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Chapter 1

Basics, examples, classification

In these notes we stick to the basic conventions IN := {1,2,3,...} and Ny := N U {0}.

Terminology (for general PDEs). A partial differential equation (PDE) is an equation
for a function u in two or more (real) variables:

F(z,u(z), Du(z),D%*u(z), ..., D™ tu(z), D™u(z)) = Ogu for all z € Q (%)
or, in short-hand notation,
F(-,u,Du,D%u,..., D™ 1y, D™u) = Ogu on .
Here we denote . ..
e by m € N (if chosen minimal') the order of the PDE (x),

o by Q an arbitrary open set in R",

o byu: QO — RY the unknown function (by Du(x) € L(R™,RY) = RN*" its first deriva-
tive at the point x, regarded as linear mapping R™ — RN or (Nxn)-matriz, and more
generally by DFu(z) € L']S“ym(]R",IRN) its k-th derivative at x, regarded as symmetric k-

linear mapping (R™)* — RN),
e byn € N the number of (independent) variables, here generally n > 2,
e by N € IN the number of unknown (component) functions,
e by M € IN the number of (component) equations,

o by F: QxRN x L(R", RN) x L2

sym

the given structure function of the PDE (x).

(R™,RN) x...x L7 (R™, RY) x £ (R™, RY) — RM

sym sym

For N =1 the unknown is a scalar/single function, otherwise a vector function. In case
M =1 we speak of a scalar/single PDE, otherwise of a system of M PDEs. Finally, we
call u: @ — RN a solution of /to the PDE (%) if (x) holds for u.

'Minimality of m means that the PDE can see a difference in the m-th derivative only. In precise terms, this
means that there exist functions u, v, and a point zo € Q with D¥u(z¢) = D*v(xo) for k = 0,1,2,...,m—1 but
still with F(zo, u(zo), Du(zo), D*u(x0), - . ., D™u(x0)) = 0 # F(x0,v(20), Dv(x0), D*v(x0), . . ., D™v(x0)).
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4 CHAPTER 1. Basics, examples, classification

We emphasize that the word ‘partial’ in the term ‘partial differential equation’ signifies
the occurrence of partial derivatives 0%u = 07'05? ...05"u with a € INj (which are the
components of Dy with k = |a| = ay4as+...+a, < m) and is used to distinguish these
equations from ordinary differential equations (ODEs) for functions of a single variable.

Terminology (for linear PDEs). The PDE (x) above is termed linear if the structure function
F is an affine function of the u, Du, D?u, ..., D™ tu, D™u variables, that is if it takes the
form

N
Z Z ald (x)0%u;(x) = f7(x) forallz e Qand j=1,2,... M—1,M (xx)

with coefficients a?: Q0 — R and inhomogeneities f7: Q — R. The PDE (%) has con-
stant coefficients if all coefficients ag are constant functions; and it is homogeneous if all
inhomogeneities 7 vanish.

While linear PDEs are clearly a very basic type, a lot of advanced PDE theory has nowadays
been developed for cases which are not truly linear but linear in the highest-order derivatives
at least. Though not all authors use the same terminology for such equations, there is some
agreement that quasilinear PDEs are equations of the type

N
Z Z A9 (. u,Du,D?u, ..., D" u)0%; = GI(-,u, Du,D?u, ..., D™ lu)

=1 |a|=m

and semilinear PDESs are equations of the somewhat more special type

N
Z Z agj(.)aaui = G]( ,U,DU,DQU,. . 'aDm_lu)'

i=1 |a|=m

PDEs which are not even quasilinear are generally known as fully non-linear PDEs.

Examples (of PDEs and PDE systems). Consider an open set Q@ C R™ with n € IN>q.

(1) The Cauchy-Riemann system

ou Ov ou ov

oz oy’ oy Ox

is a first-order (m=1) linear system of M=2 PDEs for N=2 functions u,v: Q — RY in n=2

variables. It corresponds to the case of the structure function F'(z,w, ) = (¢11—Fl22, {12+021)
for (z,w, ) € QxR2xR**? in (*).

If we identify R? with C, solutions (u,v): Q@ — R? of the Cauchy-Riemann system turn out
to be precisely the holomorphic functions h: 2 — C. Thus, the Cauchy-Riemann system
can be viewed as the underlying PDE system in complex analysis (at least in case of a single
complex variable). The Cauchy integral and the Poisson integral yield explicit formulas for
solutions.



(2)

The Laplace equation
div(Vu) =0

and the Poisson equation
div(Vu) = f

with non-vanishing f: Q@ — R, respectively, are scalar (M=1) second-order (m=2) linear
PDEs for a single (N=1) function u:  — R in an arbitrary number n of variables. On the
left-hand side these equations involve the Laplace operator A, defined by
_ 0*u  0%u 0%u 0%u L 9

Au ::dlv(Vu) = 8737%+87.%‘%++8ITH+87$% :ZE)iu:trace(V ’LL)
i=1
(where D?u(x) is represented, in this scalar case, by the Hessian VZu(z) € RV"). The Pois-
son equation corresponds to the case of the structure function F(z,u,?,q) = trace(q)— f(x)
for (z,u,f,q) € QxRxR"xRELY in (), and clearly the choice f = 0 yields the Laplace
equation.

Solutions of the Laplace equation are known as harmonic functions and will be of central
interest in this lecture. For n=2 there is strong connection to (1), as harmonic functions of
two variables arise as the real and imaginary parts of holomorphic functions.

The Poisson equation on £ = R3 serves as a model equation in electrostatics, which deter-
mines the electric potential u corresponding to the charge distribution f.

(Linear) Transport Equations take the form

ou

— +b-Vyu+cu=0,

En + U+
where the variables (t,z) € Q C RxR"~! are split into a single ‘time’ variable ¢ and (n—1)
‘space’ variables x. Here, the non-vanishing time-dependent vector field b: Q2 — R®~! and
the coefficient c: 2 — R are considered as given, and the equations are scalar (M=1)
first-order (m=1) linear PDEs for a single (N=1) function u:  — R in an arbitrary num-
ber n of variables. They correspond to the case of the structure function F(z,u,f) =
Lo+b(2) ' +c(2)u for (z,u,£) € QxRxR™, £ = (o, ) € RxR" ! in (x).
The case of constant b and ¢ is discussed in the exercise class.
Linear transport equations in n = 143 time-space variables model the mass transport in a

velocity field b.

The Heat Equation or Diffusion Equation

ou
and the Wave Equation (for n = 2 sometimes called Equation of the Vibrating String)

0*u
@—AIUZO,

respectively, involve once more the time-space split variables (¢,7) € 2 C RxR""!. These
equations are scalar (M=1) second-order (m=2) linear PDEs for a single (N=1) function
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CHAPTER 1. Basics, examples, classification

u: 2 — R in an arbitrary number n of variables, and they correspond to the case of
the structure functions F(z,u,?,q) = {y— Z?:_ll ¢ii and F(z,u,?,q) = qoo— Z?;ll gi; for
(z,u,f, q) c QXRXR"XRQ;;?, ! = (fo,gl) S RXRn_l, q= (qij)i,j:(),lg,m’n,l n (*)

The heat/diffusion equation and the wave equation in n = 1+3 time-space variables consti-
tute basic physical models for the free propagation of heat/particles and waves/oscillations,

respectively.

The p-Laplace Equation with parameter p € [1,00)
div(|Vu[P~2Vu) =0

is considered a scalar (M=1) second-order (m=2) quasilinear PDE for a single (N=1)
function u: Q@ — R, though, strictly taken, the equation does not possess the form (x).
However, by expanding the divergence it adopts this form with the structure function
F(z,u,l,q) = [P trace(q) + (p—2)|¢|P~* szzl qijlil; for (z,u,l,q) € QX]RXIR”XIRQYQ.

In the only linear case p = 2 (which is also the only semilinear case), the p-Laplace equation
reduces to the Laplace equation from (2). In the general case, it plays the role of a natural

model case for quasilinear equations.

The Monge-Ampére Equation
det(V2u) = f

with right-hand side f: 2 — R is a scalar (M=1) second-order (m=2) fully non-linear
PDE for a single (N=1) function u:  — R in an arbitrary number n of variables. It
corresponds to the case of the structure function F(z,u, ¥, q) = det(q)—f(z) for (z,u,¥,q) €
OxRXR"™ xRy in (x).

The Monge-Ampere Equation is a basic model case among fully non-linear equations and
has important applications in convex geometry and optimal transportation (of measures).

Many more PDEs and systems of PDEs occur in physics or geometry. Famous linear
examples are the Schrodinger equation, the Dirac equation, the equations of linear elasticity,
and the Maxwell equations. Famous non-linear examples are the Navier-Stokes equations,
the Einstein field equations, the minimal surface equation, and the Yamabe equation. Typ-
ically one has (as indeed it stands in all the mentioned examples) M = N and m € {1,2,4}.

In the course of this lecture, a couple of explicit integral formulas for solutions of model

PDEs will be shown. Nevertheless, in more general PDE theory such formulas are available only
in very rare cases and the focus of interest is more on the following basic questions and related
general principles:

(1)
(2)

3)

Existence: Does a solution exist? Uniqueness: Is a solution unique?

Stability (usually asked only with uniqueness at hand): Does the solution depend on the
structure function/the coefficients/the data in a continuous way? Is the solution stable
under (small) perturbations of the structure function/the coefficients/the data?

Regularity: Do (higher) derivatives of solutions necessarily exist? Are all solutions smooth
functions?



Generally we may hope for positive answers to these basic questions only ...

(A) in case M = N, that is, if the number of (component) equations equals the number
of unknown (component) functions,

(B) if we add boundary conditions, that is, if we prescribe v and/or some of its derivatives
on 0f) (where they are defined e.g. after continuous extension from 2 to ).

As a general rule of thumb, it often makes sense to impose %mN (real-valued) boundary
conditions.

Despite the common questions (1), (2), (3) and the common general principles (A), (B),
there is no successful common theory of all PDEs. Indeed, different types of PDEs
exhibit a very different behavior, and thus such a common theory cannot be reasonably expected.
Rather different (classes of) PDEs require their own theories and notions of (generalized)
solutions. We do not attempt to survey or compare the various known theories and approaches
but only mention the general guiding principles that linear PDEs are usually simpler than non-
linear ones and that problems with small values of m, n, M, N tend to be simpler than problems
with large values of these numbers.

Classification (of scalar linear PDEs). Consider an open set Q C R"™ with n € IN>o.

(1) The general scalar linear first-order PDE on  reads
n .
Z b'Oiu+ cu = f or equivalently b -Vu + cu = f
=1

with given non-vanishing vector field b = (b',...,b"): Q — R™, given coefficient c: Q — R,
and given inhomogeneities f: 2 — R. In principle, this PDE reduces to ODEs by a general
method, the method of characteristics, which we now roughly describe:

Under suitable regularity assumptions on the vector field b, one considers, for = € €2, the
flux lines v,: I, — € of b, that is the maximal solutions of the ODE initial value
problem

() =b(n(t)  (tEl),
72(0) =

on the maximal existence interval I, around 0. One commonly thinks of these v, as the
time-t-parametrized trajectory of a particle, which moves in the velocity field b and passes
through the point z at time ¢ = 0. Anyway the chain rule and the ODE give %u(’yz(t)) =
Yo ()« Vu(y.(t)) = b(72(t)) - Vu(yz(t)), and in view of this formula the PDE reduces to
the ODEs

%U(%(t)) +c(ra(t)u(r2(t) = f(1=(t) (L€ L)

along the flux lines 7,. In well-behaved cases this allows to determine all solutions of
the PDE by prescribing values on a hypersurface which meets all (equivalence classes of
reparametrized) flux lines exactly once and by solving the above ODEs along the flux lines.

The method of characteristics vastly simplifies in case of a constant field b, since then the flux
lines v, are just (constant-speed parametrized) line segments. The treatment of cases with
irregular b and the extension of the method to non-linear first-order PDEs, however, turn
out to be much more involved and are partially topics of ongoing mathematical research.

7



8 CHAPTER 1. Basics, examples, classification

(2) The general scalar linear second-order PDE on () reads

Lu:= Y a"0,0;u+> bou+cu=f (ses5)

ij=1 i=1

with given coefficients a'/,b’,c: 2 — R (among which at least one a”/ does not vanish) and
given inhomogeneities f: Q — R. In view of 9;0;u = 9;0;u (at least for C? functions u), we
can and do assume the symmetry condition a*? = a?*. Moreover, we call ...

e the operator L, casually defined in (xxx), a (linear) partial differential operator
(PDO),

e the polynomial p(z,§) == 321", a' (2)&&5+ > 1 b (x)& +c(z) in € € R™ the symbol
of the PDO L (which, by the way, can be used to formally write L = p(z,0) =
p(a:, 81, 82, .. ,an)),

e the PDO Lj := szzl a7 9;0; the principal part (and the polynomial py(z,§) =

diie1 a(x)&;&; in € € R™ the principal part symbol) of the PDO L.

An alternative, sometimes very convenient form of scalar linear second-order PDEs is the
divergence form

> 0i@05u) + Yy ai(bu) + Y V'Ot éu=f (xx)

4,j=1 i=1 i=1

with coefficients @, b%, b, ¢: Q — R (among which at least one @’ does not vanish) and
inhomogeneity f: 2 — R. Here, the name ‘divergence form’ stems from the possibility to
express the first two terms on the left-hand side as a divergence (namely the divergence of
the vector field whose i-th component is 2?21 a @u—i—i)iu).

In case of C! coefficients, the forms (##) and (x##*) turn out to be essentially equivalent —
with coinciding principal part coefficients a¥/ = @ if symmetry is assumed. More precisely,
by straightforward computations with the product rule one verifies: If a PDE is given in
the form (+x) with a¥ € C1(€), it can be brought in the form (s+#*) with @ = a¥,
bi =0, b = bi—zyzl ajaji, ¢ = c. Conversely, if a PDE is given in the form (sxx:x)
with @”,b" € C'(), it can be brought in the form () with a” = a¥, bi = b4,
c=c+ Z?:l 61271

One usually classifies scalar linear second-order PDEs at hand of definiteness properties of
the symmetric matrix A(x) := (a¥(2)); j=12,. n € R The PDE (*#*) and the PDO L,
respectively, are called ...

(a) e negatively elliptic if A(x) is a positive matrix (i.e. A(x) has only positive eigenvalues)
for all z € Q,
e positively elliptic if A(z) is a negative matrix (i.e. A(x) has only negative eigenval-
ues) for all z € Q,
e elliptic if it is either positively elliptic or negatively elliptic,
e uniformly elliptic if there exists a constant A € R~ such that either £ - A(x)¢ >
A€|? holds for all z € Q, € € R™ or & - A(x)€ < —)|€|? holds for all z € Q, € € R™
As prototype elliptic equations we will study the Laplace and Poisson equations.

8



(b) parabolic if — possibly after change of variables — the PDE takes the form

ou

— — L(t)u = on {2
once more with time-space split variables (t,2') € @ CcC R x R* ! and with a t-
dependent 1-parameter family of negatively elliptic PDOs L(t) = p(¢,2’, ) which in-
volve only derivatives with respect to 2’ but none with respect to t. In this case, the
matrix A(z) (which corresponds to the principal part —L(t) of L = %—L(t)) has one
zero eigenvalue and (n—1) negative eigenvalues.

As a prototype parabolic equation we will study the heat equation.

(c) hyperbolic if — possibly after change of variables — the PDE takes the form

@+b %f
0ot

92 Lityu=f on 2,

with coefficient by, time-space split variables, and negatively elliptic PDOs L(t) =
p(t,2’,d,) as in (2b). In this case, the matrix A(z) (which corresponds to the principal

part g—;—L(t) of L = %+60%—L(t)) has one positive eigenvalue and (n—1) negative
eigenvalues.

As a prototype hyperbolic equation we will study the wave equation.

In the next chapters we will discuss, one by one, the prototype equations of elliptic, parabolic,
and hyperbolic type.
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Chapter 2

The Laplace equation and the
Poisson equation

In this chapter, we investigate (scalar solutions of) the (scalar) Laplace equation

and the (scalar) Poisson equation

Au=f

on an open set 2 in R"™, n € N> (with the previously mentioned Laplace operator A := divV =
S, 9 = trace(V?) and given non-vanishing inhomogeneity f: & — R) . Often we will also
assume that € is bounded. As discussed in the previous chapter, the equations then give rise
to a uniquely solvable, well-behaved problem only if combined with a boundary condition. The
simplest such conditions, which also turn out to be relevant in typical applications, are the

Dirichlet boundary condition
Ulgg = ¢

with prescribed ¢: 02 — R and the Neumann boundary condition
Dulgn =Y

with prescribed ¢: 92 — R. In the latter condition, v: 90 — R™ denotes the outward unit
normal field of Q (defined only in case that 0€ is sufficiently smooth), and the normal derivative
dyu(z) at x € OS2 is nothing but the directional derivative 0, u(z) = v(z) - Vu(z).

However, we postpone the detailed treatment of boundary value problems (that is the com-
bination of PDE and boundary condition) to later sections in this chapter. First we record a
basic definition and discuss specific symmetric solutions:

Definition (harmonic function). Consider an open set Q in R™. We say that a function
u € C%(Q) is (classically) harmonic if it solves the Laplace equation on 2, that is, if Au =0
holds on €.

In the following sections we will see examples of harmonic functions.

11



12 CHAPTER 2. The Laplace equation and the Poisson equation

2.1 The fundamental solution

Here we consider a rotationally symmetric (scalar C2) function v on R™\ {0}, that is, a function
u € C2(R™\ {0}) which satisfies

u(@) = g(lz])  for z € R"\ {0}

with some C? function g: (0,00) — R. By a computation (to be discussed in the exercise class),
for the Laplace operator on such u, we infer the formula

Auz) = g (Jz) + ’j;‘lg’ux\) for = € R"\ {0}

If u is, in addition, harmonic on R™ \ {0}, we thus obtain for g the scalar linear second-order
ODE

g'(r)+—4¢'(r) =0 forr e (0,00),

which can also be seen as a scalar linear first-order ODE for ¢’. By a basic ODE formula (or
alternatively by rewriting the equation as %(r”_lg’ (r)) = 0), we deduce that solutions of the

ODE are characterized by ¢'(r) = ar'™" for r € (0,00) with constant a € R or equivalently by

B )| ifn>3

= for r € (0,
9(r) {c(logr)+d ifn=2 or 7 € (0,00)

with two constants ¢,d € R (where, here and in what follows, log always denotes the natural
logarithm). Thus, we have shown that the rotationally symmetric harmonic functions on
R™ \ {0} are precisely the function u of the form
2nyd  ifn>3
() = e+ ?n_ for x € R™ \ {0}
c(log|z|)+d ifn=2

with constants ¢,d € R. In the case ¢ # 0 these functions exhibit an isolated singularity at the
origin and cannot be extended continuously to the whole space R™. (Thus, as a side benefit we
have also shown that the only rotationally symmetric harmonic functions on all of R™ are the
constant functions obtained in case ¢ = 0).

Among the rotationally symmetric harmonic functions found above one singles out a specific
one by setting d = 0 and by a particular choice of ¢, which will be explained in the remark
below:

Definition (fundamental solution). The function F': R" \ {0} — R, given by

. 1 2—n ; > 3
F(x) = 1”(”_2)‘“" =1 an - for z € R™\ {0},
5= log |z| ifn=2

is called the fundamental solution of the Laplace equation on R"™. Here, w, = £"(B)
denotes the volume (in the sense of Lebesgue measure) of the unit ball By := {x € R™ : |x| < 1}.

12



Addendum on surface measures (and surface integration) 13

Remark (on the choice of the constant ¢). In order to arrive at the definition of F' the constant
¢ € R in the preceding considerations has been fixed such that the flux of the gradient vector
field VF through every sphere S, := {x € R" : |z| = r} with center at the origin amounts to
1, that is (as it will be verified in the exercise class)

/ v-VEdH" ' =1 for all r € (0, 00)

T

with the outward unit normal field v(z) = ra7 to the ball B, := {r € R" : |z| < r} and the
(n—1)-dimensional Hausdorff measure H" .

In view of the divergence theorem, this formula for the flux and the fact that F' is harmonic
on R™\ {0} can be reasonably summarized by the here-only-heuristic equation “AF = §p” on
R™ with the Dirac measure dp at the origin (and in some more advanced sense this equation can
actually be given a rigorous meaning). Remembering the interpretation of the Poisson equation
in electrostatics, we also express this fact by saying that the fundamental solution yields the
electric potential of a single unit point charge at the origin.

Addendum on surface measures (and surface integration)

The k-dimensional spherical Hausdorff measure H* assigns to every subset A of R™ a non-
negative number which measures the k-dimensional area of A (where the ‘k-dimensional
area’ is to be thought of as length, surface area, volume, and higher-dimensional extensions
for k=1, k = 2, k = 3, and k > 4, respectively). This concept differs from the more well-
known Lebesgue measure insofar that the k-dimensional measurement now concerns sets A in
R™, typically with n > k, and is no longer restricted to sets in the ambient space R* of the
same dimension. The definition of H* (which, by the way, makes sense even for subsets A of an
arbitrary metric space) rests on coverings with arbitrarily small balls and reads as follows:

Definition (Hausdorff measure). Forn € IN and k € [0,00), the k-dimensional Hausdorff
measure H* is the set function on the power set of R™ given by

HE(A) = %1{{% <inf { Zwkrf t AC U By, (zi), i € [0,5)}> € [0, o] for every A C R™.
i=1 i=1

Here, By, (x;) stands for the open ball with radius r; and center z; in R™ (understood as the
k
T2 .
T+ which
involves the I'-function and reduces for k € IN to the earlier definition of wi as volume of the
k-dimensional unit ball.

empty set in case r; = 0). Moreover, we rely on the general convention wy =

In order to understand this definition one should think of wkrf as the area of the k-
dimensional equator plane in the n-dimensional ball B, (z;). With this interpretation it
then becomes plausible that Y 2, wkrf may yield a good approximation to a k-dimensional
area of A — at least in those cases where the covering balls are small and the above infimum is
almost attained.

13
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Properties (of Hausdorff measures H* on R™). We record, for n € N, k € [0,00), in brief
summary and without proofs:

o-subadditivity: H*(U2, 4;) < .52, H¥(A;) for arbitrary A; C R™
o-additivity: H*(UZ, 4i) = Y00, HF(A;) for disjoint Borel sets A; C R™.

special cases:
— HY is the counting measure, i.e. H"(A) is the possibly infinite number of elements of A,
— H™ equals the Lebesgue measure .Z" on R",

— H* with k > n vanishes on all subsets of R™.

measures of balls and spheres:

— H¥(BY (z)) = wyr® for a ball BY (z) = {y € V : |y—z| < r} in a k-dimensional affine
subspace V of R™ with radius r € R~g and center x € V in this subspace,

— H" (S, (7)) = nwpr™ ! for a sphere S,.(r) = {y € R" : |[y—xz| = r} in R" with radius
r € Rso and center x € R".

scaling: HF(rA) = r¥Hk(A) for all A C R" and r € Rsy.

translation invariance and rotation/orthogonal invariance: H*(z+T(A)) = H*(A)
for all AC R", z € R" and T € O(R").

Lipschitz bound: H*(f(A)) < L*¥Hk(A) for A ¢ R" and a Lipschitz map f: A — RY
with Lipschitz constant < L.

#*-integration is a special case of the integration with respect to arbitrary measures
and yields a notation of (unoriented) k-dimensional surface integrals.

For a Borel set A C R¥, a one-to-one mapping T € C'(U,R") on a neighborhood U of A
in R*, and a Borel function g: T(A) — RY, the area formula asserts

/ gd?—[k:/(goT)JTdm
T(A) A

with the Jacobian JT'(z) := /det(DT(x)*DT(x)). This formula reduces the computation
of H*-integrals and, in the case g = 1, of H*-measures to the computation of volume
integrals (i.e. integrals with respect to the Lebesgue measure) for which many standard
tools are available. In concrete situations, the formula is applied after parametrizing a
k-dimensional surface or parts thereof in the form 7'(A).

For every A C R™ there exists a uniquely determined d € [0,n] such that H¥(A) = oo
holds for all k € [0,d) and H¥(A) = 0 holds for all k € (d,n] (while H?%(A) can be zero,
a finite positive number, or infinity). This number d is called the Hausdorff dimension
of A and is compatible with usual intuitive ideas of dimension for ‘nice’ sets A. Still it is
well known (and not even too difficult to prove) that d can be non-integer (!) and that
in fact, for every n € IN and every d € [0,n], there exists a set A C [0,1]" of Hausdorff
dimension d.

14



2.2. Harmonic polynomials 15

2.2 Harmonic polynomials

Some basic examples of harmonic polynomials in z € R" are ...

e all affine functions " b'z; + ¢ with b’,c € R (or, in other words, all polynomials of
degree < 1),

e the degree-two polynomials z;x; and l‘?—l‘? with i # 7 in {1,2,...,n},
e the degree-three polynomial x?—3xix? with i # 7 in {1,2,...,n}.

Here, harmonicity can be checked easily by direct computation of the Laplacian. Similar exam-
ples of higher degree can also be given; compare with the exercises.

Definition (spaces of homogeneous polynomials). For a € INfj, we write p, for the mononomyal
given by po(x) := z®. For k € Ny, we then introduce the space

Pk‘:{ Z CaPa - CQG]R}
o=k
of homogeneous degree-k polynomials on R™ and the space
Hi :={h €Pr : Ah=0 on R"}
of homogeneous degree-k harmonic polynomials on R™. Moreover, for k € IN>9, we set
Q. :={q € Py : qlz) = |z*p(x) for alle € R™ with some p € Pr_s},

and we agree on the convention Q1 := Qq := {0}.

Theorem. For all k € Ng, we have P, = Hi ® Q) and dim Hy, = (”H,:_l) - (”:ﬁ;g)

Proof. This will be treated in the exercise class. O

Corollary (solvability of the Dirichlet problem; case of polynomial boundary data).
Every polynomial on R™ coincides on S1 with a harmonic polynomial. Equivalently, whenever
the boundary datum ¢ is (the restriction to S1 of ) a polynomial on R", then the Dirichlet
problem for harmonic functions

Ah=0 on By,
h=¢ on S1
posseses a (polynomial) solution h.

Proof. The corollary is proved by induction on the degree k of the polynomial ¢: In the case
k <1 the claim holds trivially with h = ¢, since ¢ itself is harmonic. For the inductive step, we
consider a polynomial ¢ of degree k € IN>o and write ¢ = p+¢ with p € P, and a polynomial ¢
of degree < k—1. By the preceding theorem we can further decompose p(z) = h(z)+|z|?p(z) for
x € R™ with h € Hi and p € Pr_o. As p+@ has degree < k—1, the inductive hypothesis yields
a harmonic polynomial h on R™ which coincides with p+@ on S;. For z € Sy, that is |z| = 1,
we now observe

h(w) + h(x) = h(z) + p(x) + §(x) = h(z) + |2]*B(z) + 3(z) = p(z) + §(x) = p(a).

