HARMONIC FUNCTIONS

TSOGTGEREL GANTUMUR

ABSTRACT. In these notes, we explore the fundamental properties of harmonic functions, by
using relatively elementary methods.
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1. INTRODUCTION

Newton’s law of universal gravitation, first published in his Principia in 1687, asserts that
the force exerted on a point mass Q at = € R3 by the system of finitely many point masses g;
at i; €R3, (i=1,...,m), is equal to

CquQ x—y
2 —yil? |x =yl

(1)

with a constant C' < 0 (like masses attract). Here @ and ¢; are understood as real numbers
that measure how much mass the corresponding points have. The same law of interaction
between point charges was discovered experimentally by Charles Augustin de Coulomb and
announced in 1785, now with C' > 0 (like charges repel). Note that the numerical value of
the constant C' depends on the unit system one is using to measure force, mass (or charge),
and distance. After the introduction of the function

= Cq;
u(r) =) ——0, (2)
Z&w—w

into the theory of gravitation by Daniel Bernoulli in 1748, Joseph-Louis Lagrange noticed in
1773 that

F=—-QVu, at points x # y;. (3)
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Hence the function u, named later by Green the potential function and by Gauss the potential,
completely describes the gravitational (or electrostatic) field. For a continuous distribution
of charges with density p, vanishing outside some bounded set © C R3, the potential becomes

u(z) = C/Q p(y) dy (4)

[z —y|
As observed by Pierre-Simon Laplace in 1782, this potential satisfies
Au =0, outside of Q, (5)

where A = V2 = §? + ... + 92 is arguably the most important differential operator in
mathematics, called the Laplace operator, or the Laplacian. This equation came to be known
as the Laplace equation, and its solutions are called harmonic functions. It should however be
noted that the same equation had been considered by Lagrange in 1760 in connection with
his study of fluid flow problems.

Ezercise 1. Prove the statements in the observations of Lagrange and Laplace.

Laplace’s result was completed by his student Siméon Denis Poisson in 1813, when Poisson
showed that

Au = —47Cp, in R3, (6)

for smooth enough densities p. The idea! was to split the integral over € in (4) into two
parts, one over the small ball B.(x) = {y € R3 : |z — y| < €}, and one over the complement
Q\ B:(x). Then the integral over the complement is harmonic by Laplace’s result, and the
other integral can be formally manipulated as

Boula) =C [ (plo) = pla) eyt dy+ Cplo) [ At

T dy, (7)
Be(x) [z —y B.(x) T =Yl

where A, means that the Laplacian acts on the x variable. Note that we are treating 1/|z —y|
as if it was a smooth function. For the second integral of (7), a formal application of the
divergence theorem gives

! 1 o1
Ba— 14 :/ Oy d%y = dmwe? (== =) |p=e = —4nm, 8
/Bf@) ==yl oB.(x) ==l () lr= (8)

where 0B, (z) is the boundary of the ball B.(x), d, is the normal derivative at y with respect
to the variable x, and d?y denotes the surface area element of dB.(x). As for the first
integral of (7), the function 1/|z — y| is harmonic except at = y, and if p(y) — p(x) vanishes
sufficiently fast as x — g, we can expect that the integral would come out as zero. The whole
argument can be made rigorous, hence (6) is valid, e.g., provided that p is Holder (or just
Dini) continuous. Poisson argued that (6) is valid for any continuous function p, which is
wrong, since there exist examples of continuous p for which (6) is not true. We will discuss
this in the next set of notes.

Taking a slightly different viewpoint, if we started with the equation (6) for the unknown
function u, with f := —4xCp, say, Holder continuous, then the formula (4) gives a particular
solution. This leads to the idea of a fundamental solution of a differential operator, that can
be generalized to general dimensions and other linear operators.

In this and the following sets of notes, we will be concerned with harmonic functions, which
are by definition the solutions of the Laplace equation

Au =0, 9)

Historians seem to regard that the argument was due to Laplace, who then “lent” it to his student.
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in some domain 2. We will also be interested in the inhomogeneous version of the Laplace
equation, called the Poisson equation

Au=f, (10)
in some domain 2. Note that the Poisson equation includes the Laplace equation as a special
case, and the difference between two solutions (with the same f) of the Poisson equation is
harmonic. There are tons of harmonic functions, meaning that the solutions of the Poisson
equation are far from unique. In order to get uniqueness, i.e., as a convenient way of pa-
rameterizing the solution space of the Poisson equation, one introduces boundary conditions,
which are conditions on the behaviour of u at the boundary 92 of the domain. The common
boundary conditions include

au+bo,u =g, on 01, (11)

with various choices of the functions a and b on the boundary. The case a =1 and b = 0 is
called the Dirichlet, a = 0 and b = 1 the Neumann, a = 1 and b > 0 the Robin, and a = 1
and b < 0 the Steklov boundary conditions.

2. GREEN’S IDENTITIES

Let Q C R” be a nonempty bounded open set with C! boundary 99, and let F : Q — R”
be a vector field that is continuously differentiable in €2 and continuous up to the boundary,
ie., F'€ CHQ)NCO(Q). Then the divergence theorem asserts

/QV-F:/BQF-V, (12)

where v is the outward pointing unit normal to the boundary 92. This can be thought of as
an extension of the fundamental theorem of calculus to multidimensions. We remark that the
regularity condition on 02 can be considerably weakened, e.g., to include surfaces that consist
of finitely many C' pieces. We will not discuss those issues here, as they are not necessary
for our purposes. The same holds for the regularity conditions on F'. The divergence theorem
first appeared in Lagrange’s 1860 work, and was proved in a special case by Gauss in 1813.
The general 3-dimensional case was treated by Mikhail Vasilievich Ostrogradsky in 1826.

In a preliminary section of his groundbreaking 1828 FEssay, George Green proved several
reductions of 3-dimensional volume integrals to surface integrals, similar in spirit to the di-
vergence theorem, and independently of Ostrogradsky. Nowadays, those are called Green’s
identities and best viewed as consequences of the divergence theorem. As a warmup, let
¢ € C%2(Q)NCH(Q), and apply the divergence theorem to F' = V. Then we have V- F = Agp
and v - F' = 0,¢, the latter denoting the (outward) normal derivative of ¢, implying what can
be called Green’s zeroth identity?

/ Ap = Ovp. (13)
Q o0

Similarly, letting v € C1(Q) N C(Q) and ¢ € C%(Q) N CY(Q), and applying the divergence
theorem to F' = uVy, we get Green’s first identity

/ Vu-Vo+ulp = / udy,p. (14)
Q onN

Interchanging the roles of u and ¢ in this identity, and subtracting the resulting identity from
(14), we infer Green’s second identity

/ uAp — pAu = / udyp — @O, u, u,p € C*(Q)NCLQ). (15)
Q El9)

2This name is not standard.


http://www-history.mcs.st-andrews.ac.uk/Biographies/Ostrogradski.html
http://www-history.mcs.st-andrews.ac.uk/Biographies/Green.html

4 TSOGTGEREL GANTUMUR

Note that (13) follows from (14) by putting v = 1. The identities (14) and (15) can be
considered as instances of, and are often called, integration by parts in n-dimensions.

