of a Green’s function so that
unbounded domains ) were allowed, but the potential has to go to zero ‘at infinity’ in
the second condition. The shifted fundamental solution ®(x —y) would then be a Green’s
function of 2 = R"™.

Let’s put them to use. We apply Green’s Second Formula to the function v(y) = Gq(z,y)—
®(z — y). It is a harmonic function on all of Q so there is no need to exclude a ball this
time. Further, because we know the integrals with ® are well defined, so therefore are the
ones with Gqo. We have

| Galwsutry @y [ o=y sut)ay

Q

S /E’QU(Z)VzGQ(JI, 2) .Nda(z)—/aQ [@(z — 2)Vu(z) — u(2)V.(P(z — 2))]- N do(z).

Now Green’s Representation Theorem implies

u(zr) = — /Q Go(z,y)Ayu(y) dy — /m u(z)V,Gq(x, z) - Ndo(z).
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We should think of this as an improved version of Green’s representation formula, enabled
by the existence of a Green’s function. We will shortly prove that conversely that if
functions f : 0 — R and g : 92 — R have sufficient regularity, then

ulz) = / Gale,y) fy) dy — / 4(2)V:Ga(z,2) - Ndo(2)

Q

defines a function that solves the Dirichlet Problem. Therefore the Dirichlet Problem
reduces to the search of the Green’s Function.

A Green’s function is unique. If there are two Green’s functions on €2, then their difference
is harmonic for all y € :

G,y) = G(r,y) = Glz,y) = ®(z —y) — [G(z,y) — ®(z —y)]
and vanishes for y € 2. By the weak maximum principle, this difference must be zero. As
an aside, if we return to the generalised case where 2 = R", then the difference between
two Green’s functions is a harmonic function that goes to zero at infinity. Therefore
it is bounded and Liouville’s theorem tells us it is constant (and thus constantly zero).
Therefore the shifted fundamental solution ®(x — y) is the unique Green’s function for
R™.

Further

Theorem 3.19 (Symmetry of the Green’s Function). If there is a Green’s Function Gg
for the bounded domain 2, then Gq(x,y) = Ga(y,x) holds for all x #y € Q.

Proof. For © # y € Q let € > 0 be sufficiently small, such that both balls B(x,¢) and
B(y, €) are disjoint subsets of Q. Green’s Second Formula implies for the domain Q \
(B(x,€) U B(y,€)) and the functions u(z) = Gg(z, 2) and v(z) = Ga(y, 2)

/aB< ) [Ga(y, z)V.Ga(z, 2) — Ga(z, 2)V.Galy, 2)] - N do(z)

- /aB( | (Ga(x, 2)V.Ga(y, 2) — Galy, 2)V.Gq(x, z)] - Ndo(z).

For ¢ — 0 the estimate for L, in the proof of Theorem 3.2 shows that both second terms
converge to zero. The calculation of K, in the proof of Theorem 3.2 carries over and
shows that the first terms converge to G (y, z) and Gg(z,y), respectively. O

Finding a Green’s function for an arbitrary domain can be difficult, and they do not
even exist for all domains. However it is feasible for highly symmetric domains, and the
advantage is that then the solution has a concrete formula. We shall calculate Green’s
function for all balls in R™. Let us first restrict to the unit ball 2 = B(0,1). The key is
to try and add a harmonic function to ®(x — y) that equals it on the boundary. We may
use the inversion z — ((x) = e in the unit sphere 0B(0,1). It maps the inside of the
unit ball to the outside and vice versa, fixing the boundary.
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Green’s Function of the unit ball 3.20. The Green’s Function of B(0,1) is

O(z —y) — (u(z) —y) — (x) forn =2,

GB(O,l)(x>y) = ®(x—y)—O(|z|(c(z)—y)) = {@(x —y) - ’$‘2—n©<L(x) —y) forn > 2.

Proof. Fix x € B(0,1). There are two properties that we must satisfy. First the function
y = Gpo)(r,y) — P(x —y) = ®(Jz|(e(x) — y)) should extend to a harmonic function on
all y € B(0,1). Observe that «(z) is a point outside unit ball, so ¢(z) — y is never zero
and thus this function is well-defined for all y € B(0,1). Moreover, we have proved in a
exercise that composing a harmonic function with rescaling, reflection or translation of
its domain creates another harmonic function.