Thus, the harmonic polynomial h+h coincides with @ on S1, and the induction is complete. [

15



16 CHAPTER 2. The Laplace equation and the Poisson equation

Remark. The hypotheses that the boundary datum be polynomial is by no means nec-
essary for existence of solutions to the Dirichlet problem. In fact, we will soon extend the
above result to general (continuous) boundary data .

2.3 Consequences of the divergence theorem

Definition (Gauss domain). For us, a domain is a non-empty, open, connected set. We call
a bounded domain G in R™ a Gauss domain if we have H"~1(0G) < oo and there exists a Borel
unit vector field vg on 0G, then called outward unit normal field to G, such that the divergence
theorem

/didex: VevgdH™ !
G oG

holds for all V € CY(G,R")NC°(G,R™). (Here, the right-hand integral does generally exist with
finite value. Hence, the validity of identity requires, in particular, existence of finiteness of the

left-hand integral, that is, divV € L}(G).)
Remarks (on known Gauss domains).

(1) A common version of the divergence theorem applies on bounded C' domains G (for fields
V as above). Thus, bounded C' domains are Gauss domains in the preceding sense.

(2) The divergence theorem is also valid on cubes, cuboids, half-balls, triangles, and similar
domains with corners or cusps. Thus, these non-smooth domains are Gauss domains as
well.

(3) All domains mentioned so far are also contained in a general class of Gauss domains, sufficient
for most purposes, namely the bounded domains G with H" !(0G) < oo which are C!-
smooth near H" !-almost every boundary point in 0G.

The next result is closely related to the divergence theorem, but is indeed valid without any
smoothness assumption on the underlying domain €:

Lemma (on integration by parts). Consider an open set 2 in R™ and u,v € C*(Q) such that
either sptu or sptwv is a compact subset of Q. Then, fori=1,2,...,n, we have

/Q(aiu)vdx: —/Qu(ﬁiv) dx

Definition (support). We define the support sptu of a function u: Q — RY on Q C R” as
the closure of {x € Q : u(x) # 0} in R™.

Proof of the lemma. We assume, without loss of generality, that K := spt u is compact in €2 and
choose a Gauss domain (for instance a large ball) G with K C G. Then, by taking V' := wuve;
on GNQand V :=0on G\ K we obtain a well-defined vector field V € C'(G), and we get

/ Oi(uv)dz = / divVde = VevgdH" 1 =0
Q G oG

The claim then follows by using 0;(uv) = (O;u)v+u(0;v) and rearranging terms. O

16



2.3. Consequences of the divergence theorem 17

Applications (of the divergence theorem). In what follows we suppose that G is a Gauss
domain with outward unit normal field v = vg.

(1)

Green’s first identity
/ Vu-Vu dx+/ vAudz = / vo,udH™ "t  for u € C3G)NCHG),v € CHG)NC(G)
G G le;

is obtained by applying the divergence theorem to the vector field vVu.

Specifically for harmonic functions u € C*(G) N C'(G), we have the conclusions

dudH"1 =0 and / ud,udH " = / |Vul*dz >0,
oG oG G

which follow by choosing v = 1 and v = u in Green’s first identity.

As important consequences of Green’s first identity we obtain the following twin uniqueness
theorems:

Theorem (uniqueness of solutions to the Dirichlet problem for Poisson’s equation).
For each f € CY(G) and each ¢ € C°(0G), the Dirichlet problem for Poisson’s equation

Au=f onG,
u=¢ ondG
has at most one solution u € C?(G) N CYG).

It will become evident in Section 2.4 that this first uniqueness statement remains also valid
for slightly less regular solutions u € C?(G) N C°(G).

Theorem (uniqueness of solutions to the Neumann problem for Poisson’s equation).
For each f € CO(G) and each v € C°(0G), solutions u € C*(G) N CY(G) to the Neumann

problem for Poisson’s equation

Au=f onG,
ou=1v ondG

are unique up to additive constants.

Proof of both theorems. Consider two solutions u; and wuy of the respective problem. Then
h := uj—ugy is harmonic on G' with h|y, = 0 and 9,h|,4, = 0, respectively. By the second

identity in (2), we infer
/ Vh|2dx:/ ho,hdH"' =0.
el Cle

Thus, VA vanishes everywhere on G, and u;—us = h is constant on G. In the Neumann
case this completes the proof. In the Dirichlet case, taking into account h|y. = 0, it even
follows that the constant is zero and u; equals uo. O

Green’s second identity

/ (vVAu—uAv)dzr = / (v dyu—udyv)dH™ for u,v € C*(G) N CY(G)
G oG

is obtained by applying the divergence theorem to the vector field vVu—uVo.

17



18 CHAPTER 2. The Laplace equation and the Poisson equation

2.4 The mean value property and the maximum principle

Notation. Consider a measure space (Q, o/, ). Then, for A € o/ with 0 < p(A) < co and

h e LY (A, pu; RY), we call
1
hdu::/hdueRN
]{1 1(A) Ja

the mean value (integral) or the integral mean of h on A.

Theorem (mean value property). Consider an open set Q@ C R™, a harmonic function

h € C%(Q), and an arbitrary ball B,(a) C Q. Then, for the mean values on the ball B,(a) =
{z € R" : |z—a| <} and the sphere S,(a) := 0B,(a) = {xr € R" : |x—a| =1}, we have

h(a) :][ hdzx :][ hdH™ !,
B, (a) Sr(a)

Proof. For arbitrary ¢ € (0,7), by the change of variables x = a+ow and the corresponding
integral transformation (which in turn follows from the invariance and scaling properties of the
Hausdorff measure) we have

][ h(z) dH" " (x) :][ h(a+ow) dH"H(w) .
Se(a)

S1

By differentiation of this equation, exchange of derivative and integral (here justified, since Vh
is locally bounded on ), and the chain rule we then infer

d

il x n=le,.y — i a+ow n=1(,) — w - y —
dgsgm)h()dH ) ][dh(ﬂ) JAHT ) ][ Vh(a+ow) dH" ().

S; 4o S1
Moreover, by the reverse change of variables, the divergence theorem, and the harmonicity of A

we deduce
T—a

. a+ow W) = _— T ”_lx:; r)dz=0.
]élww( tow) dH () ]ég(a) Vi) 41 (a) Hnl(sg(a))/Bg(a)Ah()d 0

Combining the last two chains of equations, we can conclude that the continuous mapping
0 — fsg(a) hdH™ ! has zero derivative on (0,7) and thus is constant on (0,7]. In addition,
continuity of h at a implies ‘fsg(a) hdH" "' —h(a)| < SUps, (a) [h—h(a)| m 0 and hence

lim hdH"! = h(a).
o50J3,(a)
Therefore, the constant value of ¢ — fsg(a) hdH" ! is indeed equal to h(a), and the claim is

verified for spherical means.
With the help of spherical coordinates the mean value property on balls can now be deduced

as follows:
1 T
][ hdx = — / / hdH" do
By (a) WnT™ Jo JS,(a)
1 " r
This completes the proof. 0

18



2.4. The mean value property and the maximum principle 19

Remarks and Definitions. Consider an open set £ in R".

(1) A function u € C?(9) is called subharmonic! on § if Au > 0 holds on €.

For subharmonic u on €2 and B,(a) C €2, an inspection of the above proof reveals that the
mean values on both B,(a) and S,(a) are non-decreasing functions of ¢ € (0, r| and that the
mean value inequality

u(a) S][ wdx S][ wdH !
By (a) Sr(a)

is valid. If, additionally, Au(a) > 0 happens to hold, the mentioned mean values are even
strictly increasing functions, and also the mean value inequality holds in the strict form

u(a) <][ udx <][ udH" L.
Br(a) Sr(a)

In the same way, superharmonic functions v are defined by the inequality Au < 0 and
satisfy the reverse mean value inequality.

(2) In fact, the respective form of mean value inequality even characterizes sub- and super
harmonic functions, respectively, i.e. the converse to the assertions in (1) — now spelled out
for the subharmonic case — also holds: If we have u € C?(Q2) and either u(a) < JCBT (o) WA

or u(a) < JCS,.(a) udH" ! = u(a) holds for every ball B,(a) C €, then u is subharmonic.
Clearly, the combination of the assertions on sub- and superharmonicity implies that the
mean value property characterizes harmonic functions.

Proof of the statement for the subharmonic case. Assumme that the statement is false, that
is u(a) < fBT(a) udz or u(a) < fsr(a) udH" ! for every ball B,.(a) C Q, but still Au(zg) < 0
for some xy € Q. Then, by continuity of Au, we have Au < 0 on Bys(zp) C € for some
sufficiently small 6 > 0. Hence, u is superharmonic on Bas(xg) with Au(zg) < 0, and (1)
yields u(a) > JCB(S(I()) udx > fsé(xo) udH" !, This contradicts the initial assumption on the
mean values and thus completes the proof of the claim. ]

Theorem (weak maximum principle). Consider a bounded open set @ in R™ and a sub-
harmonic function u € C2(2) N C%(Q). Then we have the bound

u < maxu on )
[}9)

(or, clearly equivalent, supg u < maxpn u).

Theorem (strong maximum principle). Consider a domain Q2 in R". If a subharmonic
function u € C?(Q) attains its global mazimum in Q, then u is constant on .

Remarks (on the maximum principles).

(1) Roughly speaking, the weak maximum principle asserts that the maximum is attained at
the boundary, and the strong maximum principle asserts that it is attained only at the
boundary (apart from the case of constants).

'The reason for this choice of terminology will be explained later in this section; see Remark (2) on the
comparison principle.

19



20 CHAPTER 2. The Laplace equation and the Poisson equation

(2) Boundedness of Q is essential for the above form of the weak maximum principle (but
compare with the later remarks on Phragmén-Lindel6f principles). Connectedness of €2 is
essential for the strong maximum insofar that otherwise v would merely need to be constant
on that connected components of Q0 where the maximum is attained.

(3) Clearly, for superharmonic functions u, the weak minimum principle v > mingg u on 2
and the analogous strong minimum principle hold true. Specifically, for harmonic func-
tions h, both maximum and minimum principles hold, and particularly this implies
the maximum modulus estimate |h| < maxggq |h| for harmonic A on bounded €.

1%t proof of the weak maximum principle. The boundedness of Q implies that 9 is compact
and maxgou € R exists. We fix an arbitrary M € R with M > maxyq u and introduce the
auxiliary function v := (u—M)% (with the usual abbreviation fi := max{f,0}). Since v is
the composition of u—M and the C! function z xi on the real line, the chain rule gives
v e CH)NCO(Q) with Vv = 2(u—M)Vu on {u > M} and Vv = 0 on {u < M}. Moreover, the
definition of v and the choice of M imply sptv C {z € Q : u(x) > M} C Q. Using boundedness
of  once more, we deduce that sptv and {u > M} are compact subsets of 2. All in all, using
v ‘as a test function’ for the subharmonicity of v and integrating by parts, we arrive at

OS/UAudm:—/Vv-Vuda::—2/ (u—M)|Vul? dz .
Q Q {u>M}

From the resulting inequality we conclude Vu = 0 on {u > M}, and hence u equals some
constant > M on every connected component of the open set {u > M}. However, each such
component, as it is also open and contained in a compact subset of {2, posses boundary points
in which the value of u is < M. Hence, the existence of any connected component would lead
to discontinuity of w at its boundary and would thus result in a contradiction. This leaves
{u > M} = (0 as the only possibility and yields v < M on . Finally, sending M \, maxyq u,
we arrive at the claim. O

2 proof of the weak mazimum principle. We first assume that even Au > 0 holds on Q and
prove that there is no maximum point for u in £ (that is, in the case Au > 0 we even prove
the strong maximum principle). Indeed, if zo € Q is such a maximum point, the well-known
second-order necessary criterion for extremal points asserts that the Hessian V2u(zg) is semi-
negative, i.e. has only eigenvalues < 0, and in conclusion we get Au(xg) = trace(V2u(zg)) < 0.
This contradicts the initial assumption and proves the absence of maximum points. Under the
assumption that € is bounded, v posseses, however, a maximum on the compactum €, and thus
we have shown u < maxgq u on ).

Now we merely assume that u is subharmonic. For arbitrary positive €, we introduce an
auxiliary function ue by wue(z) := u(x)+e|z|? for x € Q and record Au. = Au+2ne > 2ne > 0.
Thus, the first part of the reasoning applies to u. and yields u. < maxgq ue on . Using u < u,
on the left-hand side of this estimate and writing out the definition of u. on its right-hand side,
we arrive at

u < max [u(z)+e|z|?] < maxu+ e max |z|? on Q.
€02 o0 €02

Taking into account the boundedness of €, we have max,csq ||?, and sending ¢ \, 0 we can
conclude © < maxgq u on ). O
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2.4. The mean value property and the maximum principle 21

Proof of the strong maximum principle. We set M := supq u. By assumption, we have M € R
and {u = M} # 0. Moreover, {u = M} is closed in Q. Next we demonstrate that it is also

open. Indeed, for a € {u = M}, we fix a positive radius r with B,.(a) C . Then, by the choice
of a and the mean value inequality for the subharmonic function u, we get

M =u(a) < ][ udx,
B (a)
but by the choice of M we also know u < M on B, (a). This is only possible if u = M holds on
the whole ball B,(a) and we thus have B,(a) C {u = M}. All in all, the set {u = M} is non-
empty, open, and closed in 2. Since 2 is a domain and thus connected this leaves {u = M} = Q
as the only possibility. We have thus shown that w is constant with value M on €. O

Corollary (refined uniqueness statement for the Dirichlet problem). The uniqueness state-
ment in Section 2.3, Remark (3) for the Dirichlet problem to Poisson’s equation remains valid
on an arbitrary bounded open set 2 in R™ (which replaces the Gauss domain G) and for solutions
u € C2(Q) N CYQ) which are merely continuous at the boundary.

Proof. Given two solution u; and us to the Dirichlet problem, the weak maximum principle
applies to the harmonic function u;—ug and yields u;—ug < maxpg(u;—ug) = 0, thus u; < ug
on 2. Exchanging the roles of u; and us, we also get us < w1 on §2. Hence u; and us coincide. [

Corollary (continuous dependence for the Dirichlet problem). Consider a bounded open set
Q in R™, and define £ as the mazimum width of Q in the sense of the smallest number £ € (0, 00)
suchQ C {z € R" : |v-(z—a)| < §£} holds for some point a € R™ and some unit vector v € R™.
If u € C%(Q) N C°(Q) solves the Dirichlet problem

Au=f on , u =@ on Jf)
and u € C?(2) N CY(Q) solves the Dirichlet problem

Aﬂ:fonQ, u=g on N,
then we have the estimate

max |ii—u| < max|G—¢| + §¢>sup |f—f].

Q 0 Q
Proof. Taking into account linearity of the Laplace operator A, we can assume u = 0, fz 0,
@ = 0. Moreover, it can be checked that A is invariant under translations and rotations, and
thus we can also assume a = 0, v = ey, that is Q C (—%6, %E)X]Rnfl. We now abbreviate
M := supgq | f| and set w(z) := u(z)+1Ma?. Then, in view of Aw = Au+M = f+M > 0 on

), we have that w is subharmonic on ). By the weak maximum principle, together with the
choices of w and ¢, we get

maxu < maxw < maxw < maxu + 1 M max :E%:maxgp—I—lﬁM.
Q Q E19) 0 2 1 0 8
Q Q 1| <1e

Applying the same reasoning to —u (and relying on —f+M > 0), we also get

1
inw > min p——£02M .
mﬁlnu 2 min -
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In conclusion we arrive at

1
< —0?M.
mﬁax|u] < r%?lx|tp\+8
This is the claim. O

Corollary (comparison principle). Consider a bounded open set 2 in R™ and u,v € C2(Q)N
C%(Q). Then, the inequalities

Au > Av on Q, u < v on 0f2

imply the inequality
u < v even on 2.

Proof. From A(u—v) = Au—Av > 0 on §2 we see that u—v is subharmonic on Q. By the weak
maximum principle we infer u—v < maxgg(u—v) < 0 and thus v < v on Q. O

Remarks (on the comparison principle).

(1) Clearly, the assumption Au > Awv on 2 is satisfied if u is subharmonic and v superharmonic
on §2. This is the case in typical applications of the comparison principle. Often one of the
two functions is even harmonic.

(2) For a subharmonic function u on €2 the comparison principle guarantees u < h on Q for
every harmonic function h which coincides with u on 9€2. In view of this property
the introduction of the term ‘subharmonic’ indeed makes sense.

Remarks (on Phragmén-Lindel6f principles). Here we always consider an open set € in
R™ and functions u € C%(Q).

(1) In general, on unbounded €2 the weak maximum principle does not hold in the
form of the preceding theorem. A very basic counterexample is given by the unbounded
harmonic function u(z) := 1 on the half-space (0,00) x R"~! with zero boundary values
on 9((0,00) x R"1) = {0} x R*~1.

However, if we regard the point corn of infinite distance as an additional boundary point,
the weak maximum principle stays valid in the following form:

u subharmonic on €2,
limsup u(z) < M for all a € 9Q U {oopn }

Qdx—a

} — u<Mon(. (%)

Proof. Assuming Q # (), we can find a maximizing sequence for u in , that is a sequence
(k) ke in Q with limg o u(xg) = supg u. It follows from the Bolzano-Weierstra$l theorem,
for instance, that a subsequence (ZL']W) e converges to a limit a € QU {oogn }.

Next we dinstiguish two cases.

We start with the case a € Q. In this case, by continuity, we get u(a) = limy_, u(x;w) =
supq u, and the strong maximum principle guarantees that u is constant = supg u on the
connected component of € which contains a. We conclude supg u < limsupgs,_, u(z) < M
whenever this component posseses a boundary point b. It remains to deal with the situation
that no such boundary point exists, which happens precisely for 2 = R™. However, in that
situation we get supg u < limsupgs,—oopn u(x) < M simply by using corn» in place of b.
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2.4. The mean value property and the maximum principle 23

Finally, we come to the (simpler, but nonetheless more relevant) case a € 9Q U {oogn}. In
this case we directly infer supg v = limy_, o u(arkg) < limsupgs,_, w(x) < M by the choice
of (k) ren as a maximizing sequence and the assumption for the lim sup at boundary points.

Altogether, we have shown supgu < M in all cases and arrive at the claim. ]

(2) Somewhat surprisingly it is often possible to weaken the assumptions made in (k)
at oo or at other ‘exceptional’ boundary points: Indeed, whenever there exist a
point ag € 92 U {oorn} and a superharmonic comparison function v:  — (0,00) with?
limosg—a, v(z) = 00, then the growth condition limgsz—q, u?—g) = 0 at ag suffices for the
validity of the maximum principle. In other words, if ¢y and v as above exist, then the

following weakened variant of (x) is valid:

u subharmonic on €2,
limsupu(x) < M for all a € (9Q U {oorn}) \ {ao},
Q3z—a U (Jf)
lim —

Q>z—ag U (1’)

— u<Mon(. (%)
=0

Proof. Consider an arbitary € > 0. Then, under the assumptions on the left-hand side of
the statement, we have limsupgs,_,,(u(x)—ev(x)) < M for all a € (02U {oorn}) \ {ao}
and

lim sup(u(z)—ev(x)) = limsup v(x) <u(:c)_€> < limsupv(z)(—ie) = —o0.
Q>z—ao Q>z—ao U(.%') Q>z—ap

Therefore, (x) applies to the subharmonic function u—ev and yields u—ev < M on Q.
Recalling that € > 0 is arbitrary, we then infer « < M on . O

Assertions of the type (#x) are known as Phragmén-Lindel6f principles. They can also
be seen as non-existence results for subharmonic function which are unbounded only near
the point ag, but even near this point grow sufficiently slow.

The next few remarks provide concrete examples:

(3) For n > 3 and ag € 012, we now specialize (xx) by using the shifted negative v(z) =
—F(z—ag) of the fundamental solution F' as a comparison function. In this case, v is
positive and even harmonic on R™\ {ap} D Q. Hence, recalling the form of F', we get

u subharmonic on €2,

limsupu(z) < M for all a € (0€2) 14, U {oorn } , — u<Mon€f.

Pr=a i uy(2)|z—ae[2 =0

Q>x—ag

In the case n = 2, the analogous principle with |z—ag|"~? replaced by — log |z—ag| holds
only on bounded 2. Indeed, this two-dimensional principle is deduced from (sx) by choosing
v(x) = —F(x—ap)+C there, where the constant C' needs to be taken sufficiently large to
keep v positive on 2.

2An inspection of the following proof reveals that the assumption limosz—a, v(z) = o0 is unneccesarry in
the case M > 0. However, our aim with (xx) is indeed to allow some growth near ag. Thus, we want v to be
unbounded at least near ao, and indeed limosz—q, v(z) = 0o will be satisfied in all upcoming applications.
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In particular, if an harmonic function / on 2 blows up slower than the fundamental
solution at an isolated boundary point ag of Q (that is, {ag} is relatively open in 99

and limg,_,q, % = 0), then h is in fact bounded in a neighborhood of ag. Indeed, this

simply follows by applying the above principle to +h on a punctured ball B, (ag) \ {ao}
(with r suitably small that B,(ag) C 2 U {ag} and M larger than maxg, (4,)|7]). In a later
section we will actually improve on this result by showing that indeed h can be extended to

a harmonic function on Q U {ap}.

The classical Phragmén-Lindel6f principle originates from complex analysis and con-
cerns the case of n = 2 variables. It applies under the hypothesis that €2 is contained in
a sector® D, := {x € R?\ {0} : | Arg(z1+iz2)| < $a} with opening angle o € (0, 27] and
then asserts:
u subharmonic on 2,
limsupu(x) < M for all a € 992,
Q3r—a Uy (:E) B

Q>z—00p2 |x|7"/04

— u<Monf.

Indeed, the growth condition in this statement is optimal. This can be seen at hand of the
harmonic function hy, defined by he(z) := Re((x1+iz)™*) = |z|™/® cos(% Arg(z1+ize))
and thus obtained as real part of a holomorphic function. Indeed h,, is positive on D, and
vanishes on 9D, but he(z) equals |z|™/® on the positive real axis and thus falls short —
though ever so closely — of the growth condition.

On the proof. The claim can be established along the above lines under the the slightly
stronger growth assumption limggx_)wRQ mgg = 0 with some 8 > «. Then the harmonic

function hg considered right before satisfies hg(z) > 6|z|™/? for 2 € D, with the fixed

positive constant § := cos % Thus, the growth assumption implies limgax%mRQ Z;—((z)) =0,

and we can simply deduce the claim from (#x) with the choice v = hg.

In the general case a more refined argument, based on an analysis of the quantity
m(r) = / w(re)ha(z) dH " (z) |
S1NDg

is needed. We do not go through the details here, but indeed one can closely follow the reasoning described below for
the case of the following Remark (5). O

Another Phragmén-Lindel6f principle applies when €2 is contained in a half-space (0, c0) x
R"~! (now again with arbitrary dimension n > 2). This principle then says:

u subharmonic on 2,
limsup u(z) < M for all a € 09,
Q3zr—a -~ Uy (x)

QSz—00Rn |$’

— u<Monf.
=0

For n = 2 this is actually nothing but the case o = 7 of the previous Remark (4). Moreover,
the basic example of the harmonic function x; shows that the growth condition cannot be
further weakened.

3

in(

We write i for the imaginary unit in €. Moreover, for z € C\ {0}, we denote by Arg(z) the unique number

—im, 7] such that z = |z exp(i Arg(z)).
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Proof. W.l.o.g. we assume M = 0.

Following the basic approach of [1], we first give a proof of the principle in the case that £ equals the half-space
Hp := (0,00)xR™ ! and v € C?(H,) N C(H,) is non-negative on H,. This, in combination with the above
assumptions, implies that u vanishes on 0H,,. Writing Bj := B, N H, and Sff := S,- N H,, for the half-balls and
half-spheres in H;,, we proceed by analyzing the quantity

m(r) := /S+ w(re)zy dH ()

1

(which, up to multiplication with a dimension-dependent constant, is a weighted mean value of u on SZL) As a first
step, we differentiate m (where exchange of derivative and integral is possible and m turns out to be continuously
differentiable, since Vu is bounded on Hy) and use the divergence theorem on BIL (where the term on the boundary

portion (8B1") \ Sf’ C OH,, vanishes due to the presence of z1). In this way, we get

m/(r) = /+ z1Vu(re) o dH Hz) = /+ divy (z1Vu(re)) de for every r > 0.
s B

1

For the last integrand, via the product rule and the subharmonicity of u we get
divg (21 Vu(re)) = 1u(re) + re1Au(re) > d1u(re) = % divg (u(ra)er).

By this estimate and another application of the divergence theorem on Bir (in view of u = 0 on OH, once more with
vanishing boundary term on (BBT) \ ST C OHy,), we then arrive at

1 1
m/(r) > = / divg (u(rz)er) dz = 7/ u(rz)er -z dH" (z) = mir) for every r > 0.
rJBY rJst r
. . . 4 m(r) _ m/(r)— "
Via the quotient rule we infer ;- —— = ————"— >0, and thus
m(r)

is a non-decreasing function of r € (0,00) .
r

In addition, the growth hypothesis for u = u4 yields

1
lim sup m(r) = lim sup (7/ u(re)ry d’H"fl(:t))
7—00 s T—00 T SJr

1

1
< H"H(ST) limsup <7 supu(y)) <H"Y(ST) limsup ul@) =0.

T—00 T S;f— Hy, 3z —ocoRn |J,’|

(r)

Combining these properties of mr we necessarily have m(r) < 0 for all » > 0. In fact, taking into account non-

negativity and continuity of u we even conclude m(r) = 0 and v = 0 on S for all > 0. We have thus shown u = 0
on H, and have verified the claim in the situation at hand.