Let us look at some simple consequences of Green’s identities. First, the identity (13)
gives a necessary condition for existence of a solution of the Neumann problem. For example,
thinking of the Laplace equation, any solution u € C%(Q) N C1(Q) of Au = 0 must satisfy

/ 0 = 0, (16)
o0

hence if it were to satisfy the Neumann boundary condition d,u = g, the Neumann datum
g should have the constraint that g has mean zero on the boundary 0f2. Similarly, one can
deduce that if the Poisson equation Au = f has a solution u € C?(Q2) N C1(Q) with the
homogeneous Neumann boundary condition d,u = 0, then f necessarily has mean zero in the
domain §2.

Second, the identity (14) implies several uniqueness theorems for the Poisson equation.
Recall that by linearity, the issue of uniqueness for the Poisson equation reduces to the study
of the Laplace equation with homogeneous boundary conditions. By putting v = ¢ and

Au =0 in (14), we have
/ \Vu|? = / ud,u, (17)
Q oN

for u € C%(Q) N C1(Q) with Au = 0 in . For example, if u = 0 on 91, then the left hand
side is zero, implying that u = const in ). Using the condition © = 0 on the boundary once
again makes v = 0 in {2, hence we get uniqueness of solutions to the Dirichlet problem for
the Poisson equation. On the other hand, if 0,u = 0 on 02, then by the same argument we
have u = const, implying that any two solutions (with suitable regularity) of the Neumann
problem for the Poisson equation differ by a constant. This cannot be strengthened, since one
can explicitly check that if u is a solution of Au = 0 with d,u = 0 on the boundary, then so
is u + « for any constant .

The aforementioned uniqueness results show that the Cauchy problem for Au = 0, where
we specify both u and d,u at the boundary of the domain, is in general not solvable. It would
be analogous to overdetermined equations, where one has more equations than unknowns.

Ezercise 2. Prove a uniqueness theorem for the Robin problem for the Poisson equation.
What if one specifies a Dirichlet condition on one part of the boundary, and a Neumann
condition on the rest?

3. FUNDAMENTAL SOLUTIONS

We saw in the introduction the plausibility that the function

1 f(y)dy
u(x) T4 R3 |1»‘—y| ’

(18)

satisfies the equation Au = f, cf. (4) and (6). In other words, at least formally speaking, the
operation sending f to u in (18) inverts the action of A. We want to start now a systematic
and rigorous study of this phenomenon.

Definition 1. A fundamental solution (or elementary solution) of the Laplacian in n dimen-
sions is a locally integrable function E € L{ (R") satisfying

o E(y)Ap(y) dy = ¢(0), (19)

for all p € Z(R™), where Z(R") is the space of compactly supported smooth functions on R".
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Let us make some simple observations around this definition. From our previous discussion
(18), we know that E(z) = _ﬁ\ml is a good candidate for a fundamental solution in 3

dimensions. Moreover, replacing ¢(y) by ¢(z + y) in the integral in (19), we see that if E is
a fundamental solution, then we have

- E(y — 2)A¢(y) dy = »(z), (20)

a formula that extends (18) in a certain sense. Now suppose that F is twice continuously
differentiable in a neighbourhood of some point 2. Then by Green’s second identity (15) we
have

o0) = | B dy= [ AB@) dy, (21)

for all smooth ¢ that are supported in a small neighbourhood of z. If z # 0, then by
considering a possibly smaller neighbourhood of z, we can ensure that ¢(0) = 0. This implies
that AF = 0 in a neighbourhood of z. Hence, if a fundamental solution E is smooth on an
open set w that does not contain the origin, then £ must be harmonic on w.

There is an interpretation of fundamental solutions that can also be used to motivate
the whole concept. We will only give a heuristic reasoning, although everything can be
made rigorous by generalizing the notion of derivatives to work with “rough” objects such
as measures and distributions. In 3-dimensions, by (2), our candidate fundamental solution
E(x) = —ﬁm is in fact the potential produced by a point charge of quantity ¢ = —1/(4nC)
located at the origin. From Poisson’s investigations (6), we expect that the potential u
generated by the charge distribution p satisfies Au = —47Cp = p/q. Then a question is: What
is the charge density p corresponding to the charge ¢ concentrated at the origin? Certainly,
p(xz) = 0 for x # 0, and we must have [ p = g. Such a function does not exist, since the
condition p(z) = 0 for z # 0 already implies [ p = 0, whatever the value p(0) is. Nevertheless,
if such a thing existed, we expect to have AE = p/q. Following Paul Dirac, we introduce
the notation §(z) = p(x)/q. It has many names, including Dirac’s delta function, the Dirac
measure, and delta distribution. Note that 0 is simply a normalized version of p, so that
J 6 =1. To get further insight, for ¢ € C(R"), we formally manipulate

[ e@i@de= [ s@p@de= [ s@)e) +ela) (22)

€ BE
where B, = {z € R" : |z| < €} and sup,¢p_|e(z)| = 0 as ¢ — 0. Continuing formally, the
latter property implies

’ d(x)e(x) dx} < sup |e(x)|/ d(z)dz = sup |e(x)| — 0 as ¢ —0, (23)
B r€B: B z€B,

and hence

/ e(x)d(z)dr = (0) [ d(x)dx+ [ d(z)e(x)dz = ¢(0). (24)

n B B-
In light of this, we can interpret (21) as saying that AE = ¢, under the formal assumption that
(21) is valid in general (i.e., even for nonsmooth E). In fact, one can view the definition (19)
of fundamental solutions as a way to give a precise sense to the formal expression AE = .
We look for a spherically symmetric fundamental solution of the Laplace operator.

Ezercise 3. Let ¢ : (a,b) — R be a twice differentiable function with ¢ > 0, and define
u(z) = ¢(|z|) for z € R™ with a < |z| < b, where |z| = /2% + ... + 22. Show that

Au(z) = " (|af) +

2] ¢'(|=l), for a<|z|<b.