For the vanishing on the boundary, note that there is no problem extending G p(o,1)(%,y)
for y € 0B(0, 1), because x and ¢(z) are not in B(0,1). To show that it’s zero, we need
some geometry. For |y| =1 we have

2 _ _
2] (u(z) = 9)|” = (|z] 'z = |zly) - (Jo| 'z = |zly) =1 — 22 -y + |z*|y[?
=y —2z-y+ |z = |z -y

Because ® is a function that only depends on the length of its argument, ®(|z|(c(z) — y))
and ®(x — y) are equal on the boundary y € 0B(0,1). O

Although the definition of Gp(,1) appears to treat  and y differently, in fact ||2|(«(z) —

y)‘2 = 1—2z -y + |z|*|y|* from the above proof, which does not use on |y| = 1, shows
that the it is symmetric as expected.

The affine map z +— a + rz is a diffeomorphism from B(0,1) onto B(a,r) and a homeo-
morphism from 0B(0,1) onto dB(a,r). We can use this coordinate change to transform
a Dirichlet problem on the ball B(a,r) to one on B(0,1). If u solves —Au = f on
B(a,r) and u|gp(ar) = g then v(z) = u(a +rz) solves —Av = r?f(a+rz) on B(0,1) and
v(x) = gla+rx) for z € 9B(0,1). The same is true in reverse. Thus the ability to solve
the Dirichlet on one ball confers the ability to solve the Dirichlet problem on every ball
(and the same for other domains related by similarity).

We can use this insight to give the Green’s function for a general ball. We use an equivalent
characterisation of the Green’s function: for every x € €2 the harmonic difference u(y) :=
Ga(z,y) — ®(x — y) is a solution to the Dirichlet problem

Au =0 on €, u(y) =0— ®(x —y) for y € 0N.

(This gives an alternative proof of uniqueness.) For 2 = B(a,r) and a point 2’ = a+rz €
B(a,r) the related Dirichlet problem on the unit ball is v(z) = u(a + rz) with Av = 0 on
B(0,1) and

—P(r —y) -5 forn=2
—r?"®(x —y)  forn >3

w(y) = ~0(a’ = (a+ry) = —0(r(z — ) = {
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for y € 0Q). By linearity and since constant functions are harmonic, we can write down
the unique solution on B(0,1) by inspection:

o) — 4 ~2Ul(e(2) = y)) = o7 forn =2
v {—TQ_”‘I’(IJC\(L(JC) —y)) forn>3.

Putting this all together gives

Goan(®,y) = 22" —¢) +u(y) = (r(z —y)) + v(y)

:{@(m—ywi—<I>(|x|(b(w)—y>)—% for n =2
r* Oz —y) — " 0(|xf(u(x) —y))  forn >3
=2 O (x —y) — (2| (c(2) — y))]

/

= PG (52, L2,

r ) r

It remains to prove therefore that taking the Green’s representation formula and inserting
f and ¢ with sufficient regularity does indeed define a solution to the Dirichlet problem.
We do this only for the specific example of the unit ball, but by the above discussion an
analogous result will hold for any ball.

Poisson’s Representation Formula 3.21. For Q = B(0,1), f € C%*(Q) and g € C(09)
the unique solution of the Dirichlet Problem on ) is given by

u(r) = /B o Gpoyy(r,y)f(y)d"y — / 9(Y)VyGpoa)(z,y) - ydo(y).

8B(0,1)

Proof. Tt suffices to consider the two cases ¢ = 0 and f = 0 separately.

Consider g = 0 first. The essential point is the symmetry of the Green’s function, so
whatever properties hold in the second variable also hold in the first. From Theorem 3.2
we have function v(z) that satisfies —Av = f. Their difference has the formula

wtr) =oe) = [ [Guan (@) - o) sy

But the bracketed expression is harmonic in z and therefore v — v is harmonic. This shows
that —Au = —Av = f. Moreover, we know that G p(o1)(z,y) is zero for x € 0B(0,1) and
hence so too is u(z).

The f = 0 case is the new part. We define the Poisson kernel K (z,y) := —=V,Gp(o,1)(z,y)-
y. By the Symmetry of the Green’s Function the function z — K (x,y) is harmonic. Hence
for f = 0 the given function u is harmonic. It remains to show

ulz) = / o (W) do()
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extends continuously to x € 0B(0,1) and coincides there with g(x). The issue is that the
integral is over y € dB(0, 1) so their is a singularity in the integration in this limit. We
compute for |y| = 1 and n > 2 (the reader should check this same formula holds for n = 2

t00):
—1 1 1
Ky =——— 4.V _
( y) n(n . 2>wny Yy (‘LL’ _ y‘n—2 ’ZL’|”_2 |L($>—y‘n_2>

N y'(y—x |a:|2<y—b<a:>>)

nw jz =yl o[ [e(x) —yl”

l—z-y—|zP4+z-y  1—|z]

nwolz =yl nwelr —y[
This clearly shows the singularity at y = x but that for all other z € 9B(0,1) it is zero.
We observe

(i) the integral kernel K (x,y) is positive for (z,y) € B(0,1) x 0B(0, 1).