Finally, we turn to the general case and show that it can reduced to the previously treated one. However, the reduction
requires concepts and tools not yet discussed, and thus the following concise description of the relevant arguments may
only be traceable at a later stage. This said, we recall that we now consider merely subharmonic v € C2(£2) on open
u4 (z)
|z
non-negativity assumptions on u. We then define a non-negative function w € C°(R™) by setting w(x) := ut(x—e1)
for z € e1+Q (where e; denotes the first canonical basis vector in R™) and w(z) := 0 otherwise. It can be shown
that w, though possibly non-differentiable at points of e;+0f2, is subharmonic on R™ in a generalized sense. Using
the concept of mollification, as discussed soon, for parameters € € (0,1), we approximate w by certain we € C°(R"),

Q C Hy, with limsupgs,_,, u(z) <0 for all @ € 09 and limasz s copn = 0, but without boundary-regularity or

which are still non-negative and subharmonic on R"™ with w. =0 on R™ \ H,, D 0H,, and limg —cogn w\ET(\Z) = 0. Now

the previously proven statement applies and shows we = 0 also on H,,. As, moreover, w is the pointwise limit of wg
for € \( 0, we can finally deduce w = 0 on H,, and v < 0 on Q. |

Addendum on the technique of mollification

Next we introduce and discuss a standard technical tool in the analysis of real functions. In
the subsequent section(s) it will turn out that this has important applications in the theory of
PDEs.
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CHAPTER 2. The Laplace equation and the Poisson equation

Definitions (mollification).

e A mollifier or mollification kernel n on R™ is a C* function n: R™ — [0,00) such

that
sptn C By and / ndr=1.
Occasionally one also requires that n is rotationally symmetric, and often one agrees on a
concrete choice such as n(zx) := 0 for x € R"\ By and n(x) := ¢, exp(—ﬁ) for x € By,
. -1
with ¢ = ( [g, exp(—ﬁ)dx) € (0,00).

o Given a mollification kernel n on R™ we define, for € > 0, the corresponding scaled

kernels n.: R™ — [0,00) by

Ne(x) := 6%77(%) for x € R".

These satisfy sptn. C B, and f]R" nedr = 1.

e Given an open set  in R", u € L%OC(Q,IRN), and a mollification kernel n on R"™, we

define, for € > 0, mollifications u. of u by setting*

ue(z) = (o) (z) = /Q ne(z—y)u(y)dy = /B ey = / ne(2u(—2)dz

Be

for all x € R™ with B.(z) C Q. Consequently, u.: Q. — RN is defined (only) on the
subset

Q. :={x e R":B.(x) C Q} = {z € R" : dist(z, R" \ Q) > e} = {z € Q : dist(z,00) > ¢}

of Q. The operators which map functions u to their mollifications u. (with fived € > 0)
are also called mollifiers.

Remarks (on mollification).

(1)

(2)

3)

Mollification is a central technique in analysis for approximating arbitrary functions
with smooth ones.

It is often illustrative to think of u.(z) as a weighted mean value of u on the ball B.(x)
with weight y ~ n.(z — y). In principle, the choice n = w, !1p, corresponds to a uniform
weight and thus gives the usual mean u.(z) = fBr(x) u dy, but due to the discontinuity of
1p, this choice is (at least formally) not admissible in the above definitions.

For € \ 0, the scaled kernels 7. approximate the Dirac measure at the origin in the
sense that we have . > 0 on R", sptn. C Bg, f]R" ne dz = 1, and lim.\ o 7. = 0 uniformly on

“The notation vxw is commonly used for the convolution (vkw)(x) := Jgn v(x=y)w(y) dy of (suitably inte-
grable) functions v and w defined on all of R", and by a change of variables turns out to be a commutative
operation. The integral expressions for u. are in accordance with the notion of convolution if one thinks of using
an arbitrary extension of u to R™ and takes into account that 7. vanishes outside B.. We remark that, proceeding
in this way, we could indeed define u. on all of R", but that the values are independent of the chosen extension
and behave reasonably only on €)..
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Addendum on the technique of mollification 27

R™\ By for every § > 0. With this approximation property or the mean value interpretation
in mind we naturally expect the convergence

li{%ug = ii\r(%ng*u =u

in a sense to be made precise. Indeed, several statement in this direction are established in
the sequel.

(4) Under the above assumptions the integrals in the definition of u.(x) exist with finite value.
This is clear from boundedness of 7. on R™ and the fact fBe(x) lu| dz < oo.

(5) We have (R™). = R™. Specifically for functions u defined on all of R", the mollifications u.
are thus defined, as a convenient feature, on the same domain R".

Theorem (on properties of mollifications). Consider an open set Q in R"™, a function

u € L}OC(Q, RN), and a mollification kernel n on R™. Then the corresponding mollifications of

u have the following properties.
(I) Smoothness: We have u. € C*(Q, RY) for all ¢ > 0.

(II) Linearity: For fived ¢ > 0, the mollifier LL (Q,RY) — C®(Q,RY), u + u. is an
R-linear mapping.

(ITII) Preservation of (LP) bounds:
(a) In the case N =1, for arbitrary e > 0 and a,b € [—00, 00|, we have:

a <u<b holds L"-almost everywhere on Q@ — a <wu. <b on €),.

(b) If u € LP(Q,RYN) holds for p € [1,0], then we have
e llpe. < llullpa for every e > 0.

Taking into account linearity this yields that the mollifier LP(Q, RY) — LP(Q., RN),
u > ue 18 a contraction (i.e. is Lipschitz continuous with Lipschitz constant < 1).

(IV) Preservation of moduli of continuity: If we have
lu(y)—u(z)| <w(ly—z[)  forall z,y € Q

with some fized function w: [0,00) — [0, 00) (which, if it also satisfies w(0+) = w(0) =0,
is called a modulus of continuity for w on ), then, for every e > 0, we also have

‘ua(y)_ua(x” < w(’y_$‘) for all z,y € Q..
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28 CHAPTER 2. The Laplace equation and the Poisson equation

(V) Convergence for e N\ 0:

(a) We have lim g us(z) = u(z) for every Lebesque point® x € Q of w with corresponding
Lebesgue value u(z). In particular, we have

li\rj% Ue = U L" almost-everywhere on ).
15

(b) For continuous u on Q, we have

limu: =u locally uniformly on ).
e\0

Moreover, if u is even uniformly continuous on §2, this convergence holds even uni-
formly (that is, globally uniformly) on § in the sense of lim\ osupgq_ [ue—u| = 0.
(c) For u € LP(Q, RN) with p € [1,00), we have

limu. =u in LP(9Q, ]RN)

e\0
in the more precise sense of limg\ g ||ue—ul|p.0. = 0. This statement does not carry
over to p = oo (since discontinuous functions in L= (Q, RN) cannot be the uniform
limit of their continuous mollifications).

(VI) Mollification commutes with (partial) differentiation: Consider a multi-index
a € INy. If there holds u € Clel(Q,RN), then, for every e > 0, we have

0%(ues) = (0%u)e on Qe .

(VII) Gradient estimate for LP approzimation error: In case u € C*(Q,RY) with Du €
LP(Q, RN*") there holds

lue—u||p:0. < el|Dullpn for every e > 0.

(e.g. with operator norm on the target space RN*" of Du).

Proof of (I). For compact K C 2, we record K. := {z € K : dist(z,0K) > ¢} C Q.. By
differentiation of the identity ue(z) = [} ne(z—y)u(y) dy for x € K., we then obtain

0% (us) () = /K e (z—y)u(y) dy

for v € K. and all o € IN[j. Here, the differentiation under the integral is possible, since, for
all z € K., we have the z-independent bound |0“n:(x—y)u(y)| < (supgn |0*n:|)|u(y)| for the
pointwisely differentiated integrand with majorant |u| € L'(K). Relying on the same bound,
we also read off continuity of %u. on K. This proves u. € C*°(K.,RY) and then, since every

x € €. is contained in the open set K. for some compact K C €, also u € C®(Q., RY). O

SHere, we call z € Q a Lebesgue point or (strong) approximate continuity point of w if there exists some
v € RY with lim,o fBr(z> |lu—y|dy = 0. We then call v (which is easily seen to be uniquely determined)
the Lebesgue value of u at x and use notation u(z) for this value. Lebesgue values are a way to define point
evaluations of L? functions in ‘good’ points at least. Clearly, every continuity point of u is also a Lebesgue point,
but moreover a standard result from advanced measure theory (which we use without proof here) asserts for
arbitrary u € L (2, R™) on open Q C R" that #"-almost every point in § is a Lebesgue point for u and that
the Lebesgue value coincides with the value of an arbitrary representative of the Lebesgue class (i.e. ‘£ "-almost
everywhere defined function’) u at Z"-almost every point in Q. In this light, one also calls the function which
maps the Lebesgue points of u to their Lebesgue values (and takes arbitrary values in the non-Lebesgue points)
the Lebesgue representative of w.
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Addendum on the technique of mollification 29

Proof of (II). This is evident from the definition of the mollifier and the linearity of the Lebesgue
integral in the integrand. O

Proof of (III). The claims in (II1a) follow from

ue(x) = /Qns(az—y)u(y) dy < b/Qng(x—y) dy = b/QnE(z) dz=10 for z € Q.

and an analogous estimation which ensures w. > a on {).. Using, in addition, the triangle
inequality for integrals (in order to get the modulus inside), we can also handle the case p = oo
in (IIIb) in the same way.

For the case p € [1,00) in (IIIb), we use Holder’s inequality or Jensen’s inequality® for
the weighted Lebesgue measure n.((-)—y)£"™ (which is a probability measure) together with
Fubini’s theorem. In this manner we deduce

v, = [ ular= [ | [ty
Qe Qe Q
< / /Q ne(a—y) [u(y)|P dy da
- / ()PP / ne(a—y) de dy < / uf? dy = ull’
Q Qe Q

(where we have exploited [, n.(z—y)dz < [p. ne(z—y)dz =1 in the penultimate step). [

P
dx

e |

Proof of (IV). For e >0 and z,y € Q., we infer
-0l = | [ etz - [ s a:
S/B Ne(2)|u(y—2)—u(z—2)|dz < W(Iy—fﬂl)/ e dz = w(|y—zl)

£

from the triangle inequality and the assumption for u. O

Proof of (V). For (Va), we fix a Lebesgue point « € Q of u. Then, for sufficiently small € > 0,
we have x € ()., and we can estimate

() ula)] = | / ) Juls) dy — uto) | . (=)
< /B (@n(m Ylu(y)—u()| dy

1
< — — dy — 0
< (supn) =, /B ju—ufw)] dy — 0.

()

where in the last step we used that x is a Lebesgue point of w. This shows lim.\ o us(x) = u(z).

6Jensen’s integral inequality can be stated as follows: Consider a probability measure p on a set X, that is, a
measure u on (a o-algebra over) X with u(X) = 1. Then, if ®: C — R is convex on a convex set C' C RY, there

holds
@(/){Fd;O g/xcb(F)d,u

for all F' € L}(X,R" ;i) such that F € C holds p-almost everywhere on X.
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Coming to (Vb), we first treat the case that u is uniformly continuous on 2. Proceeding
similar to the previous estimate and using uniform continuity in the end, we then infer

sup Jue—u| < sup / ) —u@)|dy < s luly)—ule)] — 0.
Qe z€Q: JB.(x) z,y€Q,ly—z|<e e\0

This proves the claimed uniform convergence. If u is merely continuous on 2, a standard result
on continuous function on compact sets guarantees uniform continuity of w on every compact
subset of 2. It then follows from the previous consideration that the convergence lim.\ o us = u
is uniform on each such K and hence locally uniform on 2.

The proof of (Vc), finally, is less straightforward. Indeed, we use the density of C2; (€, RY)
in LP(Q,RY) for p € [1,00) (proved typically in functional analysis classes). Given an arbitrary
x > 0, this density yields some v € Cgpt(Q,]RN) with ||[v—ulp.0 < X, and via (II) and (IIIb) we
deduce [|ve—uc|[p;0 < x. In addition, by applying (Vb) to the continuous function v on Q, we
get

||’UE—UH£;QE < Z"(sptv) sup |v-—v|P — 0.
spt v eNo0

Thus, using Minkowski’s inequality (i.e. the triangle inequality for the LP norm), we can conclude

lim sup ||uc—u||p.0. < lmsup || uc—ve||p.0. + lim |[[ve—v||p.0. + limsup ||[v—ul[p0 < 2x.
eNo0 e\o0 eN\o eNo0

Since x > 0 was arbitrary, this proves the claim. O

Proof of (VI). The proof is similar to the argument used for (I) and uses the notation K, for
compact K C €, as introduced there. This time, however, we proceed by differentiation of the
differently arranged identity u.(x) = fBE Ne(z)u(z—z) dz for € K.. We then obtain

9% (ue)(x) =/ 1e(2)0%u(x—2) dz = (9%u)c(x)

£

for x € K., where the computation is justified, since 7. is bounded on R"™ and |0%u(x—z)| with
x € K, and z € B. is bounded by supy [0%u| < co. Since every x € ). is contained in some K.,
this proves 0%(us) = (0%u)e on Q. a

Proof of (VII). Using Holder’s inequality or Jensen’s inequality in the same way as in the proof
of (IIIb), we infer

il < [ [ nelute-2)-u(o)P d da.

By the fundamental theorem of calculus and again Holder’s or Jensen’s inequality, we also get

'd
/0 &u(x—tz) dt

for all x € ), and z € B.. Plugging this into the previous estimate and exchanging the order of
integration via Fubini’s theorem, we end up with

P 1 1
lua—2)—u(z) P = < / Du(z—t2)2P dt < & / IDu(z—t2)|P dt
0 0

1
Jue—ull}.q §5p/ / ng(z)/ |Du(x—t2)|P de dz dt.
o 0o JB. Q.
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2.5. Weakly harmonic functions and regularity of harmonic functions 31

By a change of variables, the innermost integral on the right-hand side equals ||Du||g.95_tz, and
in view of Q.—tz C Q for all ¢ € [0,1] and z € Be it is thus controlled by |[Dul|? . Since this
bound no longer depends on (¢, z), we can decouple the integrals and arrive at

1
e, < Dl [ at [ nedz = Dulle.
€

This proves the claim. O

2.5 Weakly harmonic functions and regularity of harmonic func-
tions

Consider an open set 2 in R" and h € C%(Q). From the fundamental lemma of the calculus of
variations (see the exercises) and integration by parts we obtain the following characterizations
of harmonicity:

cpt

h harmonic on Q <= / Vh-Vedr =0 for all p € CZ,(2)
Q

cpt

— /hAapda::Ofor all p € CZ, ().
Q

Here, the right-hand sides remain meaningful for non-C? functions and can thus be taken as
generalized definitions of harmonicity. In connection with the right-hand side in the first line,
it also common to replace Vh by a weak gradient field G which may exist for non-C! functions,
and on the precise technical level the definitions are then implemented as follows:

Definitions (weak gradient, (very) weak harmonicity). Consider an open set  in R"™
and h € LL ().

loc

(1) We call G € LL (2, R"™) a weak gradient of h on Q if we have

/hdivq)dx:/G-q)dx for all ® € CZ (2, R").
Q Q

(2) We say that h is weakly harmonic on  if h has a weak gradient G on 2 such that there
holds

/G-V(pdx:() for all ¢ € CZ(2) .
Q
(3) We say that h is very weakly harmonic on Q if we have

/hA(pdl‘ZO for all p € CZ4(2) .
Q

Remarks.

(1) It is shown in the exercise class (without usage of the terminology at hand, however) that
the classical gradient of a C! function is also its (unique C%) weak gradient.
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(2) From the definitions we infer
h harmonic = h weakly harmonic = h very weakly harmonic.

Here, the first implication is obvious by the above characterization (and by regarding the
classical gradient as a weak one). The second implication is obtained by plugging ® = Vo
into the definition of weak gradient and then combining this with the definition of weak
harmonicity.

(3) For suitably regular functions, the fundamental lemma and integrations by parts also yield
that the implications in Remark (2) are indeed equivalences: So, every weakly harmonic
C? function is harmonic, and every very weakly harmonic function which posseses a weak
gradient (in particular, every very weakly harmonic C! function) is weakly harmonic.

Next we show that (very) weakly harmonic functions are automatically C* and thus turn out
to be classically harmonic even without any additional reqularity assumption. This non-trivial
fact may seem quite surprising at first, yet turns out to be typical in the theory of elliptic PDEs:

Theorem (Weyl lemma, C* regularity of harmonic functions). Consider an open set
Q in R"™. Every very weakly harmonic function on § is (possibly after modification on an ZL"
null set) automatically in C*°(§2) and classically harmonic on Q.

Proof. We suppose that h € LL () is very weakly harmonic on  and rely on the following
three facts, which will be verified in the exercises:

e The very weak harmonicity of h implies that the mollifications h. € C>*(£.) with ¢ > 0
are classically harmonic on €)..

e [f — what is clearly possible and assumed in the remainder of this section — a rotation-
ally symmetric mollification kernel is used, then the spherical mean value property of a
classically harmonic function £ on 2 implies k. = k on €. for every € > 0.

Detailed justification: Clearly, the rotational symmetry of the mollification kernel n implies rotational symmetry of
the scaled kernels 7e, that is, ne(z) = xe(|z|) for all € R™ and suitable functions x.. Using, in turn, integration
in spherical coordinates, the spherical mean value property of k, and radial integration, we infer

= a—z)k(x)dz = 657" =1 dr = nw, Ssrrnflr a) = - (z)dz k(a
m(a%/}gg(ﬂ)ns( () d /OX”ST@)’“”* a | e ark@ = [ neeazka)

for every a € Q.. This shows the claim k. = k on Q..

e For u € L () and arbitrary e,d > 0, we have (uc)s = (us). on ()5 = Qeys = (Q)...
All in all, we infer

he = (he)s = (hs). = hs on Qeys

for arbitrary €,6 > 0, and thus h = lims\ o hs = he holds Z£"-a.e. on {2y, for every € > 0. Since
he is C* and classically harmonic on the open set 2o, C (). and the union of all Q9. with & > 0
is 2, this immediately yields the claim. O

Remarks (on the Weyl lemma and variants thereof).

(1) In particular, the Weyl lemma applies to classically harmonic functions. Even in this
case the improvement from C? to C* regularity may be considered as surprising,.

The proof, however, simplifies in the classically harmonic case, since the mean value property
of h directly leads to h = h. on 2. for every € > 0. Thus, h € C*(Q) follows without any
need of working with a second parameter 9.
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2.5. Weakly harmonic functions and regularity of harmonic functions 33

(2) If h € C°(Q) has the mean value property, that is, either fBT(a) hdx = h(a) for all balls

B,(a) C Q or fsr(a) hdH" L(x) = h(a) for all spheres S,(a) C B,(a) C €, then, in some
literature, h is called generalized harmonic on 2. Occasionally this notion is even broad-
ened to functions h € L{ (£2) which satisfy the mean value property for £"!-almost all

pairs (a,r) with B,(a) C Q. In any case, also generalized harmonic functions h on €2 satisfy
h = h. on Q. (justified earlier in case of S, (a) mean values; for B, (a) mean values see below)
and thus turn out to be C* smooth and classically harmonic (in the LllOC setting
after modification on an .Z" null set).

Deducution of h = he from the By(a) mean value property. We choose a rotationally symmetric mollification kernel
n on R™ such that the function x with n(z) = x(|z|) for « € R™ strictly decreases on [0,1]. For € > 0, this implies
that x. with ne(z) = xe(|z|) for € R™ strictly decreases on [0,¢]. Now we fix a € Q.. As a consequence of the
previous observations, the superlevel sets A¢ c(a) := {z € R™ : n.(a—x) > t} are balls with center a and radius < e.

Now, for h € C°(Q), we argue with Fubini’s theorem (applied twice), the mean value property on the balls A (a),
and the normalization fBE ne dxz = 1 of the scaled kernels. In this way, we infer

ne(a—=) e (0)
he(a) = / ne(a—z)h(z)de = / / dt h(z)dz = / / h(z)dzdt
Be(a) Be(a) /O 0 At e(a)

ne(0) ne(a—x)
= / / dz dth(a) = / / dtdz h(a) = / ne(a—zx) dz h(a) = h(a).
0 At,a(‘l) Be(a) JO Be(a)

This shows the claim for h € C%(Q). For h € L}

e (Q), the reasoning is, up to tracking of null sets, the same. |

(3) In conclusion, all concepts of harmonicity (classical, weak, very weak, generalized) coincide,
and one may wonder why we have entered into the discussion of the different concepts at
all. One answer is that the coincidence of the different definitions may and should indeed be
seen an indication that harmonic functions are very natural and interesting objects. A more
practical answer is that both weakly harmonic functions and generalized harmonic functions
are useful in obtaining existence results for harmonic functions in the sense of the original
classic definition. Indeed, the theory of weakly harmonic functions (and weak solutions of
more general PDEs) is accessible by powerful methods of functional analysis, but here we do
not enter into this. Rather we now present a more specific existence proof, which is similar
in spirit and involves generalized harmonic functions:

Theorem (solvability of the Dirichlet problem for harmonic functions on balls). For
a€R", Re (0,00), ¢ € CO%Sg(a)), the Dirichlet problem for harmonic functions

Ah =0 on Br(a),
h=¢ on Sg(a)

has a solution h € C?*(Bgr(a)) N CY(Bgr(a)) (which, by the maximum principle, is also unique).

Proof. W.l.o.g. we only treat the case @ = 0, R = 1. By the Weierstrafl approximation theorem”,

there exists a sequence (pi)ren of polynomials on R™ with limy_, pr = ¢ uniformly on S;. In

"The Weierstra$ approximation theorem (in n dimensions) asserts, for every continuous function on a compact
subset K of R", that there exists a sequence (pr)ren of polynomials on R™ which approximates ¢ uniformly in
the sense of limg_, 00 P = ¢ uniformly on K. For n = 1 this is commonly proved by rather elementary means. For
n > 2 the proof is often carried out in the setting of a general functional analysis principle, the Stone-Weierstraf3
theorem, which contains the Weierstrafl approximation theorem as a special case.
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view of the solvability result in Section 2.2, for every k € IN, we can find a (polynomial) solution
h;. of the Dirichlet problem

Ahp, =0 on By,
hi = pg on 57 .

By the maximum (and minimum) principle for the harmonic functions hx—hy, we obtain

max |hy—hy| < max |pe—pr| for all k,/ € IN.
B1 1

Thus, the uniform Cauchy-property of (py)rew on Sy carries over to (hy)rew on B1 and leads to
the existence of a uniform limit A := limj_, ks on By. Since uniform limits preserve continuity,
we obtain h € C°(B;) with h = ¢ on S;. In view of the uniform convergence it is easily verified
that h inherits the mean value property from hi, and thus h is generalized harmonic on B; in
the sense of Remark (2) above. As pointed out there, h is then C* on B; and turns out to be
the classically harmonic solution of the Dirichlet problem on Bj. O

Remark. An alternative way of finalizing the proof above is worth pointing out: Instead of
relying on the notion of generalized harmonic functions one may also employ the Weierstraf-type
convergence theorem treated in the subsequent section 2.6.

2.6 Liouville and convergence theorems, Harnack’s inequality

It has been observed in the previous Section 2.5 that the mean value property of a harmonic
function h on 2 implies the crucial identity

ha) = ho(a)= = [

T7n B, (a)

)h(x)dx: ! 77(

T‘nQ

a—x

,
for B, (a) C Q provided that the mollification kernel 7 is rotationally symmetric. Differentiating
with respect to a and exchanging the order of differentiation and integration (justified as usual),

we infer
1

rrtlal

8“n<@)h($) dz

0%h(a) = "

Br(a)
for every multi-index o € INjj. Once the mollification kernel 7 is suitably fixed, supgn |[0%n| < 0o
depends only on n and |«|. Thus, from the previous expression for 9*h we deduce the important
interior estimates for harmonic functions

t -
|0%h(a)| < WMHl;BT(a) , whenever h is harmonic on Q, B,(a) C ©, and o € INj.

As a first application of these estimates we establish the following result on entire (i.e.
everywhere-defined) harmonic functions on R".

Theorem (Liouville property of entire harmonic functions).

(I) If h is harmonic and bounded on R™, then h is necessarily constant on R™.
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2.6. Liouville and convergence theorems, Harnack’s inequality 35

(IT) If h is harmonic on R™ with polynomial growth limg_, ., ‘;T(TxL = 0 for some m € Ny,
then h is necessarily a polynomial of degree < m.

Remark. Consider an entire harmonic function A. Then boundedness of h implies its constancy
by the Liouville property in (I). This is sharpened by the case m = 0 in (II) which says that
already sublinear growth of i implies its constancy.

A refined Liouville property will be established later in this section.

Proof. In order to prove (I), we use the interior estimates in the case o« = ¢;, i € {1,2,...,n} of
a first-order partial derivative. We obtain

const(n)

const(n
ouh(a)) < U ) < )

sup |h|] — 0 for all a € R™,
R~ r—00
where we have the boundedness supgn |h| < 0o of h in the last step. In conclusion, VA vanishes
on R", and h is constant on R".

Aiming at (II), we apply the interior estimates for o € INj, |a| = m+1. In addition, we rely
on the weak maximum principle and the assumed polynomial growth. In this way, we get

const(n, m) const(n, m)

‘8ah(a)| = rntm+1 HhHI;BT(a) = ym+1 B (];)) |h|
" for all a € R™.
const(n, m) |h(x)]
—— 1 Sup |h| = const(n,m) sup it 2 0
r Sr(a) z€Sr(a) |1’| r—00
Thus, D™k vanishes on R”, and & is a polynomial of degree < m. O

As a second application of the interior estimates we obtain compactness and convergence
results for sequence of harmonic functions:

Theorem. Consider a sequence (hi)rew of harmonic functions on .

(I) (Montel type) compactness theorem: If the sequence is locally uniformly bounded on
Q, that is, supen SUPx |hi| < oo for every compact K C ), then it has a subsequence
which converges locally uniformly on Q.

(IT) (Weierstrafl type) convergence theorem: If the sequence converges locally uniformly on
Q, then the limit function h is harmonic on , and we have locally uniform convergence
of derivatives limy_ oo 0%hy, = 0%h on Q for arbitrary o € INF.

Remarks (on the compactness and convergence theorem).

(1) The compactness theorem resembles a version of the Montel compactness theorem in com-
plex analysis, which gives the same assertions for a sequence of holomorphic functions. Sim-
ilarly the convergence theorem resembles the Weierstrafl compactness theorem in complex
analysis. In the case n = 2, where harmonic functions are nothing but the real/imaginary
parts of holomorphic functions, the above theorems are indeed equivalent with their complex
analysis counterparts.

(2) In case of bounded €2, uniform boundedness or uniform convergence on 9f of a sequence of
harmonic functions implies the same on ) by the weak maximum principle. In this sense the
hypotheses of the theorems can be deduced from corresponding hypotheses on the boundary.
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Proof of the compactness theorem. Given a convex® compact subset K of {2, we can choose a

larger compact subset K of Q with r := dist(K, R"\K ) > 0. Then the interior estimates for the
harmonic functions h yield

const(n)

const(n
Vi) < D o <

sup |fog| foralla € K and k € IN.
K

Thus, from uniform boundedness of (hx)gen on K (which we have by assumption) we infer
uniform boundedness of (Vhy)rew on K, and this in turn implies that the hy are equi-Lipschitz
on K. The Arzela-Ascoli theorem? then yields a subsequence (hkf) el which converges uniformly
on K. Exhausting €2 with countably many suitable compact subsets K and using the diagonal
sequence trick, one can then show the existence of one subsequence such that this convergence
actually holds for all compact subsets K of 2. O

Proof of the convergence theorem. Given a compact subset K of €2, we choose a larger compact
set K C Q and » > 0 as in the proof of the compactness theorem. Then, by the interior
estimates, we obtain

const(n, |a|)

|3ahg(a)—6ahk(a)| < 7"|a|

sup |fg—hy| forall a € K, o € INj, and k,/ € IN.
K

Thus, from the uniform convergence of (h)rew on K (which we have by assumption) we infer,
for every o € INjj, that (0%hy) ke is a uniform Cauchy sequence on K, thus uniformly convergent
on K, and locally uniformly convergent on §2. In this situation, a standard analysis result ensures
that the limits are the ‘correct’ ones, that is, limg_,oo 0% = 0“h locally uniformly on € for all
a € INj. In particular, we get Ah = limy_,o Ahy, and thus h inherits harmonicity from hy. O

Theorem (Harnack inequality). For every non-empty compact subset K of a connected §,
there exists a constant C = const(K, Q) € [1,00) such that

m}z{xxh < Cm}énh holds for all non-negative harmonic functions h on €.