Find all solutions of Au = 0, where u is of the above form with (a,b) = (0, c0). @
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This exercise shows that the function FE(z) = ¢(|z|) with

b(r) = {C’nfr’Q_” if n # 2,

. (25)
Cylogr if n =2,

satisfies AE = 0 in R™\ {0}. Now we need to check if the constants C), can be tuned so that
F is indeed a fundamental solution. Note that E is locally integrable, as the singularity at
0 is not strong enough. Let ¢ € Z(R™) be a compactly supported smooth function in R”™.
Choose R > 0 so large that supp ¢ C Bp, and let € > 0 be small. We apply Green’s second
identity (15) on Q = Br \ B., with u = E and v = ¢, to get

/ EAg — pAE = / (Edyp — 90, E) — / (Edyp — 90,E), (26)
Q OBRr 0B

where we have taken into account that the radial derivative 0, is the opposite of the outer
normal derivative J, at the inner boundary of Q. Since E is harmonic in R™ \ {0}, the term
with AFE vanishes. The term with the integral over dBp vanishes too, because supp ¢ C Bpg,
resulting in
/EAgo :/ 0o E — E0, . (27)
Q dB. 9B

As ¢ — 0, the left hand side tends to the integral of EAp over R™ because F is locally
integrable. For the last term, we have

‘/ Edyp| = 62”‘0,1/ el = 52”{C’n/ Ap| < Ce? e[| Agl|oo — 0, (28)
0Bc 0Be B

where in the second step we used what we called Green’s zeroth identity (13), and C' > 0 is
some constant. For the first term in the right hand side of (27), we have

/ OB = (2 — H)Cnaln/ p = (2= n)Cpe' S " He" T ((0) + 0(1)), (29)
0B¢

0B:
which converges to (2—n)C,|S™ !p(0), where |[S? 1| = % is the n—1 dimensional surface
area of the unit n — 1 sphere S"~! = {x € R : |z| = 1}. So choosing C,, = W for
n # 2, we can guarantee

. EAp = ¢(0). (30)

The final expression for the fundamental solution we obtained is

szin ifn > 3,
E(z) = % log |x| if n =2, (31)

szl if n =1.

Exercise 4. Derive the value of (.

4. GREEN’S FORMULA

In this section, we look into the possibility of using fundamental solutions of the Laplace
operator as one of the functions in Green’s second identity (15). Let @ C R™ be a bounded
open set with C! boundary. Let y € Q, and we put ¢(x) = E,(z) := E(x — y) into Green’s
second identity, where E is the special fundamental solution (31). Since E, ¢ C?(Q), in order
to apply the identity, we excise a small ball B.(y) of radius € > 0 centred at y from €2, resulting
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in Q. := Q\ B.(y). Assuming that € > 0 is so small that B.(y) C 2, and u € C%(Q) N C1(Q),
an application of Green’s second identity on €). gives

/ uAE, — EyAu = / (w0, Ey — Eyo,u) — / (uo, By — E,0,u), (32)
Qe 3l9) 0Bc(y)

where we have taken into account that the boundary of ). consists of two parts 02 and
0B:(y), and 0, is the radial derivative centred at y. We already know from the preceding
section how to take the limit ¢ — 0 in (32), but let us repeat the arguments here. Since E,
is harmonic except at = y, the term with uAE, vanishes. As for the other term in the left
hand side, we have

[ Basd e, [ i aa) + o) dr =0, (33)
Ba(y) 0
meaning that the integral

/Q Bt [ 5, (34)

can be interpreted either as an absolutely convergent improper Riemann integral, or an ordi-
nary Lebesgue integral. For the last terms in (32), by using the continuity of Vu and w, and
the definition of E,, we infer

/ |Eydrul < Cpe® "|S™ M H([Vu(y)| + o(1)) = O(e) (35)
0B:(y)

and
/ WO E, = (u(y) + 0(1))Cn(2 — ) IS 1" = u(y) + o(1), (36)
835(3/)

resulting in what is called Green’s formula or Green’s third identity

u(y):/EyAu—i—/ u&,Ey—/ E,0,u, (37)
Q oN o0

for u € C%(Q) N C1 (). We emphasize here that as stated, Green’s formula is not tied to any
differential equation, and what it delivers is a way to represent an arbitrary function as the
sum of certain special kinds of functions, called potentials. We call the first term in the right
hand side the Newtonian potential, the second term the double layer potential, and the last
term the single layer potential. An immediate consequence of this formula is that if u € C?(Q)
and Au = 0 in Q, then u € C*°(), because double- and single layer potentials are smooth
in the interior of the domain. Results such as this one, that allow one to conclude higher
regularity from a lower regularity and a differential equation, are called regularity theorems.

As a special case of (37), if we let u € C?(R™) compactly supported, and take © to be a
large ball containing the support of u, then we get

u(y) = EyAu = E(y — x)Au(z) dz, (38)
R" Rn

which is of course simply a translated version of (30).

Ezercise 5. One can extract a regularity result for harmonic functions from (38) as follows.
Let B,(y) be a small ball centred at y, and let x € Z(Ba,(y)) satisfy x = 1 in B,(y) and
0 < x < 1 everywhere. Here Z(Bs,(y)) is the space of smooth functions whose support is
contained in By, (y). Let v be C? and harmonic in Ba,(y). Apply (38) to u = yv and deduce
that v is C*° in a neighbourhood of .
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Ezercise 6. Let © and u be as in Green’s formula (37), and in addition, let Au = 0 in €.
Then by using Green’s formula, prove that v € C*°(Q2) with

sup [0%u(y)| < C(sup |u[ + sup [Vul), (39)
yeK Q Q

for all multi-indices a and compact sets K C €2, with the constant C' possibly depending on
«a and K.

5. MEAN VALUE PROPERTY

In this section, we will prove the mean value theorem of Gauss, and derive some of its direct
consequences.

Theorem 2 (Gauss 1840). Let Q C R™ be an open set, and let u € C%(Q) with Au = 0 in Q.

Then for any ball B,(y) C £, we have

/ dyu =0, (40)
0B:(y)

1 1
frd u = u.
10B:| Jag, ) 1B J B, )

and

u(y) (41)
Proof. The property (40) is immediate from (13). Then the first equality in (41) follows from
Green’s formula (37) and the radial symmetry of E, and we get the second equality by a
radial integration. O

The property (41) is called the mean value property of harmonic functions. Both (40)
and (41) can be compared to Cauchy’s theorem (or perhaps Cauchy’s integral formula) in
complex analysis. Note that any of the equalities implies the other by either integration or
differentiation. We will later prove that the mean value property characterizes harmonicity,
which would be an analogue of Morera’s theorem. For now, let us look at some of its immediate
consequences.

Lemma 3 (Harnack inequality). Let u € C?() be a nonnegative function harmonic in €.

Let Br(y) C Q with R > 0, and © € Br(y). Then we have
R " 1 "
< - = _— 4

Proof. From the mean value property and the positivity of u, with »r = R — |z — y| we have

1 | Byl
u(z) = u< — u = u(y), (43)
|Br| JB,(2) |Br| JBry) | By

establishing the claim. O

where k = |z — y|/R.

Erercise 7. Let u € C?(2) be harmonic in a bounded domain 2. By using the Harnack
inequality show that unless u is constant, it cannot achieve its extremums in €2.