(ii) The following formula, which follows from Green’s Representation Formula for the
function v = 1 on the domain Q = B(0,1):

/ K(z,y)do(y) =1 for x € B(0,1).
8B(0,1)

(iii) Forallz € 9B(0,1), 0 > 0, and y € 0B(0,1)\ B(z, §) there is the bound K (A\z,y) <
L—(1— A2%) Therefore the family of functions y — K (Az,y) converge uniformly to

Nwnp o™

zero for A1 1 ony € 0B(0,1)\ B(z,?).

We will now prove that for continuous g the properties (i)-(iii) ensure that in the limit A 1 1
the family of functions x — faB(0,1) g(y) K (Az,y) do(y) converge on dB(0, 1) uniformly to
g. For any z € 9B(0,1), 0 < A < 1, and § > 0 we have estimate

[u(Az) — g(x)| = /8 s 9y K(Ax,y) — g(z) K (Az,y) da@)’ using (ii)
< [ o) - @)l O g) o) using (i)
dB(0,1)
N (/8B(0,1)\B(;v,6) " /83(0,1)m3(z,5)) 9y) = g(@)|K (Az,y) doy)
< yeggg ! lg(y) — g(@)| x (1 = N*)d™ using (iii)
+  sup - fg(y) —g(@)[ x 1 using (ii).

yedB(0,1)NB(,d)
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Therefore for any 6 > 0 and 0 < A < 1 we have the uniform estimate

lu(rz) = g()llo < (1 =X*)8"  sup [g(y) —g(x)|+  sup  [g(y) — g(2)].
z,ye0B(0,1) z€0B(0,1)
y€dB(0,1)NB(.9)
Taking the limit A 1 1 we see that the limit is bounded by the second term for any § > 0,
since the first term tends to zero. But the second term can be arbitrarily small, and
therefore the uniform limit must be zero. This proves the claim. O]

A harmonic function v on B(a,r) which extends continuously to dB(a,r) obeys

u(z) = ﬂ/a Mdg(y).

nrwy B(a,r) ’l’ - y’n

Like the Weak Maximum Principle, this shows that u is completely determined by the
values on 0B(a,r), except here the result is constructive. One can also integrate this
formula in x over a ball, and after interchanging the integral and using some geometry,
arrive at the Mean Value property.

One new consequence of this formula is an additional regularity result for harmonic
functions. The dependence on x in the formula is well-behaved for x € B(a,r’) with
r’ < r, because |z — y|~" is bounded away from its singularity. Therefore partial deriva-
tives of u with respect to x can be expressed with similar formulas depending only
on the values of u on a fixed ball B(a,r). For all y € dB(a,r’) the Taylor series of
|z —y|™ = (y* — 22y +2?)72 in © = 2z converges uniformly to |x — y|™™. This
implies:

Corollary 3.22. Harmonic functions on an open domain 2 C R™ are analytic. [

Another regularity result, which speaks to the connection between harmonic functions and
holomorphic functions (if you know some complex analysis), is the so called ‘removable
singularities’ theorem:

Lemma 3.23. Let 2 C R™ be an open neighbourhood of 0 and u a bounded harmonic
function on Q\ {0}. Then u extends as a harmonic function to €.

Proof. On a ball B(0,r) with compact closure in €2, Theorem 3.21 gives a harmonic
function @ which coincides on 9B(0,r) with u. The family of harmonic functions u.(x) =
u(x) — u(x) + eGpery(x,0) on B(0,r)\ {0} vanish on 0B(0,7). If for any € > 0 the
function u. takes on B(0,r) \ {0} a negative value, then due to the boundedness of u
and @ and the unboundedness of Gp(o,)(-,0) the harmonic function u. has a negative
minimum on B(0,r) \ {0}. This contradicts the Strong Maximum Principle. Hence u, is
non-negative. Analogously u. us for negative € non-positive. Otherwise u. would have a
positive maximum in B(0,r) \ {0}. In both limits € | 0 and € T 0 ug = @ — u vanishes
identically on B(0,7) \ {0} and @ is a harmonic extension of u to €. O
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The proof shows a slightly stronger statement. Each harmonic function on Q2 \ {0} whose
absolute value |u(x)| is for all € > 0 bounded by eGp(,(x,0) on B(0,6) \ {0} with
sufficiently small 6 > 0 depending on € has an harmonic extension to (2.