Proof. In a first step, we consider a ball B.(a) C © and arbitrary points z,y € B, 4(a) in the
smaller concentric ball B, 4(a). We observe B, /4(x) C Bs, /4(y) (and moreover that the closures
of both these balls are contained in B, (a) and €2). Using the mean value property (twice) and
non-negativity of h, we infer

1 1
hx:/ hdz§3”/ hdz = 37h(y).
) = o0 oy oG S w)

The resulting estimate corresponds to the Harnack inequality on K = B, 4(a).
In a second step, we carry over this estimate to the non-empty compact subset K from the
statement of the theorem. In view of the connectedness of {2 we can assume that K is connected

8The convexity assumption is not restrictive. Indeed it suffices to verify the claim for all closed balls K in €.
9The Arzela-Ascoli theorem can be stated as follows: If (fx)ken is a sequence of equi-continuous and pointwisely
bounded (and then automatically uniformly bounded) functions on a compact metric space X, then there exists a
subsequence ( fr 2) s which converges uniformly on X. Asin the case at hand, this is often applied to a sequence of
equi-Lipschitz functions f, i.e. to functions fi which are all Lipschitz continuous with a fixed Lipschitz constant.
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2.6. Liouville and convergence theorems, Harnack’s inequality 37

(for, if it is not, we can replace it with a larger compact subset which has this property). By
compactness of K we can moreover find a finite cover (B;);—1,2,...m of K by balls B; = B,, /4(az-)
such that By, (a;) C €2 holds and the first step applies on B;. For the moment, we now fix x € K
and consider the auxiliary set S of points y € K which can be reached from z via a chain of
balls from the cover in the sense that there exist distinct indices i1,1i9,...,i, € {1,2,..., M}
with z € By, B;, N By, , # 0 for j=1,2,...,4—1, and y € B;,. It turn out that S is both open
and closed in K (since each x € S and = € K \ S, respectively, are contained in all ball B;, and
then all points of this ball belong to S and K \ S, respectively). Thus S equals the connected
set K, and the connecting chain of balls B;; in the preceding sense generally exists for z,y € K.
Once we know this, we can choose arbitrary points z; € B;, N B and apply the estimate of
the first step along the chain as follows:

Ti4+1

h(z) < 3"h(xy) < 3%h(xg) < 3% h(x3) < ... < 3EVPh(x,_1) < 37h(y).

In view of £ < M we infer h(z) < 3M"h(y) for arbitrary points x,y € K. By taking the sup
in € K and the inf in y € K we then arrive at the claim with constant C' = 3" (where M
depends only on the initial choice of the cover and thus only on K and Q). ]

Remark (on invariance of the Harnack constant). The Harnack constant, that is, the optimal
constant in the Harnack inequality, is invariant under translations, orthogonal transfor-
mations, and scaling. More precisely, given (K,€) as in the theorem, a € R", T' € O(R"),
and r > 0, the Harnack inequality holds for (a+rT'(K), a+rT(€2)) with the same constant as for
(K, Q) itself.

The proof of this claim is based on the observation that harmonic functions A on €2 correspond
to harmonic functions h on a+rT(€) through the transformation h(a+rTxz) = h(z) for z € Q.

Corollary (one-sided Liouville property for entire harmonic functions).

(I) If h is harmonic on R™ and bounded from either above or below on R™, then h is neces-
sarily constant on R™.

(I) If h is harmonic on R™and either hy or h_ has polynomial growth lim g, % =0
with m € Ny, then h is a polynomial of degree < m.

(IIT) If u is subharmonic on R? and uy grows sub-logarithmically, that is limy) oo ﬁg(‘ﬁ =0,
then u is necessariliy constant.

Remarks (on optimality of the growth conditions).

(1) The growth condition in (II) is optimal in the following sense: There exist harmonic func-
tions h on R™ (e.g. homogeneous harmonic polynomials of degree m+1) which satisfy
lim sup| 00 &}T(Twlll < oo (and thus lim|, o I»’Cll’;(% = 0 for every 6 > 0), but are not
polynomials of degree < m. Clearly, this discussion also shows the optimality of the analo-
gous growth condition in the both-sided Liouville property from the beginning of the section.

(2) Similarly the restriction to two dimensions and the growth in (III) are also optimal. This
follows from the fact that max{F, —1} is a non-constant subharmonic harmonic function on
RR"™ in the generalized sense of the subsequent Section 2.7, and a mollification u thereof is even
non-constant subharmonic in the classical sense. In dimensions n > 3 these functions are

additionally bounded (from above and below), while in dimension n = 2 they are bounded

u ()
log |z

from below and satisfy lim sup|,|_,« < 00.
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Proof. For the proof of (I) it suffices to treat one of the cases. Here we thus assume that h
is bounded from above, that is M := supr. h < co. Applying the Harnack inequality to the
non-negative harmonic function M —h on R, we then get

max (M—h) < Cmin (M—h) for arbitrary r > 0.
B Br

Sending r — oo, we conclude

sup (M —h) < Cmin (M—h) =0
R" R
and read off h = M on R"™.

The proofs of (IT) and (IIT) are discussed in the exercise class. O

Corollary (Harnack convergence theorem). Consider a domain Q in R™ and a sequence
(hk)ken of harmonic functions on Q such that hy < hg < hs < ... holds on ). Then, either we
have limy_, o hi(x) = oo for all x € Q, or the sequence (hy)kew converges locally uniformly on
Q to a harmonic limit function.

Remark. In particular, if one knows limg_, hr(z9) < 00 at a single point zg € €2, the theorem
can be applied (and is commonly used in this way) to deduce locally uniform convergence on 2.

Proof. We assume limy_, oo hi(z9) < 0o for some 29 € 2. For £ < ¢ in IN and a compact subset
K C Q with zg € K, we then get

m}?x (hg—hk) < CH}}H (h@—hk) < C(hg(xo)—hk(xo))

from the Harnack inequality for the non-negative harmonic function hy—h; on €. In view
of this estimate, the Cauchy property of (hx(xo))ren implies the uniform Cauchy property of
(hi)kenw on K. From this property we conclude that (h)ren converges locally uniformly on €.
The harmonicity of the limit function results from the Weierstraf type convergence theorem in
Section 2.6. O

2.7 Generalized sub/superharmonic functions

In Section 2.5 the concept of harmonicity has been extended to non-C? functions in two ba-
sically different ways. On one hand, (very) weakly harmonic functions have been defined via
an integration-by-parts formula. On the other hand, a notion of generalized harmonic func-
tions, based on the mean value property, has been discussed. Both these approaches can
also be adapted in order to explain subharmonicity and superharmonicity for non-
C? functions. In contrast to the harmonic case, however, one cannot expect that generalized
sub/superharmonic functions exhibit any additional regularity, and thus the resulting concepts
are truly more general than the ones for C? functions.

Here we dispense with weak notions based on integration by parts (though also these are
natural and widespread). Rather, with some applications in the existence theory of the later
Section 2.10 in mind, we turn directly to generalized notions based on mean value
inequalities:
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2.7. Generalized sub/superharmonic functions 39

Definition (general sub/superharmonic functions). We call an upper semicontinuous
function u: Q — [—o00,00) (generalized) subharmonic on  if it satisfies the mean value
inequality'®

u(a)g][ udx for all a € Q, r > 0 with B,(a) C Q2.
B, (a)

Similarly, we call a lower semicontinuous function u: Q@ — (—oo, 0] (generalized) superhar-
monic on §) if it satisfies the mean value inequality

u(a)z][ udx for all a € Q, r > 0 with B,(a) C .
Br(a)

Remarks (on general sub/superharmonic functions).

(1) For u € C?(Q) it is clear from Section 2.4 that the generalized notions coincide with the
classical requirements Au > 0 and Awu < 0, respectively.

(2) Most previous results on sub/superharmonic C? functions extend verbatim to their
generalized counterparts. Specifically, the next result shows that this is true for the basic
maximum /comparison principles of Section 2.4, and a consequence it follows for the other
results as well.

(3) A subharmonic or superharmonic function u on Q satisfies lim, o {5 (@) |lu—u(a)|dz = 0 at all a € Q, that is, all
points in  are Lebesgue points (and w itself is the Lebesgue representative).

Proof. We consider the subharmonic case. The mean value inequality and upper semicontinuity yield the chain
of inequalities u(a) < liminf,\ g fBT(a)udm < limsup,~ o fBT(a)udm < limsupgs, ,q u(z) < u(a), and we infer
lim,~ o fBT<a)(u—u(a)) dz = 0. In addition, we have lim,\ o fBT(a)(u—u(a))+ dz < limsupgs, o (u(z)—u(a))4 =0
by upper semicontinuity. In view of |f| = 2f4 —f this is enough to conclude lim,~ g JCBT(a) |lu—u(a)|dz = 0. 0

Lemma (characterizations of subharmonic functions). For an upper semicontinuous func-
tion u: Q — [—00,00), the following properties are equivalent:

(a) u satisfies the mean value inequality on balls, i.c. is generalized subharmonic on  in
the sense of the above definition.

(b) w satisfies the mean value inequality on spheres

u(a) §][ wdH™ for all a € Q, r > 0 with B,(a) C Q.
Sr(a)

(¢) u satisfies the comparison principle as follows:

G bounded open set in R™, G C Q,
h € C*(G) N C%G) harmonic on G, p = u<h onG.
u < h on 0G

(d) w satisfies the mean value inequality on small balls, i.e. for every a € Q) there exists
some (possibly small but positive) r, € (0,00] such that

u(a) §][ udz for all r € (0,7,) with B,(a) C Q.
B (a)

0Upper semicontinuity of u implies its Borel measurability and boundedness from above on B,.(a). Thus, the
mean value integral exists in [—o0, 00).

39



40 CHAPTER 2. The Laplace equation and the Poisson equation

Specifically, the lemma shows that generalized subharmonicity is, in fact, a local prop-
erty in the following sense: If (O;);es is a family of open sets (over an arbitrary index set I)
with (J;c; O; = Q and u is subharmonic on O; for every i € I, then u is also subharmonic on
Q itself. While this locality principle is obvious for subharmonicity in the classical Au > 0
sense, for generalized subharmonicity it results only from property (d) in the lemma, while it
would not at all be clear from (a), (b), or (c) alone. We remark that the locality principle for
generalized subharmonic functions will prove to be very useful in establishing a basic existence
result for harmonic functions in the later Section 2.10.

Proof of the lemma. We start recording that, trivially, (a) implies (d).

Moreover, (d) implies (c), essentially by the reasoning from the proof of the strong maximum
principle in Section 2.4. Indeed, this reasoning can be easily adapted to work on the connected
components of G and deduce the weak maximum principle for u—h from the mean value property
of u—h.

Next we show that (c) implies (b). To this end, we assume u % —oo, we fix a ball B,(a) C Q,
and we rely, for £ € IN, on the often useful standard construction

or(z) == max (u(y)—klz—y|) e R for z € S,(a).
y€Sr(a)
Here, compactness of S,(a) and upper semicontinuity imply that the maximum is attained.
Furthermore, we record:

e It is clear from the definition that ¢ > uw and @) > ¢g41 hold on S,(a) for all k € IN.

e The upper semicontinuity of v implies limy_, o pi(z) = u(x) for all z € S,(a).

(Justification: In view of the above, limg_, o, ¢k (x) exists in [—00,00) and is > u(x). From the definition of ¢y, we
infer oy, (z) < max{maxg, (q)nB;(x) U, MAXR,. (q) 4 — kd} for all k € IN, § > 0. Sending first £ — oo, then § \, 0, we
infer first limg 00 ¢k (%) < MaxXp, (a)nB; () U then limg o x () < u(x) by upper semicontinuity of u.)

e For every k € IN, the function ¢y is the pointwise maximum of Lipschitz functions with
Lipschitz constant k, and thus also oy, itself is a Lipschitz function with Lipschitz constant
< k, in particular ¢}, € C°(S,(a)).

By the existence theorem at the end of Section 2.5, we can then find, for every k£ € IN, a solution
h. of the Dirichlet problem for harmonic functions

hy € C3(B,(a)) N C°(B,(a)), Ahy =0 on B,(a), hi = pr on S,(a).

By the comparison principle, the inequality v < ¢ = hg on S,(a) extends to u < hy on B,(a)
and specifically to u(a) < hy(a) for all k € IN. Applying this observation together with the mean
value property of hj on spheres S,(a) with 0 < ¢ < r (then B,(a) is contained in the domain of
harmonicity B, (a)), we conclude

u(a) < hi(a) < lim h dH" ! = ][ h dH" ! = ][ opdH" L.
0/'1JS,(a) Sr(a) Sr(a)

Finally, the monotone convergence theorem ensures limg_ .o JCST (a) Pk dH1 = fST(a) wdH 1,
and thus the mean value inequality of (b) holds on S,(a).

Finally, from (b) we get back to (a) by a spherical integration argument, which closely follows
the last part of the proof of the mean value property in Section 2.4. O
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The concept of generalized subharmonic functions turns out to be very convenient also in
the treatment of the following (classes of) examples and basic principles:

Examples (‘many’ (generalized) subharmonic functions).

(1) If the fundamental solution F is extended by setting F'(0) := —oo, then — beside being
harmonic on R™\ {0} — it turns out to be subharmonic on all of R™. This can be verified
with the help of the previous lemma: Indeed, the harmonicity of F' on R™ \ {0} implies the
validity of property (d) for a € R™ \ {0} with r, := |a|, while in view of F'(0) = —oo this
property holds trivially for a = 0 with rq := oco.

(2) Convex functions!! u: Q — [~00,00) on convex open sets ) C R" are subharmonic.

Proof. It follows from the definition of convexity that u is either constant = —oco or finite-
valued. In any case, u is continuous on  (trivially in the former and by a basic result of
convex analysis in the latter case). Moreover, Jensen’s inequality gives

u(a) = u(% xd:):> S][ u(x) dx whenever B,.(a) C Q2.
B, (a) B, (a)

By definition, this means that u is subharmonic on €. O

For example, by u(z) := || or u(x) := e*! we obtain a subharmonic function u on Q = R™.

(3) If v and v are two subharmonic functions on an open set @ C R"™, also the pointwise
maximum max{u,v} is subharmonic on .

Proof. Whenever B,(a) C €, we clearly have u(a) < fBT(a) udzr < fBT(a) max{u, v} dr and
v(a) < fBr(a) vdr < fBT(a) max{u, v} dz, thus max{u(a),v(a)} < fBT(a) max{u,v}dz. O

This implies, for instance, that max{F, s} with the fundamental solution F' and s € R and
the positive part of any harmonic function are subharmonic on R™.

As an obvious consequence, also the pointwise maximum of any finite family of subharmonic functions on §2 remains
subharmonic on 2. Moreover, an analogous reasoning shows that even the pointwise supremum of an arbitrary family
of subharmonic functions on €2 is subharmonic on Q provided that this supremum is — what is not automatic in case
of an infinite family — still upper semicontinuous.

(4) The following interconnected assertions hold for open 2 C R™:

e If h is harmonic on (2, then |h|® with any s € [1, 00) is subharmonic on €.

e If i is harmonic on  and ®: (a,b) — [—00, 00) is convex on an open interval (a,b) C R
with h(Q2) C (a,b), then ®(h) is subharmonic on €.

o If H: O — RY is a vector-valued harmonic function on € (that is, all its components

H; with ¢ € {1,2,..., N} are harmonic on Q) and ®: C' — [—00,00) is convex on a
convex open set C C RN with H(Q2) C C, then ®(H) is subharmonic on Q.

" Convexity of [—oo, 00)-valued functions u on convex sets C is defined by the usual convexity inequality
u(Az+(1-N)y) < du(z)+(1-Nu(y) for all z,y € C, X € [0,1].
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Proof. We only prove the last claim, which contains the previous ones as special cases. As
in the proof of (2), ® is either constant = —oo or finite-valued, but in any case continuous
on C. Thus, ®(H) is continuous on €, and via the mean value property of H and Jensen’s
inequality we infer

®(H(a)) = ¢><][ Hd:c) S][ ®(H)dx whenever B, (a) C 2.
BT(a) Br(a)
By definition, this means that ®(H) is subharmonic on €. O]

For instance, this implies that u(z) := |x122|® defines, for every fixed s € [1,00), a subhar-
monic function v on Q@ = R"

(5) The following convergence theorems for subharmonic functions hold on open Q C R™:

(a) If uy are subharmonic on Q with uy N\, u pointwisely on €2 (i.e. u1 > ug > uz > ... and
limg 00 up = uw on £2), then w is subharmonic on .

(b) If uy are subharmonic on Q with ug v pointwisely on Q (i.e. u; < wug <wug <...and
limg_y00 up = uw on Q) and u is upper semicontinuous and finite-valued on 2, then u is
subharmonic on ).

(¢) If ug are subharmonic on  with limy_,~ ur = u locally uniformly on 2 for finite-valued
u, then u is subharmonic on ().

Proof. In all cases, we first justify upper semicontinuity of w: Under the assumptions of
(5a), it follows from u = infye ug. In (5b), it is assumed. In the situation of (5c), it results
from the locally uniform convergence. Then we get

u(a) = lim wug(a) < lim sup][ uy dz S][ udz whenever B,(a) CQ (%)
k—o0 k—oo JB.(a) B, (a)

with different justifications for having lim sup;,_, ., fBT(a) ug do < fBT(a) udz: In the (5a) case,

it comes (even as equality) from the monotone convergence theorem (where SUpR, (q) U1 < 00

by upper semicontinuity). In the situation of (5b), it results simply from u; < uw on Q. In

the one of (5c¢), it follows (even as equality) from uniform convergence on B, (a). O

2.8 Green’s representation formula and the Poisson integral

In this section we come back to the Dirichlet problem

Au=f on €,
U= on 0f2

for the Poisson equation on a bounded open set 2 C R (where f € C°(Q) and ¢ € C°(9Q)
are given). While uniqueness of solutions u to this problem has been shown in Section 2.4 in
large generality, so far we have solved the existence problem for solutions u only in quite specific
cases, namely for f = 0 and balls 2; see the end of Section 2.5. We now strive for establishing
existence also on general bounded domains €2 by an approach based on explicit formulas
for solutions. Though the aim will turn out to be ambitious and the program will be fully

42



2.8. Green’s representation formula and the Poisson integral 43

successful only for specific domains Q (most prominently again for balls), in this section we will
lay some foundations for other approaches and still gain new insight on harmonic functions and
the Dirichlet problem.

As a first natural step we now deal with explicit formulas which are valid for given solutions
u. Indeed, only with these formulas at hand, we then are in the position for the second step,
namely to define solutions u by these formulas. As start in the direction of the first step we
have:

Theorem (Green’s representation formula). Consider a Gauss domain Q in R"™ and an
arbitrary function u € C?(2) N CL(Q). Then, for each x € Q, we have

u(z) = — /8 Pla=y)0u(s) a1 ) + /a w(y)(By)y F (2 —y) A" () + /Q F(a—y)Auy) dy

Q

where ' denotes the fundamental solution of the Laplace equation on R™.
Remarks (on the representation formula).

(1) The single terms on the right-hand side have certain interpretations in potential theory:
One may understand [, F(z—y)¥(y) dH" !(y) as a single-layer boundary potential and
Jo0 ) (0y)yF(z—y) dH" ! (y) as a double-layer dipole potential. Finally, the volume po-
tential [, F(z—y)f(y)dy is known as Newton potential and will be studied in detail in
Section 2.11.

(2) The second and third terms on the right-hand side involve only the boundary values u|,,
and the Laplacian Aw of u, i.e. the prescribed data ¢ and f in the Dirichlet problem. Thus,
these terms potentially allow to define u by a formula involving only ¢ and f. Unfortunately,
the first terms on the right-hand side is, however, ‘bad’ in the sense that it contains the
normal derivative 0,u|,q, which is not prescribed in the Dirichlet problem. We will return
to this point below and will develop a strategy to circumvent it.

(As a side remark we record that the situation slightly changes in case of the Neumann problem: Then the first and
third terms are ‘good’, while the second is ‘bad’.)

Proof of Green’s representation formula. We argue for fixed x € € and for positive € which are
small enough that B.(z) C . We start by applying Green’s second identity on the domain'?
0\ Bo(x) with boundary (02) U S.(x) to the functions v and y — F'(z—y). In this way we get

/ F(z—y)Au(y)dy — / u(y) Ay F(r—y) dy
0\Be(z) Q\B.(x)

:/ Flz—y)d,uly) dH" () / u(y) @)y F(z—y) dH" " (y)
o0 90

w [ Fa SV @) = [ ul) ST ) ),
where at y € S.(z) the outward unit normal v takes the form v(y) = *Z¥. Here the second
integral on the left-hand side vanishes, since y — F(z—y) is harmonic on R™\ {z} D Q\ B.(x).

12 At this point, a marginal technical difficulty arises from the fact that only Q has been assumed to be a Gauss
domain but not Q \ B.(z). However, this can easily be overcome by cutting-off the singularity of F' in the sense
that one chooses some F. € C*(R™) which coincides with F on R™ \ Bc. Then one may apply Green’s identity
to w and y — F:(xz —y) on both Q and B.(z) and arrives at the above by subtracting the resulting formula on
B.(z) from the one on Q.
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Moreover, taking into account the explicit form of F', the third integral on the right-hand side
takes the form —ﬁfss(x) £Y.Vu(y) dH" (y) and e(log 5)3[85(@ £Y.Vu(y) dH (y) for n > 3
and n = 2, respectively. In view of the e-prefactors, this integral will eventually disappear in the
limit € \, 0. For the treatment of the crucial fourth integral on the right-hand side, we compute
LV F(a—y) = _Win—l for y € Sc(x) and rewrite this integral as —fsg(z) udH" L. Thus, in
the limit & N\ 0 it turns simply into —u(x). Incorporating all these remarks and sending & \, 0
in the above identity, we arrive at

/ F(a—y)Auy) dy
Q

— [ )o@ a0 ~ [ uw)(@),F-y) ) + (o),
o0N o

where indeed F € L!(B.(z)) guarantees the convergence of the F(r—y)Au(y) integrals on

2\ B(x) to the (hence well-defined) singular limit integral on all of 2. By rearranging terms

in the last equation we easily arrive at the claim. O

Next we aim at removing the ‘bad’ first term in Green’s representation formula. This will
be approached by replacing the shifted fundamental solutions y +— F(x—y) in this formula with
y — F(z—y)—h;(y), where the corrector functions h, are chosen as a harmonic functions on
Q) such that y — F(x—y)—h;(y) vanishes on 9€2. With the properties of the resulting function
G(z,y) := F(x—y)—hg(y) in mind, we coin the following definition:

Definition (Green function). Consider an open set Q in R"™. We then call a function
G: {(z,y) € QxQ:y # z} - R the Green function of S (or, at length, the Green function
to the Dirichlet problem for harmonic functions on Q) if it satisfies the following two conditions:

(a) For every x € Q, the function y — F(z—y)—G(z,y) on Q\ {z} can be extended to a
harmonic function on Q.

(b) For every x € 2, the function y — G(z,y) vanishes on 0§ in the sense of limgsy—y, G(z,y) =
0 for every yo € 00 (and moreover limgsy oo G(x,y) = 0 in case of unbounded ).

Remarks (on Green functions).

(1) Clearly, the function y — F(z—y)—G(z,y) in (a) plays the role of the harmonic corrector
function h, mentioned before.

(2) For fixed x € Q it follows from (a) and the harmonicity of F' on R™\ {0} that G(z, -) is har-
monic on 2\ {z}. Moreover, the harmonic extension in (a) is continuous (and even smooth)
near z. This means that y — G(z,y) and y — F(x—y) have a singularity of the same type
at the point x and that the singularities cancel out when taking the difference. All in all,
“A[G(z, )] = 6,” holds on Q (in the same heuristic sense in which we observed “AF = dy”
on R™ in Section 2.1), and the Green function essentially consists of fundamental
solutions with singularity at x and zero boundary values.

(3) The Green function is unique if it exists. This follows from uniqueness in the Dirichlet
problem solved by the corresponding harmonic corrector functions h, on € (where unique-
ness, in turn, results from the weak maximum principle and holds even in case of unbounded
(), since oo is suitably taken into account).
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2.8. Green’s representation formula and the Poisson integral 45

(4) If a Gauss domain € has a Green function G such that G(z, -) € C}*(Q\ {z}) holds for all
x € Q, then — somewhat surprisingly — G is symmetric in the sense of G(y,z) = G(z,y)
for all x,y € Q with y # «.

Proof. Similar to the proof of Green’s representation formula, we apply Green’s second
identity to the functions v := G(z, - ) and w := G(y, - ) on Q\ (B:(z) UB:(y)) (where e > 0
is small enough that B.(x) and B.(y) are disjoint subsets of Q). Since both v and w are
harmonic on this domain and vanish on 02, we deduce

0= / (v O,w —w &,v) dH 1 + / (v O, w — w 81,1)) dHr 1,
Se(z) Se(y)

where v(z) = 2% for z € S.(z) and v(z) = ¥ «(y). Since v and Vv blow
up at = in the same way as z — F(z—z) and z — VF(z—z) (the differences just be-
ing bounded functions), while w and d,w are continuous at x, we can follow the proof
of Green’s representation formula once more to infer lim.\ g sz(x)Uan dH" ! = 0 and

lim\ o fSE(I)(—w O,v)dH" 1 = —w(z). Clearly, the terms on S.(y) can be treated analo-
gously, and thus we arrive at

0=—w(z)+v(y) =Gz,y) — Gy, z).