For nonnegative entire harmonic functions, we can apply (42) with fixed z,y, and take the
limit R — oo to get the following result.

Corollary 4 (Liouville’s theorem®). Let u € C%(R™) be nonnegative and harmonic in R™.
Then u is constant.

3Sometimes attributed to Picard
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FEzercise 8. Show that the conclusion of Liouville’s theorem still holds if we relax the condition
“nonnegative” to “bounded from above or below”.

Ezercise 9. Let u € C?(R™) be harmonic in R", satisfying u(z) > —p(|z|) for some nonde-
creasing function p : [0,00) — [0,00). Show that u(z) < 2™(u(0) + p(2|z|)) for x € R™.
6. MAXIMUM PRINCIPLES

Definition 5. A continuous function u € C(Q) is called subharmonic in , if for any y € €,
there exists r* > 0 such that

u(y) < !
10B:| JaB, ()

u, 0<r<rh (44)

Exercise 10. Let u € C?(2). Show that u is subharmonic in € if and only if Au > 0 in Q.

Theorem 6 (Strong maximum principle). Let Q@ C R™ be an open set, and let v € C(2)
be subharmonic in Q. If u(z) = supu for some z € Q, then u is constant in the connected
Q

component of Q that contains z.

Proof. Let M = supgu. Then by hypothesis the set ¥ = {y € Q : u(y) = M} is nonempty
and closed. Now suppose that y € X. Then by subharmonicity of u we have

1 1
M =u(y) < u, (45)
|Br| /() |Br| /B.)
for small r > 0, giving
/ (u(x) — M)dx > 0. (46)
Br(y)
This means that u = M in B,(y), hence ¥ is open. O

If 2 is bounded and if u is continuous up to the boundary of 2, then u has its maximum
in Q. Since a maximum in the interior of ) would imply that u is constant in the connected
component of €2 containing the maximum, in any case the maximum value is attained at the
boundary of 2.

Corollary 7 (Weak maximum principle). Let € be a bounded open set, and let u € C(Q) be
subharmonic in Q. Then
= 47
SUp U = max u, (47)
i.e., u achieves its mazrimum at the boundary.

An immediate consequence is a uniqueness theorem for the Dirichlet problem. Indeed, by
linearity the question reduces to the uniqueness for the homogeneous problem Au = 0 in €2
and u = 0 on 992. Then we can apply the weak maximum principle to u and to —u to infer
u = 0. Note that we require u € C?(2) N C(Q) and that Q be a bounded open set, which
is weaker than the conditions in the uniqueness proof using the identity (17). Maximum
principles applied to —u are sometimes called minimum principles for u.

If we apply maximum principles to the difference between two functions, we obtain so-called
comparison principles, which are so useful that they deserve a statement of their own.

Corollary 8 (Comparison principle). Let Q be a bounded open set, and let u and v be elements
of C?(Q) N C(Q). Assume that Au > Av in Q and that u < v on Q. Then u < v in .

As an application, we prove the following a priori bound.
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Corollary 9. Let Q be a bounded open set. Then for u € C%(Q) N C(Q) we have

sup |u| < C'sup |Au| + sup |ul, (48)
Q Q o0

where C' > 0 is a constant depending only on €.

Proof. Suppose that € is contained in the strip {z € R™ : 0 < 21 < d} with some d > 0. Let
v(x) = o — vz} with constants o and 7 to be determined. We have Av = —2v, meaning that
the choice v = 1 supq |Au| would ensure that Au > Av in . Then in order to have u < v on
99, we put o = supyg, [u| + vd?, which gives the bound u < v < a in Q. The same function
v works also for —u. O

7. GREEN’S FUNCTION APPROACH

Adding (15) to (37), we get the generalized Green formula

u(y)—l—/uAgpz/beAu—l—/ u@l,q)y—/ ®,0,u, (49)
Q Q onN 0N

for u, o € C*(Q)NCHQ) with &, () = E(z —y) + ¢(z) and y € Q. Recall that Q is assumed
to be a bounded C' domain in R™. Consider the Dirichlet problem

{Au:f in Q,

50
U=y on 0f), (50)

where f € C(2) and g € C(99) are given functions, respectively called the source term and
Dirichlet datum. Then assuming that u satisfies (50), and applying (49) to it, we observe that

uly) = /Q o, f + /a 90,8, (51)

provided that Ay =0 in ©Q and ®, = 0 on 02. The latter conditions are equivalent to

{Acp—O in §,

52
¢ =—FE, on dQ. (52)

So this approach potentially reduces the general Dirichlet problem (50) to a set of special
Dirichlet problems (52). Note that we have to solve one special problem for each y € Q. For
this reason, it is preferable to denote ¢ in (52) by ¢y, so in particular, ®,(z) = E,(z)+ ¢, (z).
The function (y,z) — ®y(x) is called Green’s function for the Dirichlet problem (50), and
(y,x) = @y () is called the corresponding correction function.

We remark that formally, the problem (52) is equivalent to

{Aq)y =AFE, =6, inQ, (53)

o, =0 on 052,

where d,(z) = 6(x — y) is the shifted delta distribution.
Now, in order to justify the whole thing, we need to address the following questions.

(i) Does ®, exists, i.e., is the problem (52) solvable?
(ii) Supposing that ®, exists, does the function u defined by (51) solve the problem (50)?

In general, the first question is essentially as difficult as solving the general problem (50),
but when € is simple, e.g., a ball or a half space, we can solve (53) explicitly, and hence we
will have an integral formula for the solution of (50). On the other hand, there is a quite
persuasive physics reasoning on the solvability of (53):
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To convince ourselves that there does exist such a function as we have supposed
®, to be; conceive the surface to be a perfect conductor put in communication
with the earth, and a unit of positive electricity to be concentrated in the point
1y, then the total potential function arising from y and from the electricity it
will induce upon the surface, will be the required value of ®, (Green 1828).

We will see in the next set of notes that this intuition is correct if the boundary of €2 is nice
in a certain sense. For highly nonsmooth boundaries though, the problem (52) is not always
solvable.

As for Question (ii), it can be answered without much difficulty when the domain boundary
is nice, but we will not go into details here as the next sections do not depend on it. The main
use we have for Green’s function is to give a derivation of Poisson’s formula, whose validity
will be verified independently. Moreover, solvability of (50) will be treated by more direct
methods.

Remark 10. Let G(y,x) = ®,(x) be Green’s function considered as a locally integrable func-
tion on 2 x €). Then assuming that G exists, we have

e (G is unique and G < 0.

e G(y,z) > E(x —y) if n > 3 and G(y,z) > E(z — y) — 5= logdist(y, Q) if n = 2.

e G(z,y) =G(y,x) for x #y.
Uniqueness follows from the uniqueness theorem for (52). Since ¢lpn = —FEylaq > 0 for
n > 3, the maximum principle says that ¢ > 0, which implies G(y,z) > E(x — y). For
n = 2, we have Eyloq < 5 logdist(y,09), so G(y,z) > E(z — y) — 5= logdist(y, 09). The
negativity G' < 0 is because the function G,(z) = G(y,x) is harmonic in € except at z =y,
and satisfies Gy|po = 0 and G (z) — —oo as © — y. For an elementary proof of the symmetry
G(z,y) = G(y,x) we refer to Evans (Chapter 2, Theorem 13) or Han (Lemma 4.1.5).