3.5 A PDE with no solutions

In this optional section we deliver on the promise in Section 2.2 to give a PDE without
any solutions. The key is the following lemma, which shows that no (nontrivial) function
has a Laplacian that grows negatively faster than the function grows. This should be
compared to Liouville’s theorem 3.10, in which a growth bound is used to show that a
harmonic function (a solution to Au = 0) is constant. Then we only need to construct
a PDE which implies this property but that u = 0 does not solve. The idea and lemma
come from the paper “Nonexistence of weak solutions for some degenerate elliptic and
parabolic problems on Rn” (Mitidieri and Pohozaev, 2001).

Lemma 3.24. Let Q = R?\ {0}. The only twice-differentiable function u : Q@ — R that
satisfies
—|z]PAu > u?

18 u = 0.

Proof. The trick is to choose a particular family of test functions pr € C3°(€2) and use
them to derive decreasing bounds on the integral of u that can only be satisfied by u = 0.
Choose a smooth bump function 1y on R that has the value 0 for |t| > 2, the value 1 for
|t| <1, and is monotonic increasing/decreasing for 1 < |t| < 2. We define

or(x) = Yr(|z]) and Wr(r) =1y (R_l lnr) .
Because they are radially symmetric, it is easy to describe their supports:

rEsuppyr < R 'Injz| <2 & 2R<In|z| <2R & e 2 <|z| <

So g is positive on the open annulus Ag = B(0,e*) \ B(0,e2%). Likewise ¢ = 1 on

the closed annulus A%, = B(0,e®) \ B(0,e ).

We will bound the integral of u?/|z|* on A;. Because we are working with non-negative
functions we can increase the domain of the integral:

2 2 2
Ir ::/ u—de:/ u—ZSORd$ S/ u_zspR(M = Jr 5/ (—Au)prdr.
Al || Al || Ap 7] Ag

Now we apply Green’s second formula on Ar. The test function and all its derivatives
vanish on the boundary 0Ag, the result is to transfer the Laplacian to ¢g.

JRS/ (—U)A@Rdx:/ (—u)V/Pr |x|A¢Rdx.
Ar AR |z| PR
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The introduction of these strange factors will become clear in a moment. In the next step
we use a result you might not know. You should be familiar with the Cauchy-Schwarz
inequality for vectors, which says a - b < ||al| ||b]| for a,b € R". But it holds for all inner
products, including the L? inner product on functions.

/AR( |L\’/@ |x\!/i_903d _ <(— @/ﬁ) !m\\/i_iR>L2

<|=el P,
(L) (f

9 1/2
dx)
= 7}’ </ le{Bm) dx> "
Agp YR

Now we see that the choice of factors has created another Jx on the right hand side. We
can manipulate the inequality, by dividing J ]1%/ ? across and squaring:

2(A 2 1/2 2(A 2
AR AR

YR PR

2| Apr

(—u)y/Pr

]

[z|Apr

VPR

This bound is useful because u does not appear on the right hand side, it is solely in terms
of pg.

In the next phase of the proof we use the specific form of pg (until now, we have only
used that Green’s formula applies to Ag). Recall that the Laplacian in polar coordinates
is
A 82v+1av+162v
V= — - — + ——.
or2  ror  r206?

We use the chain rule:

8903_ Inr\ 1
o Y0 (7) R
Por Inr 1 , (Inr) 1
oz = U (7) Y (7) R
Inr 1 Inr 1 1 Inr\ 1
sen=1i () w4 () mr 7 () 7m0
, (1nr 1
0 (7) r2R?

We substitute this into the integral and then make the change of variable t = R~'Inr
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(which implies dt = R™'r~!dr and ¥r(r) = o(t)):

|7[*(Apr)® Ang / / lnr 1\’
Jp < — dr dé
= /AR e—2R YﬂR r2R? mar

B 6”‘ 1 )2 1 1Py
o [ (R) VT / , B Vo ) 4t

Now we have an integral that doesn’t even depend on R. Of course the precise value of
the integral depends on the choice of 1)y, but it is possible to choose one such that the
integral is finite. Therefore we have a bound

2
IR:/ dI<JR<27TOR_
AR

 l?

Finally we can prove the statement of the lemma. Choose any point z € Q = R?\ {0}
and let S be such that x € Ay. Consider Ig. For all R > S we have I > Ig since the
integrand is positive and this is expanding the domain. But this implies 0 < Iy < 2rCR™3
for all R > S. The only possibility is /g = 0. But this implies u = 0 on AY. Therefore
u(z) = 0. O

With this lemma it is easy to construct a PDE with no solutions, even before we impose
any boundary conditions, namely —|z|? Au = u® + 1. Any solution has the property

—|xPAu=u® +1 > u?

and therefore ©u = 0. But v = 0 doesn’t solve the PDE.