From this, the claim is immediate. O

If we assume that the Green function exists, then we indeed get the desired representation
formula:

Theorem (Green function representation). For a Gauss domain 2, assume that the Green
function G exists and satisfies G(x, -) € CHQ\{z}) for allz € Q. Then, foru € C*(Q)NCHQ),
setting f := Au and ¢ = u|,q, we have

u\r) = v nl x or all x
(z) /aQso(y)(a)yG( an /G D dy  foralzen

Proof. Applying Green’s second identity to v and the harmonic extension h, of y — F(x—y)—G(z,y)
to €2, we get

0=—[ he(y)du(y)dH" —I—/ u(y) Oy he(y) dH™ ! /h ) Au(y
o9 o9

Next we subtract this equation from Green’s representation formula. Taking into account

F(x—y)—hg(y) = G(z,y) we then end up with

ua) = =[Gl dut)an )—|—/89u(y)(3,,)yG( aH( /Gx y) Au(y) dy

By property (b) in the definition of the Green function, the first term on the right-hand side
vanishes, and we arrive at the claim. O
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Remarks (on the Green function representation).

(1)

(2)

As the most important special case, for a harmonic function h € C?(Q) N CY(Q) with
@ = h|5q, the Green function representation reads

h(z) = /8 A0),Cla) ) orallz e Q.

The Green function representation remains true for functions u € C?(£2) N C°(Q2) which are
not necessarily C' up to the boundary.

The Green function representation holds also for suitable unbounded domains €2 provided
that v and f = Au decay suitably at oo.

Though the Green function representation has been established for given solutions u,
this formula is basically suitable to reverse the point of of view and make an attempt
to establish the existence of a solution u to the Dirichlet problem with given data
f and ¢ by this explicit formula. Under strong assumptions on G, f, and ¢, this is indeed
possible, i.e. it can be verified that the function u defined this way is a solution.

However, it does not make sense to enter into the more technical details of (2), (3), and
the existence program (4), since we are left with the more basic problem to secure the
existence of the Green function G at all. Indeed, proving existence of G is the same
as proving the existence of the corrector functions h,, which are themselves solutions of a
Dirichlet problem for harmonic functions. Thus, we are still faced with the existence issue
in a Dirichlet problem, and one may doubt that anything is won at all. Indeed, it will turn
out that the Green function representation does not help in the existence theory on
general domains ) but only on specific domains () for which the Green function can
be (more or less) explicitly determined. The most prominent such case follows:

Theorem (Green function of balls).

or x € , we denote by x* := %5 the reflection of x at the unit sphere S1, and as

I) F R™\ {0 denote by x* ‘f'th ti t th it sphere S d
usual we write F' for the fundamental solution of the Laplace equation on R™. With this
terminology the Green function Gg, of the unit ball By in R™ is given by

G, (z,y) = F(y—z) — F(|z|(y—z"))
> [ log |y—x| — log(|z| ly—=*])] ifn=2
— g, =27 = (|2l ly—2*)*™]  ifn >3

fory # x in By, where |z||ly—z*| = 1 is understood for y # 0 = z.

(I1) The Green function Gy, of an arbitrary ball Br(a) in R" is given by

—n r—a —Qa i
Gy (2, y) = R*"Gp, (77 %) fory # x in Br(a).

Remarks (on Green functions of balls).

(1)

Since the fundamental solution yields the electric potential of a unit charge at the origin,
Gp, (z, -) corresponds to the electric potential induced by two charges, a unit charge at the
point = and an antipolar charge |z|>~" at the reflection point z*.
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2.8. Green’s representation formula and the Poisson integral 47

(2) By the general Remark (4) on Green functions, Gg,(,) is symmetric in its two argu-
ments. However, symmetry of Gp, and thus Gg,(,) can also be deduced more elemen-
tarily: It is obvious that |y—z| is symmetric in (x,%), and the computation (|z||y—x*|)? =
lz|2(|y)>—2y - *+|2*[?) = |2||y|*—2y - 2+1 reveals the same symmetry for |z||y—2z*|.

(3) A related useful observation is

|zl |y—2"] = [y—z| for y # x in R" with |y| = 1.

This results from (|z||y—z*|)? = |z|?|y|*—2y- m—i—l ]x\Q 2y-z+|y|? = |ly—=|*

Proof of the last theorem. We first check that the expression in (I) satisfies the defining prop-
erties (a), (b) of the Green function of Bj. Indeed, since F' is harmonic on R™ \ {0}, for every
fixed x € By, the function y — F(|z|(y—«")) is harmonic on By (which does not contain z*),
and (a) is immediate. Moreover, Remark (3) above yields F(|z|(y—z*)) = F(y—=x) for y € Sy,
and (b) follows.

Next we verify the definition for the expression in (II). We fix € Br(a) and record *3* € By.
Then the fact that F(M— ) GBI( = ,y) is, when extended for y = =22 harmonic iny € By
implies that F(z—y)—R?> "Gp, (5%, 45*) = R*"[F (%2 —4%5%)—GB, (5%, 45°) | +C(n, R) s,
logR

:J:J

when extended for y = x, harmonic in y € Br(a) (where C(n, R) actually quals for n =2
and is zero for n > 3). This shows (a). Moreover, from Gg, (%5%,y) = 0 for y € 81 we clearly

get R*7 "Gy, (5%, L5%) = 0 for y € Sg(a), and thus also (b) is valid. O

In order to make the Green function representation explicit — at least in the basic case of
balls — we need in fact the normal derivatives of the Green function at the boundary.
Thus, starting from the explicit formula for the Green function Gy, of B; and using Remark
(3), we compute for y € Sy:

_ oL [y Jefy—2Y)
(8V)yGBl ($,y) =Yy VyGB1 (xay) =Y Wy |:y—ﬂf‘n |x’n’y_x*‘n

_ 1 PyP—x-y__leﬂyP—x*-yq

ly—a|* ly—a|*
_ 1 [@P—w-y_ﬂwP—x'y}
nwn | |y—z|" ly—z|
1 Jy[>—[zf?

" nwy, ly—z|™

Moreover, from the formula for Gy, and the chain rule we infer

r—a y— a) 11 |y—a*~|z—al?

_ p2-n =
(au)yGBR(a)(xvy) =R (6 ) GBl( R’ R R nwnR \y—36|"

for y € Sg(a),

which then leads to:
Definition (Poisson kernel). For every R € (0,00), the function Pr: BRxSr — R, given by

Loyl 1 R

= orxz € Br, y € Sg,
nwp R |y—x|” nwp R |y—z|® J oY =OR

PR(Q:7 y) =

is called the n-dimensional Poisson kernel for radius R.
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With the normal derivative at hand we now restate the Green function representation on
balls in a more explicit way and obtain the following important formula for solutions of
the Dirichlet problem for harmonic functions on balls:

Main Theorem (Poisson integral formula (PIF)). Consider a ball Br(a) in R™.

(I) Suppose that h € C*(Br(a)) N C°(Bg(a)) is harmonic on Bgr(a), and set ¢ = RS p(a)-
Then we have

h(z) = / o(y) Prlz—a,y—a) dH" () for all z € Bg(a).
Sr(a)

(I) Consider a given ¢ € C°(Sg(a)). Then, by setting

hz) = / o(y) Pr(z—a,y—a)dH™\(y)  for z € Br(a)
Sr(a)

and h(x) := p(z) for x € Sg(a) we obtain a solution h € C*(Bgr(a)) N C°(Bg(a)) of the
Dirichlet problem

Ah =0 on Bgr(a), u = on Sg(a).

Remark. In particular, (I) implies uniqueness of solutions to the Dirichlet problem in (II).
However, we have established uniqueness already in the earlier Section 2.4.

Proof for Part (I) of the theorem. The definition of the Poisson kernel has been implemented
such that (0,),Ggy(a)(2,y) = Pr(z—a,y—a) holds for x € Br(a) and y € Sg(a). If we use
this and the harmonicity of A in the general Green function representation, we get the claim for
h € C?(Bg(a)) N CY(Bg(a)). If merely h € C?*(Bg(a)) N C°(Bg(a)) is assumed, we can apply
the result of the previous consideration to the harmonic C?(Bg(a)) functions x + h(tz) with
parameter ¢t € (0,1). We infer h(tx) = fSR(a) h(ty) Pr(z—a,y—a) dH"(y) for x € Bg(a) and

then pass to the limit ¢ /1 in this equality. Since the uniform continuity of A on Bg(a) implies
lim; ~ h(ty) = h(y) = ©(y) uniformly in y € Sg(a) and Pr(z—a,y—a) with fixed 2 € Br(a) is a
bounded function of y € Sg(a), the integrals converge suitably, and we arrive at the claim. [

Proof for Part (I1) of the theorem. We know from Section 2.5 that a solution h € C?(Bg(a)) N
C°(Bg(a)) to the Dirichlet problem exists. Then, Part (I) applies to h, and thus h is indeed
given by the integral formula on Bgr(a) (and, as a solution of the Dirichlet problem, it also
coincides with ¢ on Sgr(a)). O

Though this proof for Part (II) is formally correct, we have cheated insofar that existence
has not been achieved with the help of the explicit formula, as we have set it out as a principal
alm in this section. Rather, we have simply cited the existence result, based on a different
approach, from a previous section. Next we will show, however, that it is also possible to follow
the guiding idea of this section and indeed establish the existence of the solution by a direct and
quite illustrative analysis of the Poisson integral:

Alternative proof for Part (II) of the theorem (without usage of the earlier existence result). For
simplicity of notation we assume a = 0 and R = 1. We first record that Py(-,y) € C*(B;)
is harmonic on B; for each fixed y € S;. Indeed, this can be checked by explicit computation
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2.8. Green’s representation formula and the Poisson integral 49

of the Laplacian or, alternatively by the following more abstract argument: It follows from the
symmetry of Gg, that Gg, (z,y) is harmonic in « € By, and thus also Py (z,y) = y - V,Gg, (z,y)
is harmonic in = € B1. In any case, the smoothness and harmonicity of P1( -, y) then implies (by
exchange of differentiation and integration with the usual justification) that the Poisson integral
defines a harmonic h € C*(By).

It remains to prove the attainment of the boundary datum

lim  h(x) = p(xo) for every boundary point xy € Sy, (BC)

and this will be achieved by relying on the following crucial properties of the Poisson kernel:

e For every fixed = € By, we have Pi(z, -) > 0 on S; (clear from the explicit formula for Py)
and fSl Py(z, - )dH" ! =1 (by Part (I) applied to the constant harmonic function = 1). In
view of these properties we may understand the Poisson integral fS1 hPi(z, - )dH" !
as a weighted integral mean of h with weight function Pq(z, ).

e The weight functions Py (z, - ) concentrate at a boundary point z( € S; in the limit
Bi 3 # — x¢ in the sense that we have locally uniform convergence limg, 5,4, P1(z, - ) =0
on S1 \ {zo} (which easy to check from the explicit formula for Py).

On the basis of these observations, for arbitrary xog € Sy, € By, § > 0, and for the function h
defined by the Poisson integral, we estimate

h(w)—sa(xon:\ /S oPi(z, ) AH — p(zo) /S Py(z, -)dH"!

< /S o—p(a0)| Pa(z, -) AR
1

< 2max|g Pio AR sup ool [ Pale, )t
S1 Sl\B(;(IQ) SlﬂBg(xo) St

= 2max |g| Pi(z, )dH" ' + sup |o—o(x0)|.
S1 Sl\B5($0) SlﬂBg(Z‘o)

Here, the first term on the right-hand side vanishes in the limit B; > x — x¢, and thus we have
M Supg, 5540 [P(@)—@(20)| < SUPg, B, (20) [¢—¢(20)|- By continuity of ¢ at zp, the remaining
right-hand side vanishes when we send 0 N\, 0. Thus we have limp, 5,4, |h(z)—¢(x0)| = 0,
which is nothing but the boundary condition (BC). O

Remark. As a side benefit of (a slight variant of) this last proof we indeed obtain the following
refined statement: For ¢ € L!(S;;H" 1), the function h defined by the Poisson integral on By
is still smooth and harmonic, and it satisfies (BC) for all continuity points xg € S; of ¢ even if
© 1is not continuous on the whole sphere Sy.

Remarks (on the Poisson integral formula).

(1) With the Poisson integral formula we have an explicit integral formula for solutions at
hand. This is essentially the best possible situation for which one may reasonably hope in
the theory of PDEs.
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(2)

The Poisson integral formula resembles the Cauchy integral formula from complex analysis,
and indeed on discs in R? these two formulas are essentially equivalent.

In more detail, the Cauchy integral formula — for simplicity of notation stated only in the case of center at 0 — asserts
H(z) = & HO) g¢ = ;1o S5 H(C) - 431 (¢) for z € By and a holomorphic function H on a neighborhood of the

727& KR C—2z (—=z
disc Bg C C, where kg: [0,27) — S, t — Rel is the standard parametrization of the circle Sg. Using the reflection

2* = R%?z/|z|?> = R%/z ¢ Br and subtracting the Cauchy integral for the holomorphic function ¢ CH_(EZ (¢—z) on

Bpg, the formula can be rewritten as H(z) = ﬁ fSR [C%Z_C*%] H(¢)dH'(¢) (where, for z = 0 the term (7%
should be omitted). By computation one finds ﬁ [CEz _Cf%} = ﬁ Re gtz = Pr(z,¢) for ¢ € Sgr, and thus the
rewritten formula is nothing but the Poisson integral for the real and imaginary parts of H.

As a side benefit, we also record the representation H(z)—iconst = ﬁ st gfz Re H(¢) dHY(C) for z € By of the

holomorphic function H, up to a purely imaginary constant, in terms of boundary values of the real part only. This

representation follows directly from the Poisson integral formula ®e H(z) = ﬁ fSR (®e gtz) Re H(z) dH'(2) and the

fact that the real part determines the imaginary part of H up to a constant.

Many properties of harmonic functions are closely connected to the Poisson
integral formula.

1
H"=1(Sr(a))
the Poisson integral in the center = a of the relevant ball Br(a) gives just the ordinary
mean value. Thus, the Poisson integral formula for center points reduces to the

spherical mean value property.

For instance, since Pr(0,y—a) = is constant in y € Sg(a), the evaluation of

Moreover, from the Poisson integral formula one can also read off the following special
Harnack inequality with sharp constants: If h € C?(Bg(a)) is a non-negative harmonic
function on Br(a) C R™, then it holds

R—|z—al|
(R-+|z—al)"!

R+|z—al

Rn—2
(R—|z—al)~!

h(a) < h(z) < R"2 h(a) for x € Bgr(a)

and

R n
sup h < < +T> inf h for r € (0, R).
B, (a) R—r/ B.(a)

More on the deduction of these inequalities and the optimality of the involved constants will
be said in the exercise class.

For further properties related to the Poisson integral formula we refer to the subsequent
Section 2.9.

By exchange of derivative and integral (which is easy to justify) one can deduce the Poisson
integral formula for the derivatives: If h € C?*(Bgr(a)) N C°(Bg(a)) is harmonic on
Br(a) and a € INjj is an arbitrary multi-index, then there holds

0%h(z) = /S ( )h(y) (;)aPR(x—a, y—a) dH" " (y) for all z € Bgr(a).

Remarks (Green function and Green function representation for other domains).
Here, by F' we always denote the fundamental solution of the Laplace equation on R™.

(1)

For n > 3, the full space R" has the Green function Ggn given by Ggrn(z,y) = F(y—=x)
for 2,y € R™. In contrast, the two-dimensional plane R? does not have a Green function.

Proof. The first claim follows directly from the properties of F', where the decisive fact is
lim,| o F'(y) = 0 in dimensions n > 3. To show the non-existence claim on R?, suppose
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the contrary. Then F—Gp2(0, -) would extend to a harmonic function hg on R?, and from
limyy| 00 GR2(0,y) = 0 we would get limyy|_,o ho(y) = lim o F'(y) = c0. Thus, hg would
posses an interior minimum point and would necessarily be constant by the strong minimum
principle. Clearly this contradicts limy_, ho(y) = oo, and thus we have indeed shown the
non-existence claim. O

The half-space H,, := (0,00)xR""! in R™ has — this is easily verified from the definition
— the Green function Gy, given by

Gu, (z,y) = F(y—x) — F(y—2~)  for z,y € H,

with the reflection = := z—2z1e; of z at 0H,, = {O}XIR"_l. Similar to the case of balls,
also Gy, (x, - ) has an interpretation as the electric potential induce by a unit point charge
at x an an antipolar unit point charge at x*. Moreover, we remark that F(y—z) and
F(y—=z~) individually tend to zero for H,, 3 y — oo in case n > 3, while in case n = 2
they tend to oo and only their difference satisfies, due to cancellation, the requirement
limu,, 5y—00 GH, (%, y) = 0 on the Green function.

The corresponding Green function representation for solutions h of the Dirichlet problem
Ah=0onH,, h(0, -) = ¢ on R"!

with ¢ € CO(R"™1) takes the form

h(t,2') = 2t / ) = dy for (¢,2') € Hy, .
nwn Jro-t (82 4 [y—=']) 2

However, the representation only applies if the additional boundary point oo is suitably

taken into account by imposing certain decay conditions on ¢ and h, respectively. Without

such conditions the integral need not converge and uniqueness in the Dirichlet problem

need not hold (where the basic non-uniqueness examples are given by h, (¢, 2') := «at, while

uniqueness holds under the assumptions of the Phragmén-Lindel6f principle on Hy,).

The proof that the above formula indeed defines solutions of the Dirichlet problem can be
carried out more or less along the lines of the Poisson integral formula. Alternatively, one
can also exploit a direct connection between the ball and the half-space case, which draws on
the observation that reflection of the domain at S; in the sense of Q — Q* := {a* : 2 € Q}
transforms (B 1 (Le1))" = e1+H, (where e is the first canonical basis vector in R") and on
the Kelvin transformation: Indeed, for u: Q@ — R on Q \ R" \ {0}, its Kelvin transform
u*: Q* — R on QF is defined by u*(y) := |y|> "u(y*) for y € Q*. Tt is easy to check that
this is an involutory operation (i.e. (u*)* = w), and with some more effort one can also
verify A(u*)(y) = |y|~*(Au)*(y) for u € C?(Q) and y € Q*. In particular, this mean that
the Kelvin transformation preserves harmonicity and carries solutions of Dirichlet problems
on B 1 (1e1) into solutions of Dirichlet problems on e;+H,. A proof of the representation

formula on H,, via this correspondence will be treated in the exercises.

For some simple domains with symmetries, the Green function G is a finite linear combi-
nation of shifted fundamental solutions and indeed corresponds to the potential induced by
finitely many point charges placed at suitable reflection points. Therefore, explicit formulas,
which are adaptions of those for balls and half-spaces, can also be obtained for half-balls
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(4 charges), quarter-balls (8 charges), quarter-spaces (4 charges), and complements
of balls (2 charges), for instance. In these cases the charges and there positions can indeed
be guessed from intuition and pictures. As an example, the case of the unit half-ball will be
treated in the exercises.

In a similar way, for cubes and infinite strips, one can think of infinitely many charges
and obtain a series expansion of the Green function at least.

For general domains (), in contrast, there is no hope for an explicit representation
of the Green function Ggq, and not even its existence is clear. However, even if existence
of G were at hand, in order to obtain solutions via the Green function representation we
would also need that (0,),Ga(x,y) exists for y € 02 and has properties similar to those of
the Poisson kernel needed in the PIF proof. These are complicated matters which cannot
be approached without a more elaborate theory. Thus, the Green function approach is
not well-suited for the existence theory on general domains 2, and here we indeed
give up on that approach. However, we will return to the Dirichlet problem in the later
Section 2.10, and then, by a different strategy, we will indeed establish the solvability of the
Dirichlet problem for harmonic functions on quite general domains 2. We remark that, once
this is achieved, as side benefit we also obtain the existence of the Green function G and
the availability of the the Green function representation on 2 (at least up to the discussion
of C! up-to-the-boundary regularity of Gq(z, -)).

Remarks (Green functions of the second kind; Neumann problem). Consider a Gauss
domain 2 in R™.

(1)

For the Neumann problem
Au=f onQ, Jyu =1 on 0f)

with prescribed f € C%(€) and ¢ € C%(0R), the second term in Green’s representation
formula is ‘bad’ in the sense that it involves the non-prescribed boundary values u|gq.
Thus, in connection with the Neumann problem one naturally attempts to eliminate this
second term rather than the first one, which is ‘bad’ in the Dirichlet but ‘good’ in the
Neumann case. In line with the previous approach, one may then hope to replace the
normal derivative y — (0,),F(x—y) of the fundamental solution in this second term with
y — (0u)yF(x—y) — Oyhs(y), where the corrector functions h, with € Q are harmonic on
Q with 0,ha(y) = (0y)yF(z—y) for all y € 0S2. This cannot work out as stated, however,
since we know from Sections 2.1 and 2.3 that it holds

Dyha(y) dH™ () = 0 but / (9,), F(a—y) dH"(y) = 1.
o0 o0

Hence, we can hope at best that (0, ), F(x—y) and 0, h,(y) differ by the constant 7—["71(89)_1
only, that is,

-1

(0,)y F(x—y) — Oyha(y) = H" 1 (09) forallz € Q,y € 00.
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(2)

On the basis of the considerations in (1) we introduce the following terminology:

Definition (Green function of the second kind, Neumann function). We call a
function GN: {(x,y) € QxQ :y # 2} — R the Green function of the second kind for
Q or the Neumann function of S if it satisfies the following two conditions:

(a) For every x € Q, the function y — F(x—y)—GN(x,y) on Q\ {x} can be extended to a
harmonic function on Q.

(b) For every x € , the function GN(x, -) € CL(Q\ {x}) has constant normal derivative
By (GN(z, ) = H"1(0Q) " on 9.

The Green function of the second kind is unique up to constants in the following sense: If
GN and GN are Green functions of the second kind for ), then there exists constants C, € R
such that GN(z,y) = GN(z, y)+C, for all ,y € Q. This readily follows from the observation
that the harmonic extensions of y — F(z—y)—GN(z,y) and y — F(z—y)—GN(z,y) solve
the same Neumann problem with a solution unique up to constants; see Section 2.3.

Furthermore, if a Green function G of the second kind for €2 is chosen in such a way that
= o GN(z,y) dH" '(y) is constant on 2 (where the constancy can always be ensured
by a suitable choice of the previously mentioned Cy), then GN is symmetric in the sense
of GN(y,z) = GN(x,y) for all z,y € Q with y # x. This can be proved by the reasoning
used for symmetry already in the Dirichlet case.

If GN is a Green function of the second kind for €2, we can follow the reasoning in the Dirichlet
case once more (which essentially means that we combine Green’s representation formula
with Green’s second identity for harmonic corrector functions) to obtain the following Green
function representation: For v € C?(Q) N CY(Q), setting f := Au and 1 := dyu|,q, we
have

uw) = wanr = [ ey e+ [ i) i)
o0 o0 o0
for all x € Q. Here, the term ]%Q udH" ! is an 2-independent constant whose occurrence
is not at all surprising since the solution of the Neumann problem is unique only up to
constants.

The Green function Ggl of the second kind for the unit ball By C R" is given by fully
explicit formulas (only) in dimension n = 2 and dimension n = 3. Indeed, one
instance of such a Green function is given, for z,y € By with y # x, by

1

GB, (2,y) = 5 [logly—a| +log(|x| [y—27])] itn=2,
GE, (z,y) = N + ! —log(1—z - y+|z| l[y—z*|) ifn=3
Ar ly—a| — [a] ly—a]
(with z* := # and convention |x||y—z*| = 1 for y # 0 = x, as used earlier). For n = 2,

this means that Ggl (z,y) = F(y—x) + F(|z|(y—x*)) differs from the Green function in the
Dirichlet case only in the sign between the two terms, and clearly F(|z|(y—x*)) is harmonic
in y € B; as required by (2a) above. For n = 3, we have Ggl (z,y) = Fy—x)+ F(|z|(y—z*))
+ £ log(1—z-y+|z||[y—=*|), where harmonicity of F(|z|(y—z*)) in y € By is evident, while
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harmonicity of log(1—z - y+|z||y—z*|) in y € By can be checked by computation. Fur-
thermore, in both cases one can verify the requirement (2b) for the normal derivative by
explicit computation. The above instance of Ggl also has the properties from (3) that
Js, G, (z,y) dH"*(y) is constant in € By (with value 0 for n = 2 and value —2+ log2
for n = 3; this follows from the coincidence F(y—x) = F(|z|(y—z*)) for y € S; and the
spherical mean value property for harmonic functions) and that Ggl is symmetric.

For further background information, constructive derivations of the formulas in dimension
n € {2, 3}, and series expansions of Ggl for n > 4, we refer to [6, Sections 2.10, 2.11, 2.12].

In order to write out the Green function representation and deduce an existence
result for the Neumann problem on B; C R™, n € {2, 3}, we first observe that the
formulas in (5) simplify for y € Sy since |z||y—z*| = |y—=z| holds in this case. Going with
the simplified formulas into the general Green function representation of (4), we obtain for
the harmonic case f = Ah = 0 with fsl hdH"! = 0 or equivalently with h(0) = 0:

Theorem (solvability of the Neumann problem on the 2d disc and the 3d ball).
Consider n € {2,3}, the unit disc/ball By C R"™, the unit circle/sphere S; = 0B; C R",
and 1 € C°(Sy). Setting, for x € By,

pa) = — | (o ly—s)u(w) an' fn=2.

1

— i i —log(1—1x- —x 2 if n =
o) = 3= [ (G —lermmtly—s) )l aH2) i

we obtain a harmonic function h on By with imp, 5,5, © - Vh(z) = ¢(x0) — JCS1 YdH !
for all xg € S1. In particular, if ¢ has zero mean, i.e.
pdH" =0, (%)
S1

then h € C2(By) with h(0) = 0 solves the Neumann problem
Ah =0 on By, lim 2 -Vh(x)=1Y(zo) for all g € Sy .

Bi3xz—axg

Sketch of proof. Harmonicity of h can be checked, as usual, by differentiation under the
integral. In order to verify the boundary conditions, one computes, for y € Sy,

1 1
:U-Vx<—log\y—a:|> =Pi(x,y) — — ifn=2,
T 2T
x Vi i—lo (1—z-y+|y—2z|) | =Pi(x )—i ifn=3
CE47T ‘y_x‘ g yTl\y — 11 » Y A -

and thus establishes a connection with the Poisson kernel P;. This readily gives
- Vh(z) = / Pi(z,y)¢(y) dH N y) — f ¢dH"™" — Y(wo) —f dH"!
Sl Sl T—rT0 Sl

for x¢g € S1, where the convergence results from the known fact that the Poisson integral
solves the Dirichlet problem. Finally, from the above formulas one also reads off h(0) = 0 in
case n = 2 and h(0) = (2—log2)fq 1 dH? in case n = 3. This establishes all claims (with

the indicated simplifications in the particular case fSl PpdH 1 =0). O
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We emphasize that the zero-mean hypothesis (*) above and the corresponding require-
ment faﬂ W dH" ! = 0 for general Gauss domains € are basic necessary and sufficient
conditions for solvability of the Neumann problem. Indeed, the sufficiency of (k) for
solvability on the 2d disc and the 3d ball is demonstrated by the preceding theorem, while
the necessity of the general condition for obtaining an harmonic h € C?(Q) N C}(Q) with
dyh =1 on 012 is clear from the observation fBQ YdH = faﬂ OyhdH 1 = 0.