Example 11. Let us find Green’s function for @ = {z € R" : z,, > 0}, the “upper half
space”. The defining condition (53) for Green’s function arose from discussions about bounded
domains, but the equations (53) make perfect sense even in unbounded domains. Let y € €.
Then we have AE, = §,, but we have to correct it by a function ¢ harmonic in 2 so as to have
(Ey+¢)|z,=0 = 0. It is obvious that p(z) = —E_,(z) = —E(x+y) works, since |[z—y| = |z+vy|
if z, =0, and E_, is harmonic in 2. Thus Green’s function is Gy(z) = E(x —y) — E(z + y).
For n > 3 we have

Ol =y = (2 = m)la =y " (@n — y), (54)
and so
_ 2Yn
BT
which is called the Poisson kernel for the half space. For n = 2 we have

0,Gy(a) = ~0,Gy ) (55)

2y

Do log |z —y| = |z — y| *(z2 — o), hence 0,Gy(x) = P (56)
meaning that (55) holds for all n > 2.
Green’s function approach can be extended to the Neumann problem
{Au =f inQ, (57
Oyu =g on 0f),

where f € C(Q) and g € C(09) are given functions. Let us note that in order for a solution
u to exist, the data must satisfy the consistency condition

/sz/mg, (58)
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that follows from (13), and that the solution u is determined by (57) only up to a constant.
Imitating what we did for the Dirichlet case, for any solution u of (57), from (49) we get

uo)= [ 0,1~ [ 2 (59)
Q o0N
provided that Ay = 0 in © and 9,®, = 0 on 09, where &, = E, + . The analogue of (52) is

Ap, =0 in )
Py s (60)
Ovpy = —0,E, on 0f),

where ¢, () = Ey(z) + ¢4 (x). This problem is not solvable, since (13) requires

/ Ovpy =0, (61)
o0N
but (37) with v = 1 implies

o E, =1. (62)
o0
Therefore in order to have a chance at solvability, we have to replace the problem (60) by
Ap, =0 in Q,
o (63)
8,,<py = m — ayEy on 0f).

Assuming that such ¢, exists for each y € 2, we put N(y,z) = Ny(x) = Ey(x)+ ¢, (), which
is called Neumann’s function or Green’s function of the second kind. It is easy to see that the
analogue of (53) is
AN, =6 in €,
T (64)
ayNy = W on 897

and the analogue of (51) is

1
uly) = /Q N, - /6 Mgt g [ (65)

The last term is natural, as it gives a possibility to specify the mean of u over the boundary
of the domain.

Ezercise 11. Devise an analogous “Robin’s function” approach for the Robin problem.

8. POISSON’S FORMULA
By using Green’s function approach, in this section we will solve the Dirichlet problem

Au=0 in B, (66)
uU=gq on 0B,
in the ball B, = {z € R" : |z| < r}, where g € C(0B;) is a given function. It will be a
stepping stone to solving the Dirichlet problem in general domains. Fix y € B,., and we look
for the Green function in the form

Gy(z) =E(x —y) —qE(@ —y") + ¢, (67)
with y* = Ay, where ¢, c and X are real numbers possibly depending on y. If X is so large that

y* is outside B, then the second term is harmonic in B,, so all we need to do is to ensure

that Gy, = 0 on 0B,. We see that
Iz — My|? = |22+ Ny|2 =20z -y = r2 + N2|y|2 — 20z - 9, (68)
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is a constant multiple of |z — y|? = 72 + |y|?> — 2z -y for all x € OB, if A = 1 or A|y|? = 2.
Since we want A > 1, the latter is clearly our choice, with which we then have

|x—y*\=ﬁ|x—y|=‘§|rm—y|. (69)
This implies
By = (W) 25— y) (70)
for n > 3, and
E(x—y*) = E(x —y) + ;Tlog(‘;), (71)

for n = 2. Then from (67) it is easy to figure out the values of ¢ and c that ensures G, = 0
on 0B, resulting in
0 for n > 3,

% log (I%\) for n = 2,

r

m (72)

Gy(z) = E(z —y) — ( VQEW—yﬂ+{

where y* = % y. The formula (51) involves 0, Gy, so let us compute it. Assuming n > 3, for

a € B, and x € 9B,, we have
JrP—a-x (2-n)(r?—a- )

61/’1' - a,Q—n = (2 - n)\:c - a’_ ‘{L” = 7“|.CC _ a|n ) (73)

and hence )
ré—y-x
O E(x—y)= ) 74
(= 9) = et =yl )

and ) 1o
ooyt "y -y o) (75)
rlSP e =y TS e -y

Then substituting those into (72), we get the Poisson kernel

WE(@—y")

T(y, ) := 8,Gy(z) = A ] (76)
) Yy T’Sn—l‘ . |x_y|n

and Poisson’s formula
uly) = [ T(ga)gla)a e (77

the latter being true if u € C?(Q) N C1(Q) satisfies (66). In particular, putting u = 1
immediately gives

/ H(y,z)d" 'z =1, y € B,. (78)
OBy
One can check that the Poisson kernel for n = 2 is given by the same formula (76) with n = 2.

Remark 12. Let u > 0 be a harmonic function in some region that contains B,. Then from
an application of the Poisson formula we infer the following Harnack inequality

r? =yl ety TP 1=
0 T, = e O = G

where k = |y|/r. A lower bound on u(y) can also be obtained, leading to

1 n_21—k 1—k2 1 n—21+k
(w) 17540 = ga@ suly) < (1 —~ k) w0, (80)

which are a slight quantitative improvement over (42).
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To study differentiability properties of u given by the Poisson formula (77), we need to be
able to differentiate under the integral sign. At the moment, the following simple rule will be
sufficient for our needs.