Further Remarks (Green functions of the second kind on unbounded domains).
Consider an unbounded open set 2 in R"” whose boundary 0 is C! in a neighborhood of
H"~l-a.e. boundary point.

(7)

For unbounded €2, the situation differs from the one described in Remark (1) above insofar
that |, o0 Ovh dH"! need no longer vanish for harmonic h but can take arbitrary values.
Thus, one may reasonably hope to find Green functions of the second kind whose boundary
normal derivative is not only constant but even zero, and indeed we coin the following
definition: We call a function GN: {(x,5) € QxQ : y # 2} — R the Green function of
the second kind for Q if, for every x € Q, the function y + F(z—y)—GN(z,y) extends
harmonicly to € and it holds 9, (GN(z, -)) = 0 on 99 together with limgsy 0o GN (2, y) = 0.

For the half-space H,, := (0,00)xR"! C R"” in dimension n > 3, the unique Green
function of the second kind ng in the sense of (7) is given by the explicit formula

Gh,(z,y) = F(y—z) + F(y—z~)  forz,y € H,

(with fundamental solution F' and ™~ := x—2x1e1, as used earlier). This function is easily
seen to satisfy the above conditions and differs from its Dirichlet counterpart only in the sign
between the two terms. The corresponding Green function representation for solutions
h of the Neumann problem on H,, n > 3,

Ah=0onH,, O1h(0, -) =1 on R"1, lim  h(z) =0

H,>z—

with 1 € CO(R"~!) reads

2
h(t,x") = / v dy for t € (0,00), ' € R*!
n(n=2)wn Jro-1 (£2+4|y—a'|2)

and is valid under suitable assumptions on the decay of h and 1, respectively, at oc.

n—z
2

The half-plane Hy := (0,00)xR C R? in dimension 2, in contrast, does not have a
Green function of the second kind in the sense of (7). This follows by a simple reflection
argument from the earlier observation that the plane R? does not posses a Green function (of
the first kind). Still, the formula (which is more or less suggested by the higher-dimensional
considerations)

h(t,z') = % /Rmy) log(t*4(y—2")?) dy for t € (0,00), 2’ € R

is a sort-of Green function representation for the Neumann problem on Hs and is
valid, once more, under suitable assumptions on A or 1. The solutions h obtained from this
formula cannot be expected, in general, to satisfy the decay lim, 5,00 A(x) = 0 at 0o, since
the integrand does not tend to 0 for (¢,2’) — oco. However, in the special case wady =0,
the formula can be rewritten as h(t,2’) = 5~ [ ¥(y) [log(t?+(y—2a")?) — log(1+t*+2")] dy,
and then in view of limg,5 (¢ 2/)—00 log(t2+(y—2')?) — log(1+t2+2"?) = 0 one may expect the
decay limp, 5,00 h(x) = 0 again.
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2.9 Isolated singularities, analyticity, and reflection principles

The first result of this section is essentially based on two crucial ingredients: One is the solvability
of the Dirichlet problem for harmonic functions on balls, the other is the comparison with the
fundamental solution F' (which is implemented via several different applications of maximum
and comparison principles).

Theorem (on isolated singularities). Consider an open set 2 in R™, a point a € R", and a
harmonic function h on Q\ {a} (which is again open and has a as an isolated boundary point).

(I) Remowvable singularity theorem: Iflim,_,, % = 0 holds, then h has an extension

to a harmonic function on all of €.

h_(x)

II) If either limsup L(f) < oo or limsup = < 00 holds, then there exist a
r—a |F(z—a)l r—a |F(z—a)l

constant ¢ € R and a harmonic function hg on all of Q such that
h(z) = cF(z—a) + ho(x)
holds for all x € Q\ {a}.
Remarks (on the isolated-singularity theorem).

(1) Part (I) says: If a harmonic function h grows at isolated singularity a slower than the
fundamental solution at 0, then the singularity is artificial and can be removed.

(2) Part (II) can be expressed as follows: If, for an harmonic function h, either hy or h_
grows at an isolated singularity at most as fast as the fundamental solution at 0, then A
exhibits at this singularity, quite precisely, the behavior of a multiple of the fundamental
solution. Roughly speaking this means that a harmonic function i can only have an isolated
singularity ‘worse’ than the one of the fundamental solution if both h4 and h_ tend to co
(at least along some sequences) faster than the fundamental solution .

(3) Specifically and most crucially, Part (II) applies to every non-positive harmonic function on
Q\ {a} (then ¢ > 0) and every non-negative harmonic function on 2\ {a} (then ¢ <0).

Proof of Part (1), i.e. the removable singularity theorem. We choose a ball B, (a) C © and con-
sider the solution hg € C?(B,(a)) N C%(B,(a)) of the Dirichlet problem Ahg = 0 on B,(a) and
ho = h on S, (a) (where existence of hg is known from either Section 2.5 or Section 2.8). Apply-
ing an earlier Phragmén-Lindel6f principle (see Remark (3) on such principles in Section 2.4) to
both h—hy and ho—h on B,(a) \ {a}, we deduce from h—hy = 0 on S,(a) that h—ho = 0 also
on B,(a) \ {a}. We now extend h by setting h(a) := ho(a). Then h = hg is harmonic on B,(a),
and by assumption h is harmonic on 2\ {a}. Thus, the extended h is harmonic on all of Q. [

In the next lemma we record a partial assertion of Part (II) of the theorem. The lemma
is crucially based on the Harnack inequality, and its proof will be treated in the exercise class.
Here we will take it as given and use it as a tool in establishing the more general claim in (IT).

Lemma. Consider an open set 0 in R™ with 0 € Q. Then, for every non-negative harmonic

function h on Q\ {0}, we have

. h(z) . h(x)
lim su < C'liminf
oD F(x)] =7 R0 [F(a)]

with some constant C € [1,00) which depends solely on the space dimension n.
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Proof for Part (I1) of the theorem. For simplicity of notation we assume a = 0, and we only

treat the case limsup,_,q % < oo. We then choose L € R with L > limsup,_, f};(—(;))' and

observe liminf, .o % > 0 (since F is negative near 0). In particular, the harmonic

function h—LF is positive near 0, and since it suffices to establish the claim for h—LF instead
of h and on a small ball instead of 2, we can and do indeed assume h > 0 on {2 from now on.
By the preceding lemma we then have lim sup,_, |]}§(( ))‘ < oo. Thus, there exist a ball B, C
with center 0 and radius r < 1 (the last restriction only relevant for n = 2 in order to stay in
the region where F' < 0) and a constant ¢ € [0, 00) such that h < ¢|F| = —cF holds on B, \ {0}.
Taking M := maxg_ h > 0, this gives specifically h—M < —cF on B, \ {0}, and indeed we now
fix ¢ € [0,00) as smallest possible constant!? in the inequality

h—M < —cF on B, \ {0}.

Next we record that the auxiliary harmonic function h = M—h—cF on € is non-negative on

B, \ {0}, and in addition we will show liminf,_,o | F(( ))‘ = 0. Once we achieve this, by the lemma

we get even lim,_,g % = 0, and by the removable singularity theorem h extends to a harmonic

function hg on Q. With h = M —hg—cF on Q\ {0} we then arrive at the claim of (II) (with

—c instead of ¢ and M —hy instead of hg). It remains to show liminf, .o ‘Z((x))| = 0. However,

if this were not the case, it would mean % > ¢ on By \ {0} for some ¢ € (0,00) and some

§ € (0,7). Recalling the choice of h and rearranging terms, we would get h—M < —(c—e)F on
Bs \ {0}. For ¢—¢ < 0 this is clearly impossible, since h is non-negative, while —(c—¢)F goes
to —oo at 0. For ¢—e > 0, however, we have h—M < 0 < —(c—¢)F on the sphere S,, and then
from h—M < —(c¢—¢)F on both Bs \ {0} and S, we infer, by the comparison principle for the
harmonic functions h—M and —(c—¢)F, that h—M < —(c—e)F holds also on B, \ {0}. This last

inequality contradicts the choice of ¢ as the smallest possible constant in the above inequality.

Thus, we indeed have liminf, . % = 0 as required, and the proof is complete. O

The next result shows that harmonic function are, in a sense, even better than C.

Theorem (analyticity of harmonic functions). If h is harmonic on an open set  in R™,
then h is indeed real-analytic on .

Remark (on analyticity in multiple variables). A function f:  — R is called (real-)analytic
on 2 or function of class C¥ on {2 if every point a € € has a neighborhood U on which f
can be expanded as a (uniformly) convergent power series ZaelNg co(r—a)® with coefficients
ca € R and center a, that means more precisely limm o0 3 |4<m Ca(z—a)® = f(z) converges
(uniformly) for x € U. If this is the case, then f is also of class C*° on (2, and the power
series is necessarily the Taylor series of f at a, that is, its coefficients are the Taylor coefficients

Ca = maaf( )

We now record some consequences of analyticity:

Corollary (identity theorem). If h is harmonic on a connected open set Q in R™ with either
h =0 on a non-empty open subset of Q or 0*h(xo) = 0 for all « € N} at one point xy € €2,
then h = 0 holds on all of 2.

13Indeed, the smallest constant exists, since there is at least one admissible constant by the preceding reasoning,
and then the smallest one can simply be obtained as the infimum of all admissible constants.
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Proof. The set S :={z € Q : 0“h(z) = 0 for all & € INj} is non-empty, since contains either
the open subset or the point zg from the assumption. It is also open, since the Taylor series at
a € S is the null series, and thus, by analyticity, A vanishes on a neighborhood of a and that
neighborhood is contained in S. Finally, since all 0%h are continuous, S is also closed in €2. In
conclusion, S is non-empty, open, and closed in the connected set 2. This implies S =Q. O

Corollary (refined strong maximum/minimum principle). If h is harmonic on a con-
nected open set £ in R™ and if there exists a local mazimum or minimum point of h in Q, then
h is constant on ).

Proof. Clearly, the local maximum/minimum point is a global maximum/minimum point for A
restricted to an open neighborhood of this point. By the strong maximum/minimum principle,
h is constant on the neighborhood, and by the identity theorem, h is constant even on Q. [

Finally, we turn to the proof of the analyticity result which is crucially based on estimates for
the derivatives of harmonic functions. Indeed suitable estimates can be obtained in (at least) two
ways: One can either rely on the Poisson integral formula for the derivatives and estimate the
derivatives of the Poisson kernel, or one can use a comparably elementary induction argument.
Here, we follow the latter approach whose outcome is summarized in the following lemmas:

Lemma (refined interior estimates for harmonic functions). Consider a harmonic func-
tion h on an open set Q in R™ and a ball B,(a) C Q. Then, for every m € Ny, we have

" 2" (2nm\"
D™h(a)| < ( ) T,

wpr™ r

where [D™h(a)| == sup,, . .,
symmetric m-linear mapping D™h(a) € L2 (R™).

sym

g1 ID™h(a)(vi,ve,...,vm)| denotes the operator norm of the

Remark. The estimates in the lemma resemble those obtained in Section 2.6 by taking deriva-
tives of a mollification kernel . However, as the decisive advantage, the present lemma provides
better and more explicit constants. The underlying reason for this lies in the fact that mollifi-
cation kernels (with compact support) are not analytic themselves and thus cannot be expected
to yield constants which are suitable for a proof of analyticity. (In contrast, the Poisson kernel
is analytic, which is the basis for the alternative approach mentioned above.)

Proof of the lemma. We first show by induction on m € INg that, for B,,,(a) C 2, we have

prial < (2)" s ful.

0 Bm@(a)

Since this claim trivially holds for m = 0, we can directly proceed to the induction step, in
which we assume the estimate for D™h(a) with m € INy and establish it for D™*1h(a) in
case B(p41)0(a) C Q. To this end, we consider vy, va, ..., vm, w € S’ffl and g := 0y, ... Oy,Op, h.
Using the mean value property and the divergence theorem for d,,g = div(gw), we find |9y g(a)| =
ﬁ’ fBg(a) Owg dx‘ <1 ng(a) lgldH L < 2 supg,(q) |9/, and in view of the above choices we

wn 0™

infer [D™*1h(a)| < 2 supg,(q) [D™h[. By the induction hypothesis, we can control the right-

hand side of the last estimate through |[D™h(b)| < (ﬂ)msumeg(b) |h| < (%)msupB(mH)g(a) |h

0
at each point b € B,(a), and thus we arrive at [D™1h(a)| < (%)mJrl supp, (a) [h]. This

m+1)e
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completes the induction. Combining the outcome of the induction argument with ¢ = 5 and
the mean value estimate |h(b)| < m”h”l;&(a) for b € B, /5(a), we finally end up with

ID™h(a)| < (252)" supg, ) 18 < o (227) " |hl|1:B, (a)- O

wnr™ r

Proof of the analyticity theorem. Fix a ball By, (a) C Q. We estimate, for m € IN, the remainder
— - 0%h .

R™ h(x) := h(z) — Z;nzol H#DFh(a)(z—a,z—a,...,z—a) = h(z) — > laf<m—1 a!(a) (x—a)® in

the Taylor formula. To this end, we use the well-known Lagrange estimate for the remainder

R7~'h, the estimate |D™h(z)| < -2 (2"m)m||h||1;327n(a) for z € B,(a) from the preceding

wnr™ T
lemma and the observation'* that m! > (2)™ for m € IN. We infer

1 |z—a|™ 2" (2en|r—al\™
Ra'™ h(z)] < T]_i}l(g) ID™h| < o . 12111:Bs, (a)

for x € B,(a), and thus we have shown lim,, o, R 'h(x) = 0 in case |[r—a| < r/(2en) (and in
fact we can also read off that the convergence is uniform in z € B, /(3en)(a)). This means that
the Taylor series of h at an arbitrary point a € € converges (uniformly) on a neighborhood of a
and coincides with h itself there. So, we have established analyticity of h. O

Finally, as the last topic of this section, we discuss the possibility to extend harmonic func-
tions by reflection:

Theorem (reflection principles for harmonic functions). Consider an open set Q in R"™, and
decompose it into Q4 :={x € Q:x1 >0}, Q_ :={x € Q:x; <0}, and Qo := {z € Q: x; = 0}.
Moreover, assume that Q0 is symmetric with respect to reflection at the hyperplane {0} xR"™1,
that is {x~ : © € Q} = Q with the notation = := x—2x1e1 = (—x1, T2, T3,...,Ty) for z € R™.

(I) Odd reflection principle: If h € C?(Q24) N CY(Q4 U Qo) is harmonic on 2y with zero
boundary values h =0 on g, then odd reflection

h(z) = h(x) for x € Qy UQ
e —h(z™) foraz e

defines a harmonic function h on €.

(I1) Even reflection principle: If h € C?(Q)NCHQL UQg) is harmonic on Q4 with zero
boundary normal derivative O1h =0 on Qy, then even reflection

7o) h(z)  forx e QyUQ
' h(z=) forx e Q_

defines a harmonic function h on §).
Remarks (on the reflection principles).

(1) In both reflection principles it is clear that h is harmonic on Q2 U Q_ (simply by taking
into account Ai[h(x7)] = (Ah)(x7)). The essential non-trivial claim, however, is C2

14This observation can be proved by an induction argument (based on the estimate (1—&—%)7” < e). Alternatively
it can be viewed — at least for m > 1 which suffices for our purposes — as a consequence of the famous Stirling

formula lim,,— oo % = /27, which describes the growth of the factorials.
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regularity of h across g (i.e. on an open neighborhood of €}y in Q). With this regularity
is at hand it becomes evident that h is harmonic across Q (by continuity of Ah) and then
also smooth and analytic across g (by earlier theorems).

(2) In particular, the reflection principles yield C¥ boundary regularity of harmonic
functions in the specific cases considered: If h € C2(Q,) N C°%(2; U Qq) is harmonic on
4, then we already know analyticity h € C¥(€24) in the interior. Beyond that, in case
of zero Dirichlet boundary values on the boundary portion €, the odd reflection principle
implies even up-to-the-boundary analyticity h € C¥(24 U€). Similarly, the even reflection
principle yields up-to-the-boundary analyticity in case of zero Neumann boundary values
on the boundary portion .

(3) For the even reflection principle, it suffices to impose only the slightly weaker hypotheses
h e C¥Q4)NCYQy UQp), 81h € CO(24 UQp) instead of h € C2(Q4) N CL(Q24 UQp). This
will be clear from one of the proofs at least.

Next we provide two alternative proofs for the odd reflection principle.

1% proof for Part (I) of the theorem. Since h vanishes on €, we clearly have h € C°(Q). For
a €, we set g 1= \aﬂ >0 inﬁcase a€QyUQ_ and r, := 00 in case a € y. With this choice
of rq we claim fBT(a) hdz = h(a) for every ball B,(a) C Q with r € (0,7,). Indeed, in case

a € Q4 this claim is immediate from the mean value property of the harmonic function h on
4, since the choice of r, ensures B, (a) C Q4. In case a € Q, we first find fBr(a)ﬂSh h(z)dz =
fB,.(a)mQ, h(x~) dx, by reflection of the variable, and then end up with J[B,-(a) hdz = 0 = h(a).
All in all, we have thus shown that h € C%(Q) satisfies the mean value property on balls with

radii € (0,7,), and then harmonicity of » on Q follows by the characterization lemma in
Section 2.7. O

2™ proof for Part (1) of the theorem. Since h vanishes on €, we clearly have h € C°(f2). For
a € Qo and B, (a) C Q, the Poisson integral formula

ho@ﬂ=zhé P )

:/ “Wﬂ@wmﬂwww—/ By )Py () AH" ()
Sr(a)Nfy Sr(a)NQ—

for # € B,.(a) provides a harmonic function hg € C?(B,(a)) N C°(B,(a)) with hg = h on S,(a).
Specifically, for = € B,(a) N Q, by reflection of the y-variable and the fact that P,(z,y~7) =
P,(xz,y) for z;1 = 0 we infer that the integral on S,(a) N Q4 equals the one on S,(a) N Q_.
Thus, these integrals cancel out, and we read off that hg vanishes on B,.(a) N Q. Consequently,
h—hg € C?(B,(a)NQ+)NCO(B,(a) N Q) is harmonic on B,(a) Q4+ with zero boundary values.
Applying earlier maximum/uniqueness principles on B,(a) N 4, we conclude that h = hg is
harmonic on all of B,(a). Since every a € € is contained in a suitable ball B, (a), this proves
that h is harmonic across €. ]

Here, the second proof of (I) can be adapted to establish the even reflection principle in Part
(IT) of theorem. This adaption and also alternative approach to (II) by reduction to (I) will be
treated in the exercises.
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Further Remarks (on the reflection principles).

(4) Similar principles for the reflection at the unit sphere S; are based on the Kelvin transform
(defined by u*(y) := |y|> "u(y*); see Remark (2) on Green functions in Section 2.8).

In detail, these principles apply on an open set 2 in R™ \ {0} which is symmetric with respect to reflection at S, and
on such € they can be stated as follows:

0Odd reflection principle: If h € C2(Q N B1) N CO(Q N By) is harmonic on @ N By with A =0 on QN Sy, then

h(z) := {h(x) for z € QNB1

—h*(z) for x € Q\B1

defines a harmonic function & on Q.

Even reflection principle: If h € C2(Q N B1) N CHOQN E) is harmonic on Q N By with 9,A =0 on QN S; (where v
denotes the outward unit normal to By), then

() = h(z) forx e ﬂEl
h*(z) for z € Q\ By

defines a harmonic function & on Q.

Sketch of proof. We first argue that we have the boundary regularity h € C1(Q2NB1) also in case of the odd reflection
principle. Indeed, this follows from the boundary regularity recorded in the above Remark (2) for flat boundaries,
since the Kelvin transformation connects the Dirichlet problem on (parts of) B1 to the one on (parts of) the half-space
H,,; compare Remark (2) in Section 2.8 once more. With the regularity h € C2(2NB1)NC!(Q2NBy) at hand it is then
straightforward to check by computations of derivatives of h* that h € C2(Q2\S1)NC!(Q) holds in the situation of both
principles. Moreover, since the Kelvin transformation preserves harmonicity, h is harmonic on \ S1. From Green’s
first identity we next obtain fQﬁBl Vh -Vodz = meSl OyhdH™ 1 and fQ\B—l Vh Vo = — fﬂmsl dyhdH™ ! for
all ¢ € CZ(R2) (even with zero right-hand sides in the situation of the even reflection principle). Adding up these
two equations, we conclude that h is weakly harmonic and thus harmonic on €. O

(5) There are reflection principles (with applications to boundary regularity) also for other
PDEs.

2.10 Perron’s method for the Dirichlet problem on general do-
mains

In this section we return to the existence issue in the Dirichlet problem for harmonic functions
Ah =0 on Q, h = ¢ on 092, (DP)

on (quite) general domains 2. Indeed, in the sequel we will generally assume that 2 is a bounded
open set in R™. We will see, however, that this alone does suffice for solutions A to exist and
that more assumptions on {2 will come into play.

We now describe an elegant method, known as the Perron method, for solving the Dirichlet
problem on general domains. This method, which decisively draws on Section 2.7, has the
advantage that it produces a candidate (in fact the only candidate) for a solution very quickly:

Definition (subfunction for the Dirichlet problem). Consider a bounded open set Q2 in R™ and
a bounded function p: Q) — R. A subfunction u for the boundary values ¢ is a subharmonic
function u € CO(2) (in the generalized sense of Section 2.7) such that lim supgs,_,, u(z) < ¢(a)
holds for all a € 09
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Definition (Perron function). Consider a bounded open set Q in R"™ and a bounded function
p: 00 — R. The Perron function h for ¢ is the function h:  — R obtained as the pointwise
supremum of all subfunctions for p, that is

‘h(z) = sup{u(z) : u is a subfunction for ¢} for all x € Q ‘

Remarks (on the definition of the Perron function). Consider a bounded open set §2 in R"™ and
a bounded function ¢: 9Q — R.

(1) The supremum in the definition of the Perron function h is always finite, and indeed we
have

info <h<supyp on .
o0N 90

Proof. The left-hand inequality results from the fact that the constant function with value
infaq @ is a subfunction for . The right-hand inequality follows from the observation that
every subfunction u for ¢ satisfies u < supyq, ¢ on €2 by the weak maximum principle (in a
form recorded towards the end of Section 2.4). O]

(2) If there exists a solution hy € C?(2)NC°(Q2) of the Dirichlet problem (DP), then this
solution hg necessarily equals the Perron function h. Thus, the Perron function is
a perfectly reasonable candidate for a solution and indeed yields a solution whenever
one exists at all.

Proof. Since hg is a subfunction for ¢, the Perron function h satisfies, by its very definition,
h > hg on Q). Moreover, by a comparison principle, every subfunction u for ¢ satisfies u < hg
on (2, and from this we infer, again by definition, h < hg on Q. O

Regardless of the preceding remark it is not at all obvious and still needs to be proved
under suitable assumptions that the Perron function for ¢ actually solves the Dirichlet
problem (DP). One out of two major steps in this direction is addressed in the following
theorem.

Theorem (harmonicity of the Perron function). Consider a bounded open set 2 in R"™
and a bounded function p: 00 — R. Then the Perron function h for ¢ is harmonic on ).

In order to approach the proof of this theorem we first establish an auxiliary lemmas:

Lemma (harmonic replacement). Consider an open set 2 in R™, a ball Bgr(a) C €2, and
a subharmonic function w on € which is continuous on Sg(a). Then there exists a function

h € C3(Br(a))NC°(Bg(a)) which is harmonic on Br(a) and satisfies h = u on Sg(a). Moreover,
by setting

o) = {h(a:) for x € Bg(a)
u(x) forx € Q\ Bg(a)

we obtain a new subharmonic function w on ) which satisfies w > u on €.

The function @ in the lemma is sometimes called the harmonic replacement of u (with regard
to the ball Bgr(a)).

62



2.10. Perron’s method for the Dirichlet problem on general domains 63

Proof of the lemma. The existence of h is known from Section 2.5 and Section 2.8, respectively.
Moreover, from the comparison principle in Section 2.7 we infer h > u on Br(a) and thus @ > u
on 2. To complete the proof we show that w is subharmonic. To this end, as seen in Section
2.7, it suffices to verify u(z) < fBr(x)ﬁdy whenever B,(z) C Q with » € (0,7,), where r, are

arbitrary positive numbers. Indeed, in case x € Br(a) with r < ry := R—|z—a| > 0, we have
B, (z) C Bgr(a) and u(z) = h(x) = fBr(x) hdy = J[B,«(a:) udy by the mean value property of h. In
case x € Q\ Bg(a) the subharmonicity of w implies u(z) = u(z) < fBr(m) udy < fBr(I) udy even
for arbitrary r < r, := oo.

Proof of the theorem. We fix an arbitrary ball Br(a) C Q. The definition of the Perron function
h yields a sequence (ug)ren of subfunctions for ¢ such that limg o, ux(a) = h(a). Possibly
replacing ug with the pointwise maximum max{u,ug, ..., ur} (which is still subharmonic; see
Section 2.7), we can assume that the sequence is non-decreasing, that is, ug11 > ug on € for all
k € IN. Since subfunctions are continuous by definition, we can apply the lemma and consider
the harmonic replacements uy of wug, here all taken with regard to the fixed ball Bg(a). By
the lemma, the uy are still subharmonic on €2 and hence subfunctions for ¢. In particular, the
maximum principle yields the uniform bound w; < supgn e on  for all £k € IN. Moreover,
since the comparison principle implies h1 < hy < hg < ... for the harmonic functions hj in
the definition of uy, we also get wgr1 > uy on € for all K € IN. Now, the Harnack convergence
theorem from Section 2.6 applies to the monotonous sequence (U )ren and guarantees that the
on-Bp(a)-harmonic functions @y, converge for k — oo to a harmonic limit function h on Bg(a).
Since the Perron function h lies above all the subfunctions g, it also lies above h on Bg(a), that
is, h < h on Bg(a). However, in view of h(a) = limg_,o0 Ug(a) > limy_,oo ur(a) = h(a), we have
equality h(a) = h(a) at the center point a. Next we use a contradiction argument to show h = h
even on the full ball Bg(a). Indeed, assume that this is false and there exists some z € Br(a) with
h(z) < h(x). Then, by definition of the Perron function, h(z) < u*(z) holds for some subfunction
u* for ¢. Furthermore, the functions uj, := max{uy,u*} and their harmonic replacements ui}';,
still taken with regard to Bg(a), are subfunctions for ¢ with uj_ ; > uj on 2 for all k € IN. As
before, the Harnack convergence theorem then yields a harmonic limit function A* := limg_;oc 172
on Br(a) with h*(a) = h(a). In view of uj > uj we have u; > u; and h* > h on Bg(a). Thus,
h—h* is a non-positive harmonic function on Br(a) with h(a)—h*(a) = h(a)—h(a) = 0, and
the strong maximum principle implies the coincidence h = h* on all of Br(a). With this, we
finally arrive at h(z) = h*(x) > uf(z) > uj(z) > u*(x) which contradicts the choice of u* above.
Thus, we have proved that h = h is harmonic on Bg(a). Since we have worked on arbitrary ball

Br(a) C Q, this means that the Perron function h is harmonic on . O]

The second step in the existence program consists in proving that the Perron function attains
the prescribed boundary values. In fact, the next theorem characterizes situations in which this
is the case with the help of some more terminology:

Definition (barriers and regular boundary points). Consider an open set £ in R"™.

(I) A function b: Q — R is called an (upper) barrier for a boundary point a € 92 on
if bis continuous on QU {a}, superharmonic on §, and lower semicontinuous on §) with

b>0 on N\ {a} and b(a) = 0.

(IT) We say that there exists a local barrier for a boundary point a € 0S) if there exist some
r > 0 and a barrier for a on QN B.(a). A boundary point a € IQ is called (a) regular
(boundary point) for Q if a local barrier for a ezists.
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Theorem (regular boundary points and attainment of boundary values). For a bounded
open set  in R™ and a boundary point a € 0N, the following assertions are equivalent:

(1)

(1) There is a barrier for a on €.

(2) For every ¢ € CO(0R), the Perron function h for ¢ satisfies limasz s h(x) = ¢(a).

(2") For every bounded p: 9Q — R which is continuous at a, the Perron function h for ¢
satisfies limgs,—q h(z) = (a).

The point a is a reqular boundary point for Q, that is, there exists a local barrier for a.

Proof of the implication (1) = (1’). By assumption there exist some r > 0 and a barrier b
for a on QN Ba,(a). It follows from the lower semicontinuity of b on © N By,(a) and b > 0 on

QN Bar(a)\{a} that by := MiNG=E— 5\ B, (a) b exists and is positive. We now claim that a barrier

b for a on €2 is obtained by setting b := min{b, by} on 2N Ba,(a) and b := by on Q\ B,(a) (where
both these sets are open in © and the definitions coincide on their overlap). Indeed, continuity,
superharmonicity, and lower semicontinuity carry over from b to min{b, by} and then, by locality,
to b; compare Section 2.7 for the operations with superharmonicity. Moreover, we clearly have
b>0onQ)\{a} and b(a) = 0. So, b is a barrier for a on Q as claimed. O

Next we establish the implication which is crucial for the existence theory.

Proof of the implication (1') = (2'). By assumption there exists a barrier b for a on Q. We
consider a bounded ¢: 92 — R which is continuous at a and an arbitrary € > 0. Thanks to the
continuity of ¢ at a we can fix a 4 > 0 such that

lp—p(a)] <e  on Bsla) NQ.
Since supyg |¢| is finite and mingg\ gy (q) b is positive, we can next fix some C' € [0, o0) such that

2sup|p| < C min b.
89‘ | I\Bjs(a)

Finally, since b is continuous on QU {a} with b(a) = 0, we can find some & € (0, 8] such that
Cb<e on Bz(a) N Q.

Now, the superharmonicity of b implies that ¢(a)—e—Cb is subharmonic on €. In addition,
¢(a)—e—Cb is upper semicontinuous on 2 and < ¢ on 9 by the first two choices above (and
the fact that Cb > 0 on Q). All in all, ¢(a)—e—Cb is a subfunction for ¢, and analogously
o(a)+e+Cb is a superfunction for ¢ (which can be defined by saying that —(p(a)+e+Cb) is a
subfunction for —¢). For the Perron function h for ¢, these considerations yield

p(a)—e—Cb < h < p(a)+e+Cbh on €,

where the left-hand inequality follows directly from the definition of the Perron function, while
the right-hand inequality rests also on the observation that every subfunction for ¢ stays below
the superfunction ¢(a)+e+Cb. In other words, we have shown |h—p(a)| < e+Cb on €2, and
taking into account the choice of § we end up with

|h—p(a)| < 2e on Bx(a) N Q.

Since we started with an arbitrary € > 0, we have indeed shown limgs,—q h(z) = ¢(a). O
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At this stage, we record that the implication (2') = (2) is trivial. Thus, we can complete
the proof of the theorem by providing;:

Proof of the implication (2) = (1). Setting u(x) := |x—al for x € R", we obtain a continuous
convex function u on R™. In particular, u is subharmonic on R™ and on € (compare Section
2.7) and is a subfunction for its boundary values ¢ = u|y, € C%(09Q). Consequently, the
Perron function h for ¢ satisfies h > u on Q. Moreover, from the previous theorem and the
assumption (2) we infer that A is harmonic, thus superharmonic and continuous, on  with
limgsg—sq h(x) = u(a) = 0. When we extend h by setting h(y) := liminfos, ., h(z) for y € 09,
then h is also lower semicontinuous on  with A >« > 0 on Q and h(a) = 0. All in all, h is a
barrier for a on (even all of) Q. O

Combining the last two theorems, we can indeed solve the Dirichlet problem for harmonic
functions on a bounded open set 2 in R™ under a necessary and sufficient condition,
namely regularity, at the boundary 9€2. We summarize this situation and moreover provide
a sufficient geometric criterion for regularity in the next theorem:

Main Theorem (Dirichlet problem for harmonic functions on general domains).
Consider a bounded open set  in R™.

(I) The Dirichlet problem
Ah=0 on Q, h = ¢ on 092

has, for every ¢ € C°(09), a (unique) solution h € C%(Q) N C%Q) if and only if
all boundary points of ) are regular for €.

(IT) If Q satisfies an exterior ball condition at a boundary point a € 02, that is, there exist

y € R™ and r > 0 with B,(y) NQ = {a}, then the boundary point a is regular for .

In particular, if ) satisfies an exterior ball condition at every boundary point in 0S), then the
Dirichlet problem with an arbitrary continuous boundary datum has a (unique) solution.

Proof. We first prove (I). On one hand, if the Dirichlet problem is generally solvable, then
condition (2) in the previous theorem is satisfied for every a € 912, and that theorem then yields
that all a € IQ are regular for 2. On the other hand, if all points a € 912 are regular for 2, then
the last two theorem imply that the Perron function h for given ¢ € C%(92) is harmonic on §2
with limosesq h(x) = p(a), that is, it extends continuously to € and solves the above Dirichlet
problem.

In order to prove (II) it suffices to provide a local barrier for a. Indeed, using the ball B, (y)
of the exterior ball condition and setting

r2n \x—y\g_” ifn>3
ba) = .
—logr +loglz—y| ifn=2

or x € R"\ {y}, we obtain a harmonic function on R" \ {y}, which is strictly positive on
f R

R™\ B, (y) and vanishes on S,(y) . In particular, in view of 2\ {a} C R™\ B,(y) and a € S,(y),
this means that b is barrier for a on (even all of) . O
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With the above theorem, the existence issue for the Dirichlet problem is reduced to the

question if the domain under consideration has only regular boundary points. Thus, we now
discuss the latter and still non-trivial question in some detail — without detailed proofs and full
background explanations, however.

Remarks (on regular and irregular boundary points).

(0)

Regularity (and thus also irregularity) of a boundary point a € 0f2 for an open set Q is a
local property of {2 near a, that is, it depends only on 2 N B, (a) with arbitrarily small
r > 0.

Moreover, regularity of a boundary point a € 0€) for () is preserved when (2 is made
smaller. More precisely, if a is regular for €2, and Q is an open subset of 2 with a € OQ
then a is regular also for Q.

Both these properties are immediate from the definition of regularity, and the first one may,
in fact, be seen as an advantage of using local barriers in this definition.

Convex domains 2 C R" satisfy an exterior ball condition at every point a € 92. In
fact, in this case there exists even a half-space H = {y € R" : v-(y—a) > 0} with v € S{L_l
such that QN H = (), and as a consequence we have Q N B, (a+rv) = {a} for every r > 0.

An open set Q C R" has a C? boundary if, for every a € 99, there exist 6 > 0, T € O(R™),
and f € C3(R"!) such that QN B,(a) = T({(z,y) € R" xR : y < f(z)}) N B,(a), that
is,  coincides locally near a with the rotated subgraph of a C? function. Starting from the
observation that C? functions are locally majorized by parabolas, one can prove that C?
subgraphs and then also open sets in R” with C? boundary satisfy an exterior ball
condition at every boundary point.

An open set Q C R" is called C%-quasiconvex if, for every a € 99, there exist » > 0, a
convex open set C' in R”, and a C? diffeomorphism ® from R™ on an open subset of R"
such that Q N B,(a) = ®(C) N B,(a), that is, {2 coincides locally near a with the image of
a convex set under a C? diffeomorphism. This notion includes both convex domains and
open sets with C? boundary, and still C2-quasiconvex open sets in R™ can be shown to
satisfy an exterior ball condition at every boundary point.

In conclusion, the above theorem thus guarantees the solvability of the Dirichlet
problem for harmonic functions on all these domains () and thus on a quite rich
class of (s.

However, the exterior ball condition is only sufficient, not necessary for regularity and can,
in fact, be weakened as follows:

If an open set 2 C R"™ satisfies an exterior cone condition at a € 02, that is, there exists
a non-empty open cone!®> C' C R™ with vertex at the origin such that Q N (a+C) = {a},
then a is still regular for (.

Specifically in two dimensions, a point a € 92 is even regular for an open set 2 C R?,
if QO merely satisfies an exterior segment condition at a, that is, there exists y € R?
such that the line segment from a to y does not intersect 2. In order to prove this, it
suffices to consider the basic case of the disc-with-a-cut D, := B? \ ((—o0,0]x{0}).

B Here a set C C R™ is a cone with vertex at the origin if z € C implies Rsox C C.
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2.

However, the solvability of the Dirichlet problem on D, (and with this also the regularity
of all boundary points of D,) then follows from the solvability of the Dirichlet problem
on the half-disc D := B? N ((0,00)xR), since harmonic functions h on D, correspond via
h(z) = h(z?—x3,2x122) to harmonic functions hon D... Here the background reason for the
correspondency is that R?2 — R?, z (a:f—x%, 2x122) can be identified with the holomorphic
map C — €, z — 22, but clearly one can also compute Ah(z) = 4|x2Ah(z?—23, 27 22) and
thus check the correspondency ‘by hands’.

Examples for irregular boundary points are isolated boundary points, points near
which the boundary is covered by finitely many C!-submanifolds of dimension
m—2, and in case n > 3 also certain sharp interior cusps.

In principle, though it is not always easy to check, there is even a necessary and
sufficient criterion for regularity, the Wiener criterion or Wiener test: A boundary
point a € 92 is regular for an open set 2 in R™ if and only if there holds

Z 2(”_2)kCap2 (]324c (a) \ Q) =00,
k=0

where the harmonic capacity of 2-capacity Cap, is the set function defined by
Capy(K) := inf {/ |Vul?dz @ u e Cipt(]R”), u>1on K} for compact K C R".

The theory of (this) capacity and the proof of the Wiener criterion go beyond the scope of
this lecture. We briefly mention, however, that one can show the estimates

const(n)éf”(K)nT_2 < Capy(K) < const(n)H"*(K) for compact K C R"

(where the left-hand term shall be read as 0 in case n = 2, L2(K) = 0). Thus, the 2-capacity
of K is related to the measures .#"(K) and H" ?(K) and may — though it does not truly
behave like a measure itself — be regarded as an indicator value for a sort-of size of K.
In this light, the Wiener criterion indeed expresses that the complement B, (a) \ © of © in
B, (a) does not decrease, in way quantified via Cap,, too fast for r \ 0.

11 The Newton potential as a solution of the Poisson equation

We first introduce a class of function spaces, which will be an important tool in this section.

Definition (Hélder spaces).

(I) Consider a function g: X — RN on a metric space X and o € (0,1]. We say that g is
a-Hoélder continuous or Holder continuous with exponent o on X if there exists
a constant C € [0,00) such that

lg(y)—g(x)| < Cdx(y,x)* holds for all x,y € X .
The smallest possible constant
o] . = sup l9(y)—9g(x)|

z,yeX dX(ya x)a
yF

€ [0,00)
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in the inequality is then called the Holder constant or the (a)-Hélder seminorm
of g on X. We complement this definition for the case of the exponent o = 0 with the
convention that g is 0-Holder-continuous on X if it is continuous and bounded on X, with
corresponding seminorm [glo.y = 0scx g = supg yex [9(y)—g(z)| € [0, 00).

(IT) Consider an open set 2 in R™, a non-negative integer k € g, and an exponent o € [0, 1].
The Hélder space CH(Q) consists of all functions u € CF(Q) such that 9°u is bounded
on Q for all p € Ny with |8] < k and additionally a-Hélder-continuous on € in case
|B| = k. This space is equipped with the C**-norm

|| or,a(q) = max (sup aﬁu) + max [8°u .
fullone (o) = max (sup 0%l + max [07u]

The Hélder space CH*(Q, RN) of RN -valued functions u is defined analogously.

It is straightforward to verify that the Holder spaces are indeed Banach spaces with the
given norms, and thus we refrain from explicating any details on this.

Remarks (on Holder spaces).

(1) Holder continuous functions with Holder exponent 1 are also called Lipschitz continuous
functions. Correspondingly, in case of the exponent 1, the Holder constant is also known as
Lipschitz constant.

2) The local Holder space CP2(Q) consists of all u € C*() such that, for every x € Q, there
loc

exists some open neighborhood O of = with u|, € Ck(0). The space ch

oot () consists of

all u € CH*(Q) with compact support in .

(3) In case of convex €2 there holds'® C¥T1(Q) ¢ Ck1(Q), and an inductive application of this
fact shows that, for u € CH(Q), the lower-order partial derivatives 9°u with |3| < k—1 are
all Lipschitz continuous on Q. Specifically, C{?gl a(Q) Cﬁ)i (©2) holds even on arbitrary £2,

and thus all derivatives 9°u with || < k of u € ch 2(Q) are always continuous.

loc

(4) The space Clko’g (Q) is nothing but the standard space C*(Q) of k-times continuously differ-
entiable functions on €.

Now we turn to a systematic treatment of the Poisson equation
Au=f on {2

with given right-hand side f: Q@ — R and unknown u: £ — R. In the case Q = R", the last
term in Green’s representation formula from Section 2.8 provides a candidate solution, for which
we introduce a specific name:

Definition (Newton potential). For f € Lg5 (R"), the Newton potential Ny: R" — R of
f is defined as the convolution of f with the fundamental solution F', that is,
N¢(z) := (Fxf)(x / F(x—y)f(y)dy forx e R™.

16To prove this assertion one reasons that boundedness of VO%u on Q implies Lipschitz continuity of 8°u on Q
by the standard estimate |9°u(y)—0%u(z)| = | f01 Volu(z+t(y—z))-(y—2) dt| < (supg, |VO ul)ly—zl.
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In this definition, the integral exists with finite value, since we have F € L{ _(R") and

fe cht(IR"). In particular, thanks to the compact support assumption on f, the fact that
F ¢ L*(R™) does not cause trouble.

Remarks (on basic solution properties of the Newton potential).

(1)

The heuristic equation “AF = §g” from Section 2.1 suggests the heuristic computation
ANy () = X AF(z—y)f(y)dy = . flz=2)AF(z)dz = X flz—2)déo(z) = f(x)

for € R™. Thus, one may conjecture (though not yet on a very solid basis) that Ny solves
the Poisson equation with right-hand side f, that is,

‘ANf:f on]R”.‘

The prediction of (1) is actually correct in many situations, and for

f € Ccpt (Q)

we now provide a fully valid quick proof: We first rewrite the definition of Nt as Ny(z) =
f]Rn F(z)dz for x € R™. Then, since the pure second derivatives 82 f are bounded
on R” Wlth compact support and F € LL _(R™) holds, the differentiation

ANy (z) = - Af(z—z)F(2)dz = i{% s (A, f(z—2)|F(z)dz

is justified. For fixed € R™ we choose a radius R € @ o0) with z—spt f C Bg. Then the
domain of the last integral can be replaced by Bg \ B¢, and from Green’s second identity
(with vanishing boundary term on Sg) and the fact that AF =0 on Bg \ B. we infer

/ [A.f(z—2)]F(z)dz
R"\B.

_ [/SSQ-Vf(x—z F(z)dHm( / ZVF(2)f(0-2) A (2)

Using the explicit form of F — as in the proof of Green’s representation formula in Section
2.8 — we see that the first integral on the right-hand side vanishes in the limit € ~\, 0,
while the second integral turns out to be the mean value integral fsg flz—2z)dH"1(2).
Summarizing and using the continuity of f, we thus conclude

AN (z _l1m][fxzd7-[" Y2)=f(x)  forallz € R".

The C? assumption on the right-hand side f in (2) is artificial, since the Poisson
equation Au = f does not at all involve derivatives of f. However, if we merely assume

f € cht(Rn) )
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o0

by similar arguments we can show at least that Ny € Ly

solution of the Poisson equation in the sense that

(R™) is generally a very weak

/ NsApdr = / fedx for all p € CZ(R™).

Indeed, in order to prove this, we fix ¢ € CZj(R") and rewrite with Fubini’s theorem

/ Nngodx—/ / (z—y) f(y) dyAp(z) dz
Rn n n

- [ 5w [ Pesetazay.

For arbitrary y € R™ we choose L € (0,00) with spt ¢ C Br(y). Then, based on Green’s
second identity, the harmonicity of F' on R™\ {0}, and the form of VF we compute, once
more in the spirit of Section 2.8,

F(z)Ap(y+z)dz
Rn

= lim F(z)Ap(y+2)dz
e\0 B \B.

~tim [ [ P Vetrr 4o + [ I FE 0

€

—lm (2 ) = o).
e\ S.
Inserting the result of the last computation in the preceding equality, we end up with

/Nngodw—/ fedy for all p € CZ(R™),

that is, with the claimed weak solution property.

(4) In the sequel we further refine these observations to natural results which do not require the
C? assumption for the right-hand side f, but still yield solutions in a better sense than just
the very weak one. These refinements, however, require more elaborate regularity estimates
in Holder spaces:

Theorem (regularity and solution properties of the Newton potential).

(I) Suppose
f € cht(Rn) .

Then the Newton potential u := Ny satisfies
u € Cllog(]R”) for all a € 0,1)
with corresponding estimate

[ullcra(q) < const(n, a, R)|| floc;rn
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2.11. The Newton potential as a solution of the Poisson equation 71

for all bounded open subsets Q of R™ with bound diam(QUspt f) < R < co. Moreover, u
is a weak solution of the Poisson equation Au = f on R™ in the sense that

— Vu-chdx—/ fpdx for all p € CH(R").
Rn ]Rn

(I1) Suppose
feCRY)  for some a € (0,1).
Then the Newton potential u := Ny satisfies
we CA0 (R

loc

with corresponding estimate
]| c2.0 () < const(n, a, R)|| fllco.emn

for all bounded open subsets 2 of R™ with bound diam(QQUspt f) < R < co. Moreover, u
is a classical solution of the Poisson equation Au = f on R".

Proof of Statement (I). We first show that we have u € C1(R") with gradient given by

Vu(z) = VF(z—y)f(y)dy for v € R"™. (%)
Rn

Here, the integral on the right-hand side exists with finite value in R, since we have VI €
Lio(R",R™) and f € L (R™). We emphasize, however, that the identity () cannot be derived
directly from the definition of u as Newton potential of f by the usual exchange of differentiation
and integration, since there exists no z-independent majorant for the mappings y — VF(x—y)
with singularity at x. However, we now circumvent this problem by “cutting out” the singularity
as follows. We choose a C* function n: R — [0, 1] with n =0 on (—o0, 1] and n =1 on [2, c0).
Then, for € > 0, we set

us(z) = /n F(x—y)n@‘””%”)f(y) dye R forzeR",

and we infer pointwise convergence lim.\ uc(x) = u(x) for x € R" from the dominated con-
vergence theorem with majorant y — |F(z—y)f(y)|. For u., we indeed have (exchange of
differentiation and integration now justified, since z — F(z)n(|z|/e) is smooth on R™ and thus
y > Va [F(z—y)n(|z—y|/e)] is bounded on spt f)

Vue(z) = /n Vi [F(m—y)n<@)} f(y)dy

- vp(a:—y)n(”%")f(y)dw% s Fla—ypf (H24) =24 () dy

Using this formula and taking into account 7 = 0 on R™ \ By, it is not difficult to estimate

]m(x) — [ VPa-pf) dy}

- {/x_sptf|VF(Z)!)n('§')_1‘dz+i/B

71
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where the former integral vanishes in the limit by dominated convergence with majorant |V F|,
while the latter term is controlled through the explicit form of the fundamental solution F'.
Indeed, with this we have shown

h\I(I(l) Vue(x) = VF(z—y)f(y)dy locally uniformly in z € R"
3 R

(where “locally” stems from the fact that one occurrence of x in the domain of integration in
the previous estimate could not be eliminated). Combining the locally uniform convergence of
the gradients with the previously observed pointwise convergence lim.\ gu. = u, we conclude
that we have u € C1(R") and that Vu is indeed given by ().

With the knowledge that u € C!(R™) holds, the claimed weak solution property follows
via a simple integration by parts from the very weak solution property obtained in Remark
(3). Alternatively, at this stage, one may deduce the same from Remark (3) via a mollification
argument which is discussed in the exercises.

Finally, we come to the C® estimate. For bounded open  C R” and z,Z € § with
d := |T—x| > 0, we obtain from (x) the basic estimate

Vu(@) ~ V@) < [ 1VPE) ~ TF )]yl e
sp

For y ¢ Boy(z), the line segment [z—y, T—y] from z—y ¢ Bay to T—y has length d and thus
stays outside Bj;_|/2. Using this and the fact that V2F is homogeneous of degree —n, we gain
the control |VF(z—y) — VF(z—y)| < dsupj,_, 7y |V2F| < const(n)d|z—y|™™ for y ¢ Bag(x).
For y € Boy(z) C Bsy(T), in contrast, since VF' is homogeneous of degree 1—n, we directly
get |VF(Z—y) — VF(z—y)| < const(n)[|Z—y|'™" + |z—y|'~"]. Using these two estimates and
observing also d < R and spt f C Br(x) (by the choice of R in the statement of the theorem),
we end up with

|Vu(z) — Vu(x)]

< const(n) [d/ Ix—ylndy+/ Z—y|' " dy+/ lz—y|" " dy ||| flloomr -
Bar(x)\Bag(z) B3q(T) Bag(x)

Explicit computation of the integrals on the right-hand side in spherical coordinates then gives
|Vu(Z) — Vu(x)| < const(n) [d log% + d} | flloomn < const(n, @) R'™*d%|| || so:rn

for all exponents o € (0,1). Thus, we have shown a-Holder continuity of all partial derivatives
Oiu, i € {1,2,...,n} for all @ € (0,1) with corresponding gradient Holder estimate

[Oiu]a;0 < const(n, Q)Rl_aHfHoo;]Rn .

We combine this with the (much) simpler estimates

fu(z)| < / @)l o < consin, R oo for 2 € 92,
Br(x

Ou(z)] < / VPl e < constln )| e for @€ 9
Br(z

and arrive at the claim
[ullcreqq) < const(n, a, R)||f|loomn -

This completes the proof of Statement (I). O
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Proof of Statement (I1). Here, we are first concerned with the claim that u € C2(R™) holds and
the second derivatives 0;0;u, 4,5 € {1,2,...,n}, of u are given by

o0,ua) = | (x)(?i@jF(w—y)(f(y)—f(fﬂ))dy+(ij(w) foroe,  (w)

where © and R satisfy the requirements from the statement, specifically spt f C Br(xz). We
emphasize that one may not hope — though it is a tempting conjecture in view of the analogy
with (x) — for 9;0;u(x fB2R 0;0;F (z—y) f(y) dy, since 0;0; F is homogeneous of degree —n
and thus the latter mtegral does not even converge whenever f(x) # 0. In contrast, the integral
on the right-hand side of (xx) does exist with finite real value, since we assumed f € C(C)pot‘ (R™) and
thus the integrand is majorized, up to a multiplicative constant, by the L' function y + |y—2z|*~"
on Br(x). In order to establish (xx) we proceed similar to the proof of Statement (I) and choose
once more a C* function n: R — [0,1] with =0 on (—o0,1] and n = 1 on [2,00). Then, for
e > 0, we set

gl(z) = /Bm( )3F(x y)n('x y')f(y)dy for v € Q.

The dominated convergence theorem, the inclusion spt f C B R( ), and the identity (x) from the
previous proof then yield pointwise convergence limes o g2 (z f]Rn 0;F(x—y) f(y) dy = Oju(z)
for x € Q. Moreover, on the level of g/ we can again dlfferentlate and obtain

992(®) = /B =) 81 0, F@a—yn(=4)] () dy
- /B (z) (9(; [8 F(z— ZJ)U(‘ = )] (f(y)_f(l‘)) dy

10 [ F ()]

In order to simplify the last term for 0 < ¢ < 1, we first apply the divergence theorem and then
take into account that in case ¢ < R it holds n(|z—y|/e) = 1 for y € Sar(z). In this way, we
find

/BQR(J?) 88% [8jF($_y)77< ‘T;y‘)} dy=- /BQR(J?) 8?11 [8 F(m y>77<|m y|>} dy
0ij

— 8F(:L'—y) yz_xz dy f 2i%; dz = —,
/SzR(ﬂC) ’ =] S1 ’ n

and in summary we get

ogla) = [ o [o g ()| (F)-rte) dy + S f ).

2r(T) 81‘2
Using this formula, computing the z;-derivative with the product rule, and taking into account
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7' =0 on R™\ By, it is not difficult to estimate

i)~ [ a0 F ) ()T @) dy =

< [ 10 () -]

1
. / Fa—y)|
€ Bar(x)

—n ]‘ a—n
< const(n) [/ le—y|* " dy + / lz—y['" T dy | [flarn
BQE(I) € B2E(x

< const(n, a)e[ flarn QJ) 0.
€

77’(‘””%")’ |f(y)—f(x)|dy

Hence we obtain

lim 0;¢2 () = / 9;0;F (z—y) (f(y)—f(z)) dy + %f(x) uniformly in x € Q.
e\0 Bagr(z n

Recalling that we already know u € C'(R™) and lim\ o gg = Vu on 2, we can thus conclude
that we have u € C2(R™) and that the second derivatives 9;0;u are indeed given by (sx).

With the knowledge that v € C?(R™) holds, the very weak solution property of Remark
(3) implies in a standard way that u is a classical solution of the Poisson equation Au = f on
R™. Alternatively, at this stage, one may deduce the same from Remark (3) via a mollification
argument.