Lemma 13 (Leibniz rule). Let X be a compact topological space, and let f : X x (a,b) — R be
a (jointly) continuous function. We label the variables of f by (x,t) € X x (a,b), and assume
that %{ : X x (a,b) = R is also continuous. Let T : €(X) — R be a bounded linear map, i.e.,

Tul < cllullgx),  ueB(X), (81)
for some constant c. Then we have
in(- t) = Tg( t) t € (a,b). (82)
dt ' ot 7 ’

Proof. In this proof, we fix t € (a,b) once and for all. Then by the mean value theorem, for
x € X and h > 0, there is some 0 < §(x,h) < h such that

fz,t+h)— f(x,t)

h
where we have abbreviated f/ = %. For a fixed ¢, the left hand side is a continuous function
of z € X, hence we can apply T to both sides, and conclude that

Tf('7t+h)_Tf(‘7t) f(‘?t_'_h)_f('?t)

= fl(z,t + 0(x,h)), (83)

; — 1 ; ) = Tt + 0, ). (84)
The lemma would follow from linearity and boundedness of T', upon showing that
sup |fi(x,t +0(z,h)) — fl(z,t)] = 0 as h—0. (85)
zeX
To see that this is true, let
CU(ZL‘,S):|ft,($,t+8)—f£(l‘,t)|, (86)

which is a continuous function of (x,s) € X x [0,¢) for some ¢ > 0, satisfying w(x,0) = 0 for
all x € X. Since 0 < 0(x,h) < h, we have

sup |f;(z, t+0(x,h)) — fi(z, )| < sup  w(z,s) = w(h). (87)
zeX (z,5)€X x[0,h]

The function w is continuous because w is continuous, and w(0) = 0 because w(-,0) = 0, thus
(85) is established. O

We are now ready to tackle the Poisson formula.

Theorem 14 (Schwarz 1872). Let g € C(9B,) and let u be given by (77). Then u € C*(B,),
Au =0 1in By, and u(y) = g(x) as B, >y — x € 0B,.

Proof. For any fixed = € 0B,, the Poisson kernel II(y, z) is infinitely differentiable in y and
AYIl(y,z) = 0 for y € B,, where A, denotes the Laplace operator with respect to y. Indeed,
an explicit calculation gives

9 1 nm+2@i-y)? n (58)
oy le—ylr |-yt |z — y|n 2’
and
O |y nn+ 2Pz —vi)?  nly? 4 dnyi(z — i) 2
. — - - 5 ; (89)
oy? |l —y|" |z —y|"t |z —y|"t |z —y|"
leading to
2 2 9 2 2 _ .. 92
Wl el Flyl — 2 y) 0, for |g|=r (90)

9w —ylr |z — y|nt2 ey
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8k1+...+kn
Ok1yy---0Fny,
of (y,z) € By x 0By, thus we can apply the Leibniz rule (Lemma 13) to the Poisson integral
(77) repeatedly, and conclude that v € C*°(B,), and that

Furthermore, observe that all partial derivatives II(y, z) are continuous functions

Bu) = [ Mgy o = [ o)A, (0" =0 (1)
OB, dB,
for y € B,.
Now let & € B,.. Then by (78) we have
o@) = [ @), (92)
9B,
and so

u(y) — 9() =/ (y, z)(g(x) - g(2)) d"a. (93)

0By
Iflx—2]>d>0and |y—2| < g, then |x —y| > %, so the function x — II(y, x) converges
uniformly in 0B, \ Bs(Z) to 0 as y — &. For x close to &, the continuity of g is enough
to counteract the singularity of x — Il(y,x) at x = &, because this singularity is integrable
uniformly in y as seen from (78). To formalize the argument, let 6 > 0 be a constant to be
adjusted later. Then by using the fact that II(y, z) is positive, we have

fu(y) — 9(8)] < / (y, 2)|g(z) — g(2)] d" 'z

0B,

< s |g(@) - g(@) / M(y,z)d" e

r€IB,yNBs (53) 8BTOB§(Q) (94)
+ oswp T(ya) / l9(x) — g(&)| d*

z€dB,\B;(2) 9B,\Bs(2)

< sup |g(@) - g(@) +2gl=l0B,] sup  Ti(y,z).
€0B,NB; (&) 2€0B;\Bs(&)

For any given € > 0, we can pick § > 0 so small that the first term is smaller than €. Then
we choose y so close to & that the second term is smaller than e. U

Remark 15. Poisson’s formula generates a harmonic function w in B, also when g is integrable
with respect to the surface area, or even when gd” 'z is merely a signed Borel measure of
bounded variation. Then the Herglotz theorem states that by considering all signed Borel
measures of bounded variation on the sphere 0B,., one recovers precisely the harmonic func-
tions in B, that are differences of two nonnegative harmonic functions in B,. The limit of
u(y) as B, 3 y — x € 0B, can be studied as well. For instance, whenever g is continuous at
x, we have u(y) — g(x). In general, depending on how y approaches z, the limit is related to
various kinds of derivatives of the measure g d” 'z with respect to the surface area measure.

One should not be deceived by the fact that Poisson’s formula solves a seemingly simple
problem. It is a very powerful tool in the study of harmonic functions.

Theorem 16 (Removable singularity). Let 2 be an open set, and let z € Q. Assume that
u € C?(Q\ {z}) is harmonic in Q\ {z}, and satisfies u(z) = o(E(x — 2)) as x — z. Then
u(z) can be defined so that u € C?() and Au =0 in €.

Proof. Without loss of generality, let us assume z = 0 and B, C Q with some r > 0. Let
v € C%(B,) satisfy Av = 0in B, and v = u on dB,. Of course, if u has a harmonic extension
to B, then it must be equal to v. For this to work, we need to show that v = v in B, \ {0}.
By the maximum principle, we have |[v| < M, in B,, where M, = sup,csp |u(z)|. Let
w=u—v and § > 0. Then we have Aw =0 in B, \ Bs and w = 0 on dB,. We can say that
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|w| < |v|+ |u| < M, + Ms on 0B;. At this point if we apply the maximum principle to w, we
would only get |w| < M, + Ms, which is not what we are after. Let us look at the case n > 3
first. We define the function ¢(x) = (M, + M;)" 2 /|z|"~2 for comparison purposes. We see
that A¢ = 0in B\ Bs, ¢ > 0 on dB, and ¢ = M, + M on 0B;s, i.e., Tw < ¢ on the boundary
of B, \ Bs. Applying the maximum principle to +w — ¢ gives |w(z)| < (M, + Mg)6" =2 /|z|" 2
for x € B, \ Bs. Finally, for any fixed x € B,, sending 6 — 0 and taking into account that
Mjs = o(6%7"), we infer |w(z)| = 0. In the case n = 2, we can use the comparison function

¢(x) = (My + Ms)log(r/|x[)/log(r/d). O

Ezercise 12. Prove the Hopf lemma: Let u € C?(B,) N C(B,) be a function harmonic in B,,
which attains its maximum at z € 0B,. Show that unless u is constant, there exists ¢ > 0
such that u(z) —u(zt) > (1 —t)c for all 0 < ¢t < 1.

9. CONVERSE TO THE MEAN VALUE PROPERTY

In this section, we prove that mean value property implies smoothness and harmonicity.
After presenting a proof that is direct and elementary, we will hint at quicker proofs.