Finally, we turn to the C>® estimate. For bounded open © C R™ and z,7 € Q with
d := |x—2| > 0, we first obtain from (xx) the initial estimate

lﬁzaju(x)—&aju("f)] <Ty+Tr+ T3
with the three right-hand side terms

T — ] / 10,0, F(2—y) (f(y)— () — 0:0;F G—y)(F()—F(@)] dy|.
Bar(z)

Ty = / 10:0; F(&—y)| | £ (y)— f(@)| dy,
Bor () ABag(T)

Ty = = | f(2)~(7)]

(where we used the notation AAB := (A\B)U(B\A) for the symmetric difference of sets A and
B). Clearly, for T5 we have the simple estimate

T3 < const(n)d[flamrn -
Moreover, observing first Bop(2)ABar(Z) C Bag+d(Z) \ Bar—d(7) and d < R, we get
£ (Bar(z)ABag(T)) < wn(2R+d)"—wy(2R—d)™ < const(n)dR" .
Thus, with the homogeneity of 0;0;F we can estimate

Ty < const(n)/ [Z—y[*™" dy [f]a;mr
Bagr(z)AB2r(%)

< const(n)ZL" (Bor(2) ABap(Z)) (2R—d)* " [ fasrr
< const(n)dR* [ fla:re < const(n)d®[f]amn -
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For the main term 77, we first split the domain of integration into Bogr(z) \ Bog(x) and Boy(z)
and then decompose it further as
T <T + T2+ T

with
T / |0:0;F (x—y)—0:0;F (E—y)| | £ (y)—f ()| dy
Bar(z)\Baa(z)
T? o ‘ / 00, F (F—y) dy| | £ (@)~ ()]
Bar(2)\Baa(z)
TS = 10:0;F (z—y)| | (y)—f ()] — 8:0; F (@ —y)|| f ()~ f(@)]] dy
Baa(x)

In order to bound T, we consider y € R™\ Bay(), and, by the same reasoning as in the proof of
Statement (I), we infer [0;0;F (x—y)—0;0; F(z—y)| < dsupz_y ) IVO0; F| < const(n)d|x—y[1 7"
for such y. Thus, we obtain

T} < const(n)d/ |z—y[*1 " dy [ flare < const(n, @)d®[ fla;rn
R™\Baq(z)

For T}, an application of the divergence theorem on the annulus Bog(z) \ Bag() yields

1P <a | 0, @)l dy [
S24(z)US2r(z)
da e —MN n _jo
< — Z—y['" Ay [flasre < 2"d[flasmn
NWn JSy4(x)US2k(x)

where in the last step we have taken into account |Z—y|'™" < d'~" for y € Sogq(x) C R™ \ B4(7)
and |T—y|['™" < (2R—d)!™™ < R for y € Sor(x) C R™ \ Bar_4(Z). Finally, an estimation in
the spirit of the proof of Statement (I) leaves us with

79 < const(n) [ [yl 4+ Byl ") dy [l
Baa(x)

<comst()| [ el ray s [ @y ] e
Boa(z) B3a(Z)
< const(n, a)d®[ flamrn -
Collecting the estimates for Ty, Ty, T3, T¢, T3, TP, we end up with
|0;0ju(x)—0;0;u(x)| < const(n, a)d®|flar» for all z,z € Q,
that is, with a-Hélder continuity of all second-order derivatives 0;0ju of v and with the bound

[0;0ju]a:0 < const(n, @) flarn -

In order to reach an estimate for the full C>*-norm we additionally record simple sup-estimates
for u, O;u, and 0;0;u. Indeed, the estimates

|u(x)| < const(n, R)sup |f], |0ju(z)| < const(n, R) sup | f| for x € Q
R™ Rn
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have already been recorded at the end of the proof of Statement (I). Furthermore, rewriting
0;0ju via (xx), we find

0:0;u(x)| < / 10,0, F(z—y)| | £ () £ (z)| dy + L1/ (z)]

Bar()
< const(n) /
Bar()

< const(n, o, R)[fa;rn + sup | f|
]RTL

le—y|* " dy [ flamre + Sup If]

for x € Q. Allin all, we have estimated the Holder seminorm [0;0;1]q4.q of 0;0ju and the suprema
of u, O;u, and 9;0ju on €1, and we get

lull ey < const(n, @, R) | Fllcomn)-
This is the last claim, and thus the proof of the theorem is complete. O

Corollary (C*t%2 estimates for the Newton potential). Consider k € Ny and a € (0, 1).
Then, for f € CEY(R™), we have N; e CIT2%(R™) with

cpt loc
INfllcrt2.a(q) < const(n, k, o, R) | fllcr.emn
for all bounded open subsets Q@ of R™ with diam(2 Uspt f) < R < 0.

Proof. For every 8 € NI with || < k, since 9°f € CY,¢(R™) is bounded with compact support
and F' € L%OC(IR") holds, we can justify the necessary exchange of differentiation and integration
to get

9°(Ny) =Ngs;  onR".

Combining this with the C?“ estimate from Statement (II) of the previous theorem, we find
(for 2 as in the statements)

INfllcrs2ag@y < D 10°Nflloza@) = Y [INgsflloza) < const(n, o, R) > (107 fllco.e mn) -
|B|<k |BI<k |BI<k

In addition, by distinguishing the cases |z—y| < 1 and |z—y| > 1 in the definition of the
Holder seminorm we see [g]co.a(gn) < 2SUpgn |g| + supga [Vg| for arbitrary g € C>*(R"). As a
consequence we have

107 fll o (rny < 38};{?@%\ + ZS}ETP 07F f] < (n43)|| fllcrarny  in case 8] < k-1,
=1

while we trivially have

10° fllcoamny < [ fllcrany  in case |B] = k.

Using the last two estimates on the right-hand side of the estimate for [N ||crt2.0 (), we arrive at

k42,
loc

the claimed estimate. Specifically, we read off Ny € C (R™), and the proof is complete. [

Corollary (interior C*¥1+2 regularity for the Poisson equation). Consider an open set
Q inR", k € Ny, and a € (0,1). Then, every u € C%(Q) with Au € CF%(Q) satisfies indeed

loc

u e CPE(Q). Specifically, every u € C3(Q) with Au € C®(Q) satisfies in fact u € C®(Q).

loc
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Proof. Consider u € C%(Q) with Au € C{cog‘(Q) For z € Q, we choose € > 0 and f € Cff L(R™)
with Au = f on B.(xz) C Q. By Statement (II) in the last theorem, we have N; € CQ(R")
with ANy = f on R™. Therefore, u—Ny is harmonic and thus C* on B (z), while the previous
corollary gives that N is C**2< on B.(x). So, we have u = u—N; + N; € Cﬁjf *(B:(z)) and,
all in all, also u € CJT*(Q).

For v € C%(Q) with Au € C®(Q), the statement just proven applies for arbitrary k € Ny,
a € (0,1) and gives u € C*2(Q) for arbitrarily large k € IN. O

Remark. In rough summary the last corollary asserts that solutions u of the Poisson equa-
tion Au = f on Q are always “two degrees better” than the right-hand side f. How-
ever, some care is needed, since this applies only in Holder spaces with intermediate exponent

€ (0,1), but not in the limit cases « = 0 and o = 1. For instance, on the unit disc
B; C R?, a function u € Naclo.1) CloC (By) with Au € CO(Bl) but §? unbounded near 0 and thus

u ¢ Cloc(Bl) D C%(By) is given by u(z) := (22—22)\/—log|z| for z € B; \ {0} and u(0) := 0.

The special solution Ny of the Poisson equation ANy = f on R" also provides a starting
point for solving the general Dirichlet problem

Au= fon Q, u = @ on Of).

Indeed, solutions u can be obtained as sums u = Ny+h of Ny and solutions h of the half-
homogeneous Dirichlet problem

Ah=0onQ, h =u—Njy on 9Q.

However, the latter is just a Dirichlet problem for a harmonic function h (which corrects the
boundary values of N¢) and has been solved in a large generality in Section 2.10. So, all the tools
for the solution of the the general problem are at hand, and the above simple idea can be worked
out to obtain the following statement on existence, regularity, and a-priori estimates for
solutions u.

Main Theorem (on the Dirichlet problem for the Poisson equation). Consider a bounded
open set Q in R™ such that all points in O are reqular for € in the sense of Section 2.10, k € INy,
and o € (0,1). Then, for every ¢ € C°(0Q) and every f € CloC (Q) NL>(R2), there exists a
unique solution u € C?(2) N C(Q) to the Dirichlet problem for the Poisson equation

Au = f on ) u = on 082, (DP)
Ck+20£

ow () with interior a-priori estimate

and indeed this solution satisfies u €

const(n, k,a, R — —
[ullorre.aay < d<k+2+a ) (HfHCkﬂ(Q”) + sup|f| + sup |g0|> whenever ' C Q' Q7 C Q
Q oQ

for open sets Q, ', Q" in R™ with d := min{1,dist(', R"\ Q")} and diamQ < R < oc.

Before spelling out the proof, we first record a basic observation which will be useful at a
couple of points: If, for d > 0, we denote by Uz/2(Q2) the (d/2)-neighborhood of an open set
Q) C R™, then we have the auxiliary estimate

[9laser < 247 sup|g| + d'=® sup |[Vg|  for g€ C'(Uyp(R). (2.1)
Ugy2(82)
Indeed, (2.1) is easily obtained from an elementary estimate for % in case |y—z| > d and

a straightforward estimate via the gradient in case |y—z| < d.
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Proof. For a given solution u € C2(Q2)NC%(Q) of (DP), the regularity u € Cﬁtza (Q) has already
been obtained in the preceding corollary. Next, we quantify the reasoning used there in order to
establish the interior a-priori estimate for such a given solution u. To this end, we first choose a
cut-off function n € CZ5 (R™) with 1 = 1 on Uy»(€), with sptn C ©”, and with [|[Dy]|eerr <
const(n, £)d~¢ for all £ € INg. Such a function can be obtained, for instance as mollification of the
characteristic function of the 3d/4-neighborhood Usg/4(Q') with mollification radius d/5. With
7 at hand, we introduce fy := nf and observe || follcr.arny < const(n, k)d_k_o‘Hchk,a(Qu). We
now set h := u—Ny, and rely on the auxiliary estimate (2.1) (with d/2 in place of d) in order to

derive

[ull k2.0 oy < INfollorrz.aary + (1Rl crroaiar

< const(n, k, a) (”Nf0||ck+2,a(Q/) +d™® sup sup DA +d'"® sup |Dk+3h]> :
<k+2 Q Ugya()

We further estimate the right-hand side via the estimates for the Newton potential in an earlier
corollary, the interior estimates for the harmonic function h on Ug/»(Q2') (see Section 2.6), and
the previously observed control for the C¥®-norm of fy. This leaves us with

[l crr2.0(qy < const(n, k, a, R) (||f0||ck,a(Rn) + d k2 Sgl)l}) |h\)
const(n, k, a, R)
< T irara (I fllomen +supful +sup N ).

In addition, we have

sup |u| < const(R)(sup|f| +sup|el) , sup [Ny, | < const(n, R)sup | fo| < const(n, R)sup |f|
Q Q Q Q R Q

by the corollary on continuous dependence in Section 2.4 and an easy estimate for the Newton
potential (which is also contained in the first theorem of this section). All in all, we thus arrive

at
const(n, k, a, R)
lulloszaey < = giara " (1 lokaan +sup| £ +sup o)

which is the claimed interior a-priori estimate.
It remains to prove, for f € C?O’g‘(Q) N L>®(Q) with a € (0,1), the existence of a solution
u € C2(Q)NCY(Q) to the Dirichlet problem. To this end, for arbitrary i € IN, we consider a cut-off
function n; € C>°(R") with 1o, , < n < 1g, , on R" (where 25 = {z € R" : dist(z, R"\2) > d}).
We then introduce f; :=n;f € Cgl’)oé (R™) and obtain from the theorem on the Newton potential
that Ny, is a C2-solution of

ANy, = fi on R"

with

||Nfi||cl,a(Q) < const(n, a, R)|| filloo;rr < const(n, a, R)|| f||oorn -
In particular, (N, );en is a sequence of equi-Lipschitz and pointwisely bounded functions, and the
Arzela-Ascoli theorem implies that a subsequence (N fi[) teN converges uniformly on €. Taking

into account the regularity of all boundary points of €2, the main theorem of Section 2.10 provides,
for each i € IN, a solution h; € C2(Q) N C°%(Q) of the Dirichlet problem

Ah=0onQ, h; = ¢—Ny, on 0.
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Consequently, u; := Ny, + h; € C?(Q2) N CY(Q) solves the Dirichlet problem
Au; = f; on Q, u; = @ on Of),

and we are led to discuss the convergence of these problems for ¢ — co. Since the maximum
principle gives ||h;—hjlloo;rn < [N, =Ny, |l for all 4, j € I, as a first step, the uniform Cauchy
property carries over from (Nfie)ge]N to (hi,)eew. As a consequence, the solutions (u;,)ren
converge uniformly on . Since all u; are continuous up 0f) and coincide with ¢ there, the
convergence is in fact uniform on Q with limit function u € C°(Q) such that u = ¢ on 9.
Finally, we can apply the case k = 0 of the already established interior a-priori estimate to the
solutions u; to obtain

const(n, a, R)
luillcza@) < =g (Millcoa @ + sup|fil +sup ]

for all 7 € IN and all open sets €/, Q" which satisfy the requirements made in the theorem. On
the right-hand side of this estimate, we can uniformly bound supq, |fi| < supq |f| for all i € IN
and || fi|lco.e () = || fllco.e(ry for those i € IN with i > 2/dist(Q2", R™\ ). Thus, for every open
Q' with @ C Q, the Holder norms ||u;]|2. () remain bounded for i — oo, and the Arzela-Ascoli
theorem ensures that a further subsequence of the Hessians (VZu;,)sen converges uniformly on
QY. By a basic analysis result, u is then C? on €/, and the uniform limit is V2u. In particular,
we may pass to the limit i — oo (along the subsequence) in the solution property Au; = f; to
infer Au = f on . Since each x € Q is contained in a suitable €', all in all we have shown
that u € C2(Q) N C°(Q) satisfies Au = f on Q and u = ¢ on 99, that is, u is the searched-for
solution of (DP). O

2.12 On the eigenvalue problem for the Laplace operator

In close analogy to the notions of eigenvalues and eigenvectors in linear algebra, we now introduce
eigenvalues and eigenfunctions related to (the Dirichlet problem for) the Laplace operator A,
and we then establish some of the most basic results in the theory of these objects. For a reason
that will explained below we prefer, in fact, to coin the notions for the operator —A rather than
for A itself.

Definitions (eigenvalue equation, eigenvalues, eigenfunctions). Consider a bounded open
subset Q of R™.

(I) The partial differential equation

—Au = \u on Q

with parameter A € R is called the eigenvalue equation for the operator —A on
Q or the Helmholtz equation on Q). If this equation is satisfied for some A € R and
some u € C2(Q) which is not constant zero, then we call A\ an eigenvalue and u an
eigenfunction for the operator —A on ().

(IT) If both the eigenvalue equation and the zero Dirichlet boundary condition

—Au = \u on
u=0 on 0N
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are satisfied for some A € R and some u € C%(Q) N C%(Q) which is not constant zero,
then we call X an eigenvalue and u an etgenfunction to the Dirichlet problem for
the operator —A on €.

Remarks (on the eigenvalue problem). Consider a bounded open subset Q2 of R".

(1) If w is an eigenfunction to the Dirichlet problem for —A on Q with corresponding eigenvalue

A, then we have
/|Vu]2dm:—/uAudx:)\/uzdx<oo,
Q Q Q

where the first equality is based'” on an integration by parts, the second equality results from
the eigenvalue equation, and the finiteness of the last integral follows from the requirement
u € C°(Q). In particular, this ensures Vu € L%(Q, R") for eigenfunctions u and A > 0 for
eigenvalues A. Moreover, by uniqueness in the Dirichlet problem for harmonic functions,
the possibility A = 0 is also ruled out, and we can conclude that eigenvalues to the
Dirichlet problem for —A on {2 are always positive. In this sense of having only
positive eigenvalues, —A is a positive operator, and the intention of the initial sign
convention is just to work with this operator rather than with its “negative” counterpart A.

(2) In principle, one can also admit complex eigenvalues and complex-valued eigenfunctions in
the above definitions. However, the reasoning in Remark (1) can be adapted to show that,
still, all eigenvalues to the Dirichlet problem for —A are positive real numbers, and thus the
complex-valued eigenfunctions have real-valued eigenfunctions as their real and imaginary
parts. Thus, the complex setting does not bring any truly new information, and this explains
why we have preferred to stick to the real setting in the above definitions.

(3) The eigenfunctions (to the Dirichlet problem) for —A on Q for a fized eigenvalue A, together
with the zero function, form a real vector space. This vector space is called the eigenspace
for the eigenvalue A.

(4) One can reasonably combine the eigenvalue equation with another homogeneous boundary
condition, for instance the zero Neumann boundary condition, instead of the zero Dirichlet
boundary condition. However, in the literature this seems to be considered much more
rarely.

In the next theorem we summarize basic results on the Dirichlet eigenvalues problem for the
Laplace operator.

For a Gauss domain Q and v € C*(Q) N CH(Q) such that u = 0 on 89, the divergence theorem, applied to the
vector field uVu € C'(Q2)NC°(Q) with zero boundary values, quickly shows [, [Vu|* dz = — [, u Audz. However,
the following reasoning yields the same identity even in the more general setting of the remark: We set n(t) := 0
for t € [0,1], n(t) := (t—1)2/4 for t € [1,3], n(t) := t—2 for t € [3,00), and then extend to an odd function
n € C'(R). Abbreviating n.(t) := en(t/e) for t € R, we then have 7-(u) € C2,.(Q) with V[n:(u)] = n.(u)Vu on
Q for every € > 0. Thus, integration by parts for the compactly supported test function 7. (u) gives

/ n;(u)|Vu|2dx/ Vne(u)] - Vudz = f/ Ne(u) Audx = f/ Ne(u)u dz for every € > 0.
Q Q Q Q

Since we have lim.wo [, 7-(u)|Vul* dz = [, [Vu|® dz and lim.o [, n-(u)udz = [, u* dz by the monotone con-
vergence theorem and the dominated convergence theorem, respectively, we may indeed pass to the limit £ N\, 0
in this equality and obtain the above claim.
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Theorem (on the Dirichlet eigenvalue problem for the Laplace operator). Fiz a bounded
open set Q) in R™. Then the eigenvalues, eigenfunctions, and eigenspaces in the Dirichlet problem
for —A on Q have the following properties:

(I) The eigenvalues are positive real numbers, the set of eigenvalues is at most
countable, and the set of eigenvalues has no cluster point in R (which, however,
leaves 0o as a possible cluster point).

(IT) The eigenspaces are finite-dimensional.

(III) The eigenspaces are pairwise orthogonal to each other in the sense that

/uvdx:O:/Vu-Vvdx
Q Q

holds whenever u and v are eigenfunctions to different eigenvalues.
(IV) The eigenfunctions are C* functions on §.

We directly proceed to the proofs of all four parts of the theorem:

Proof of Part (IV). Fix an arbitrary a € (0,1), for instance o = % Since an eigenfunction u

satisfies u € C?(2) by definition, we trivially get u € C%OS(Q) as well. By interior regularity
theory from Section 2.11 for the Poisson equation Au = —Au on 2 we infer that u is two degrees
better than —A\u € Cllc;g‘(ﬂ), that is, u € C?O?(Q) However, then interior regularity also yields
u € Cir)o’?(ﬂ), and then even u € CTS?(Q) Inductively we conclude u € C*(9Q). O

Proof of Part (III). If u is an eigenfunction to an eigenvalue A and v is an eigenfunction to an
eigenvalue v, the eigenvalue equations and suitable!® integrations by parts give

/\/uvdx:—/(Au)v:/Vu.Vvdac:—/uAvdx:u/uvdx.
Q Q Q Q Q

Thus, in the case A # v of different eigenvalues, we infer first fﬂuvdzzr = 0 and then also
fQVu-Vvdx:O. O

Proof of Part (I). We already know from Remark (1) that the eigenvalues are positive real
numbers.

Moreover, once we show that they have no cluster point in R, the countability claim follows.
Indeed, assume that the set of eigenvalues were uncountable. Then, for some sufficiently large

8Similar to the computation in Remark (1) above, the integrations by parts work easily for a Gauss domain
Q and u,v € C*(Q) N C'(Q). However, they can also be justified without such extra assumptions: Using 7. from
Footnote 17 and the test function 7. (v) € Cgpt (), we infer

)\/qudx:gig(ljk/guns(v)dx:gi\r‘I}) Q(—Au)ng(v):Eli{x(l)/gné(v)Vu-Vvdx:/QVU-Vvdx,

where the convergences are ensured by dominated convergence and the second convergence draws on 0 < 7. < 1
on R and the fact that Vu, Vv € L*(, R") by Remark (1) and thus also Vu - Vo € L'(Q). Testing with

ne(u) € G2, (), we analogously get
/Vu-Vvdx:u/ uvde,
Q Q

and all in all we end up with the claims made in the above proof.
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n € IN, there would be infinitely many eigenvalues in (0,n]. However, by the Bolzano-Weierstraf3
theorem, these eigenvalues would necessarily have a cluster point in (0, n)].

So, we are left to rule out the existence of a cluster point in R. In order to reach a contra-
diction, suppose the converse, that is, the existence of eigenfunctions uy to eigenvalues A; for all
k € IN such that A := limy_,,, A € R exists, but A\ # A holds for all £ € IN. In this situation,
since the eigenfunctions uy are not constantly zero, we have supg |ux| > 0 for all ¥ € IN. Then,
possibly passing from wuy to ug/supgq |ug|, which is still and eigenfunction to the eigenvalue A,
we can indeed assume supg |ug| = 1 for all k € IN. We now introduce f € L>®(R") N C?(Q)
by setting fr := —Apur on ©Q and fx := 0 on R™ \ 2 and proceed quite analogous to the last
reasoning in Section 2.11. Fixing an arbitrary a € (0,1), by C1® estimates for the Newton
potential, we first bound

INf lcve @y < const(n, a, U)| filloorn < const(n, a, U)[ A = const(n, o, U) ||

on any bounded open neighborhood U of Q. The Arzela-Ascoli theorem then yields a sub-
sequence such that (Ny, )ien and (VNy, )ien converge uniformly on Q. Taking into account
Auyp = fr = ANy, on Q and up = 0 on 011, the functions hj := up—Ny, are harmonic on
Q with hy = =Ny, on 9. Via the maximum principle we can thus ensure the Cauchy prop-
erty supg |hi; —hi,| < supsq [N fr, —Ny,.| = 0 for i,j — oo and deduce uniform convergence of
(hg,)ien on Q. In conclusion, the C°(Q) functions ug, = hi,+ Ny, with ug, =0 on 09 con-
verge for i — oo uniformly on Q to a limit u € C°(Q) with u = 0 on 9. Moreover, since
we assume supq |ug| = 1, we also get supq |[u| = 1 and in particular v #Z 0 on Q. In addi-
tion, we infer from the Weierstrafl type convergence theorem in Section 2.6 that the gradients
Vhy, and thus also Vuy, converge for i — oo locally uniformly on 2, and this in turn ensures
sup;e [|us, [lco.e oy < oo for all open sets Q" with Q7 C Q. Now we employ the interior a-priori
estimate!® from Section 2.11. We find

[ukllc2.eqry < const(n, o, Q,Q, Q”)(kaHCO’@(Q”) +sup |fk|)

< const(n, a, Q, Q' Q") |\ (HukHCO,a(QN) + 1)

whenever Q, " are open sets with / C Q" and 7 C Q. Since we have bounded the right-
hand side (at least along a subsequence), another application of the Arzela-Ascoli theorem yields
uniform convergence of (a further subsequence of) the Hessians V2uy, to VZu and the Laplacians
Auy, to Au on every open Q' with €/ C Q. This is finally enough to conclude u € C?(Q2) and
pass to the limit & — oo along subsequences in the eigenvalue equations —Auwug = Ayug on 2.
All in all, we end up with an eigenfunction v to a new eigenvalue A\ which differs from all A.
But then, involving the conclusion of Part (III), we arrive at

/ u?dz = lim ug,udz = 0.
Q

1—00 9]

This contradicts the earlier observation that u # 0 on 2 and thus completes the proof. O

9The a-priori estimate has been stated in Section 2.11 under the assumption that Q has only regular boundary
points, but still, here we do not need this assumption. This can be checked by inspection of the earlier proof
(where the assumption was needed for existence only). Alternatively, it can be justified by applying the a-priori
estimate on a smooth domain slightly smaller than €2.
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Proof of Part (II). We argue once more by contradiction and start by assuming the converse
of the claim, that is, the existence of an eigenvalue A and infinitely many linearly independent
eigenfunctions w1, usg, us, . .. to this eigenvalue. By the Gram-Schmidt process for the L? inner
product, we can assume [, ugugdz = 0 for k # ¢ in IN. As in the proof of Part (I), we can
further arrange for supg |ugx| = 1 and establish uniform convergence of a subsequence uy, on €2
to a limit u € C°(Q) with u # 0 on €. Then we observe

uw?dz = lim up,udr = lim lim ug,up, de =0
0 1—00 [¢) 1—»00 J—00 [¢) J

=0 for j>1

and reach a contradiction to v #Z 0 on 2. This completes the proof. O

Before closing the section, we add — without proofs or full details — some more comments
on the eigenvalue problem.

Further Remarks (on the eigenvalue problem). Consider a bounded open subset {2 of R"

(1) One can show that there are always infinitely many eigenvalues to the Dirichlet problem for
—A on ) and there exists an orthonormal Hilbert space basis out of eigenfunctions
in L2(£2). Since the set of eigenvalues is countable C (0, 00) and has no finite cluster point,
the first assertion implies that the eigenvalues form a strictly increasing sequence
(Ak)ken in (0,00) with infinite limit limy_,., Ay = oo. In particular, we may speak of the
first eigenvalue A\;. If  is connected, it can be further shown that this first eigenvalue \;
is always simple (that is, the corresponding eigenspace has dimensions 1) with eigen-
functions of constant sign (that is, every eigenfunction to A; is either positive on all of
Q) or negative on all of ).

The proofs of these facts are typically carried out in a functional analysis framework and
are not addressed here.

(2) For special domains (2 such as balls or cuboids, the eigenvalues and eigenfunctions to
the Dirichlet problem for —A on 2 can be computed quite explicitly. This is partially
explicated in the exercises.

(3) A famous question asks whether the domain  is uniquely determined by the sequences of
eigenvalues to the Dirichlet problem for —A on 2. Since the eigenvalues have an interpre-
tation as resonant oscillation frequencies of an (2-shaped elastic membrane with clamped
boundary, the question can be roughly rephrased as ‘Can one hear the shape of a
drum?’. Indeed, answering this question has been a famous open problem for a while.
Nowadays it is known, however, that the answer is ‘No!” in general, but ‘Yes!” under
the considerable extra assumptions on Q (e.g. if € is a 2-dimensional convex domain with
analytic boundary).
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