Lemma 17. Let u € C(Q) be a function satisfying the mean value property for every ball
whose closure is contained in Q. Then u € CY(Q), and for n € S"~! and B,(y) C Q, we have

1 1
un-v=
10B:| JoB, )

Opu(y) = Onu, (95)

1Br| JaB,(y)

e., Oyu satisfies the mean value property.

Proof. Let y € Q, and let B,(y) C €. Then for all small ¢, we have B,(y 4+ nt) C Q. The
mean value property gives

u(y +nt) —u(y) ]B e u(x +nt) —u(z))d"z. (96)
Define 0 B,(y) = {x € 0B.(y) : (x —y) - n = O}, i.e., 0T B,(y) is the positive half of B, (y)

with respect to the direction 7, and 0~ B,(y) is the negative half. Then the above integral
can be decomposed as

1 1 ¢
(u(z +nt) —u(x))d"z = / / u(z 4+ ns)n-vdsd"
|Br| Jo+B,(y) Jo

1Br| /5, w)
1 ! n—1
— u(z+ns)(—n-v)dsd" "z,
1Br| Jo-B.(y) Jo

where v is the outer unit normal to dB,(y), and the notation d"~ !z is meant to make it clear
that the z-integration is over an n — 1 dimensional surface. We can recombine the integrals
and use uniform continuity to get

u(y + nt) —u(y) |B|/83 / u(z +ns)n-vdsd"

u(@) - vd" e+ o([t]),

(97)

(98)

IBrI 0B, (y)

which proves the first equality in (95). As w is continuous, the integral over B,(y) depends
on y continuously, hence d,u € C(9), implying that u € C*(Q). The second equality in (95)
follows from the divergence theorem. O

Ezercise 13. Prove the preceding lemma by using Poisson’s formula and maximum principles.
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Theorem 18 (Koebe 1906). Let u € C(£2) be a function satisfying the mean value property
for every ball whose closure is contained in 2. Then u € C*°(§2) and Au = 0.

Proof. The smoothness of u follows by induction from the preceding lemma. Also, Au satisfies
the mean value property, as it is a linear combination of derivatives of u. Applying the
divergence theorem to this fact then reveals

1 1

Au(y) = B ) V- -Vu= B s Oyu. (99)

The mean value property can be written as

1 1 ne1
u(y) = 9B,] S U= 5] Jon u(y 4+ &r)d" €. (100)
Then
0= [ wrenaie= [ auyrenae-— [ au oy
dr Jgn-1 gn—1 1 JoB, ()

which completes the proof. O

Remark 19. An alternative argument proceeds by showing that for any € > 0 there exists
ps € Z2(R™) such that p. * u = u on a subset of Q that covers € in the limit ¢ — 0. Since the
convolution of a test function with any locally integrable function is smooth, this implies that
u is smooth in Q. Let p € 2(R™) be a radially symmetric function, and let p.(x) = e "p(e~12)
for x € R™. Then for y € Q and € > 0 sufficiently small, we have

(pe xu)(y) = /6‘”p(6‘1w)u(y —x)de = /p(ﬁ)U(y — &) d¢ = u(y) /P7 (102)

where in the last step we used the mean value property.

10. DERIVATIVE ESTIMATES AND ANALYTICITY

Suppose that « is a harmonic function in Q. Then from (95) we infer

1 0B
) < — [ 1l <P =" sup ul, (103)
1Br| JoB, () 1Br| a8,(y) T 9B, (y)

for n € S" ! and B,(y) C Q. This means that a harmonic function tends to be flat towards
the middle of the domain on which it is harmonic.

Ezercise 14. Recall that a sequence {uy} converges to u locally uniformly (or compactly) in
Q if up — w uniformly in K for each compact K C 2. Prove that if {u;} is a sequence of
functions harmonic in §2, and if it converges to u locally uniformly in €2, then v is harmonic
in 2, and J;u, — O;u locally uniformly in Q for each 1.

If w > 0 in (103), we can use the mean value property to get

1 0B, n

Opu(y) “=T5 u(y) = TU(y), (104)

| < —
|BT| 0B (y)

which is called a differential Harnack inequality. Liouville’s theorem follows immediately: If
u is nonnegative and entire harmonic, then at each point y € R”, taking » — oo in (104)
implies that d,u(y) = 0.

The differential Harnack inequality (104) can be integrated to get a Harnack inequality.
Suppose that v is a differentiable curve parameterized by arc length, with endpoints x = v(0)
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and y = 7(¢), such that each point on + is at the distance greater than R from the boundary
of Q. Assume that u > 0 in Q. Then we have

dlogu(y(t)) _ (1) - Vu(y(t))
= , 0<t<Ul. 105
at eIy 1o
Integrating this, we get
[log u(z) — logu(y |</ ‘7 ‘dt< Rﬁ (106)
which implies

B u(y)
The essence of Harnack inequalities is the fact that the ratio % cannot be too large if the

influence from the boundary is weak relative to the interaction between x and y.
We can repeatedly apply (103) to derive estimates on higher derivatives.

Lemma 20. Let u be harmonic in Q, and let B,(y) C Q. Then
*u(w)| < llt (") sup ful. (108)
" By
Proof. Let p = ﬁ and let 8 be a multi-index with || = || — 1. Then since all derivatives of
a harmonic function are also harmonic, from (103) we have

0u(y)] <= sup |9%ul. (109)
P 9B, (y)

We can estimate the derivative 9°u appearing in the right hand side by the same procedure,
decreasing the order of derivatives again by one. We continue this process until we get no
derivatives in the right hand side, and get

n nla

°u()) < () sup fu] = (L) gup Jul. (110)
P~ Br(y) r Br(y)

The estimate (108) follows from here upon using the elementary inequality k* < kle*  which

can be seen for instance from the convergent series e =14+ k4 ... + ]Z—, + ... O

In particular, harmonic functions are analytic, because of the following. Recall that B, =
{z € R" : |z| < r} is simply the ball centred at 0 of radius r.

Lemma 21. Let u € C*(B,) be such that

0u@) < Mlal!(—)"",  ze By, (111)

|z
for some constants ¢ > 0 and M > 0. Then the Maclaurin series

u(z) = Z 8°‘u(0)$a Z 80‘1—80‘"u(0)x?1 Sz (112)

a! at!l. ..oyl n
a arynan>0 L n

absolutely converges if |x| < Here o! = aq!...ap!.

1J:cn :
Proof. Given z € B,, consider the function f(t) = u(zt). Taylor’s theorem tells us
AP AROIRAIO

u(z) = f(1) = i + o (113)
k=0
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where 0 < s < 1. Let us compute the derivatives of f. We have
() = (2101 + ... + 2,0p)u(zt),

1’

f(t) = (2101 + . .. + 2, 0pu)u(zt), . ..
FE(E) = (2101 + .. . + 2,00)Fu(zt)

k!
= Z — 22 O O u(at) (114)
a1oton=k A1:...0np!
= Z K 2% 0%u(zt)
N a! ’
|a|=k
by the multinomial theorem, so
0%u(0 o+ ... Op)™
uz = U0 o aiF. == n)"uls2), (115)
|a)<m ) ﬂl
R
with 0 < s < 1. We can estimate the remainder term by
c \m enlz| \m
R, <M Mz|™ =M 116
| m‘_ (7"—|Z|) n |Z| (’I“—‘Z|) ’ ( )
which tends to 0 if ﬁﬁléh <1, ie, 2] < 175- O

11. SEQUENCES OF HARMONIC FUNCTIONS

In 1887, Axel Harnack proved two fundamental convergence theorems for sequences of
harmonic functions. The first of them concerns uniform convergence and can be thought of
as an analogue of the Weierstrass convergence theorem from complex analysis.

Theorem 22 (Harnack’s first theorem). Let Q be a bounded domain, and let {u;} be a
sequence of harmonic functions in €.

a) If {u;} converges uniformly on 9, then it converges uniformly in ).

b) If uj — u locally uniformly in 2, then u is harmonic in Q. Furthermore, 0%u; — 0%u
locally uniformly in Q for each multi-index o, i.e., uj — u in C>(Q).

Proof. a) It follows from the maximum principle that
sup |uj — ug| < sup |uj — ugl, (117)
Q o0

which means that {u;} is Cauchy in the topology of uniform convergence in Q, hence it

converges uniformly in 2.
b) For any B,(y) C £ and any j, we have

B 1
|Br| JB, @)

u;(y) u;. (118)
By the locally uniform convergence, u;(y) — u(y) and [ Bo(y) Ui 1) B,.(y) U Which implies that
u satisfies the mean value property for every ball whose closure is in §2. Hence u is harmonic.
Let K € Q be a compact set. Then there exists a compact set K’ @ ) such that K C K’ and
r = dist(K,0K’) > 0. Now the derivative estimates for harmonic functions (Lemma 20) gives

ne, |af

sup [0%(u; — u)| < |of!( e) sup |u; — ul, (119)
K r K’

which completes the proof. O



20 TSOGTGEREL GANTUMUR

Before stating the second theorem of Harnack which deals with nondecreasing sequences of
harmonic functions, we prove a generalized version of the Harnack inequality.

Lemma 23 (Harnack inequality). Let Q2 be a domain (i.e., connected open set), and let K € )
be its compact subset. Then there exists a constant C > 0, possibly depending on K, such that
for any harmonic and nonnegative function u in €, we have

u(z) < Cu(y) z,y € K. (120)

Proof. 1t suffices to prove the inequality for strictly positive harmonic functions, since if u > 0
then for any € > 0 we would have

u(z)+e<Culy)+Ce  z,y€K, (121)

and sending € — 0 would establish the claim.

Recall the primitive Harnack inequality (Lemma 3 and Remark 12): If Ba.(y) C Q and
z € By (y) then u(x) < 2"u(y). The idea is to piece together primitive Harnack inequalities
to connect any pair of points in 2. One way of doing this was discussed in the derivation of
(107). Here we will use a slightly different approach. For x,y € Q, define

s(:c,y):sup{@:u>0, Au =0 in Q}. (122)
u(y)

First, let us prove that s(x,y) is finite for any z,y € Q. Fix y € Q, and let ¥ = {z € Q :

s(z,y) < oo}. Obviously y € ¥, so ¥ is nonempty. If z € X, then u < 2"u(z) in a small ball

centred at x, so ¥ is open. Moreover, X is relatively closed in €2, because if ¥ > z; =z €

then for sufficiently large j we would have u(x) < 2"u(z;). We conclude that ¥ = Q.

Let K be compact subset of §2, and let r = %dist(K ,09). Then we can cover K x K by
finitely many sets of the form B,(a) x B,(b), with (a,b) € K x K. This means that for any
pair (x,y) € K x K, there is a pair (a,b) taken from a finite collection, say P, such that
x € By(a) and y € B,(b). We immediately have u(z) < 2"u(a) and u(b) < 2"u(y), which
implies that u(z) < 2%"( (rrllj?gps(a, b))u(y). O

a,

The second theorem does not have a good counterpart for holomorphic functions, as it
relies on the order structure of R.

Theorem 24 (Harnack’s second theorem). Let Q2 be a domain, and let uy < ug < ... be a
nondecreasing sequence of harmonic functions in 2. Then either

e uj(x) = oo for each x € Q, or

o {u;} converges locally uniformly in Q.

Proof. Suppose that u;(y) < M for some y € Q and M < co. Obviously, u;(y) is convergent.
Let K be a compact subset of 2, and without loss of generality, assume that y € K. Then
since uj1r — u; > 0 for k > 0, by Harnack inequality there exists C' > 0 such that for any
x € K we have

Ujk(7) — uj(2) < Clujer(y) — ui(y)), (123)
which implies that {u;} converges uniformly in K. Then by Harnack’s first theorem, the limit
is harmonic in the interior of K. O

Now we study sequential compactness of bounded families of harmonic functions, in the
topology of locally uniform convergence. Such a compactness is customarily called normaility.
First we recall the all important Arzela-Ascoli theorem, in a form convenient for our purposes.

Theorem 25 (Arzela-Ascoli). Let Q@ C R™ be a domain, and let f; : @ — R be a sequence
that is locally equicontinuous and locally equibounded. Then there is a subsequence of {f;}
that converges locally uniformly.
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That the sequence {f;} is locally equibounded means that for any compact set K C € one
has sup; sup | f;| < oo. Similarly, that the sequence { f;} is locally equicontinuous means that
for any compact set K C Q the sequence {f;} is (uniformly) equicontinuous on K. If {f;}
is a sequence of harmonic functions, then the equicontinuity condition can be dropped from
the Arzela-Ascoli theorem, because we can bound derivatives of a harmonic function by how
large the function itself is. This is an analogue of Montel’s theorem in complex analysis.

Theorem 26. Let Q@ C R" be a domain, and let {f;} be a locally equibounded sequence of
harmonic functions in Q). Then there is a subsequence of { f;} that converges locally uniformly.

Proof. In view of the Arzela-Ascoli theorem, it suffices to show local equicontinuity of {f;}.
We will prove here that {f;} is equicontinuous on any closed ball B C 2, and the general case
follows by a covering argument. Let B = B,(y) and B’ = B,1,(y) be two concentric balls
such that B’ C  and r > 0. Then the gradient estimate (103) gives
IV fi(x)] < " max |fjl, for z € B, hence sup [V f;| < ﬁsup]fj].
T OBr(x) B T pr

For z,z € B, we have
n
1fi(2) = fi(@)| < |z — |- ;S}Blplfjk

Since supp | fj| is bounded uniformly in j, the sequence {f;} is equicontinuous on B. O
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