Lecture 1, 9/8/2010

The Laplace operator in R” is

02 0?
A_ax% .“+333% 1)
It was introduced by P.-S.Laplace in a 1784 paper in connection with gravita-
tional potentials.
Recall that if we have masses M, ..., M; at points ay,...,a, of R3, then the
gravitational potential of the configuration is given by

M,y M,
_%7.-.—% 5
|z — aq| |z — aq]

u(z) = (2)
where s is the gravitational constant.

The Newton law of gravity can be reformulated in terms of the potential u:
The force on a point particle of mass m located at x is

force = —mVu(z).! (3)

The value of the potential u(x) at a point z € R® can be interpreted as the
potential energy due to gravity of a particle of unit mass located at x: if we
would like to move this particle to the spatial infinity, we need to act against
the gravitational force, and the total work we do while moving the particle to
the spatial infinity is exactly —u(z) .2

Assume now that instead of point masses we are dealing with a continuous
distribution of mass descrived by a density p(z): the mass an an arbitrary
domain O C R? is given by [, p(z)dz. Often we think of p being non-zero
only in some domain 2 (representing a planet or a star, for example). The
gravitational potential due to the mass described by the density p is

u(zx) = /Ra —x Ply) dy (4)

lz -y

If we wish to emphasize that p is only non-zero in a domain 2, we can write

u(:c):/ﬂf% Ply) dy (5)

lx—y|
Now Laplace’s observation is that at a point x in a neighborhood of which we
have no masses (i. e. p vanishes close to x) the potential u satisfies

Au=0. (6)

This can be easily seen from the following two facts:

1. A (ﬁ) = 0 away from z = a, and

IExcercise: Check by direct calculation that (3) indeed gives Newton’s law.
2Excercise: Verify this statement



2. equation (6) is linear, i. e. a linear combination of solutions is again a solu-
tion.?

One could perhaps think that since we have the explicit representation (5),
we can answer any questions about the gravitational field by calculating the
corresponding integrals. So what is the point of bringing in equation (6)?

Let us illustrate the usefulness of equation (6) on a very simple example. Con-
sider the situation when the total mass M is uniformly distributed over a solid
sphere By of radius R > 0. So we have p = M/(47R?) in Bg and p = 0 outside
Bpr. What is the gravitational potential (5) outside Q = Bg?

First, try to calculate the potential by direct integration. It may look difficult,
but with some effort one can still evaluate the integral explicitly®.

If we use equation (6), we can avoid the explicit calculation of the integrals,
and still get the exact u. We first note that the potential u is rotationally
symmetric: u(z) depends only on r = |z|.® With some abuse of notation we
will write u(z) = u(r). For such symmetric functions u in R? we have

2/
Au:u"+7u, (7)

where u’ denotes the derivative of u with respect to .
As a simple exercise in solving ordinary differential equations, we can find the
general solution of

2u’
"+—=0. 8
+2 8)
It is given by
A
u(r) = s + B. 9)
We now determine the value of the constants A and B by looking at the potential
for large .
We have

u(z) = /BR_% p(y) dy

|z — y

/ —%M dy
Br Ed
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+/ p(Y) (T + 7) dy
Br |z =yl [z]
M 1
= —x—+0(—) as r — 0o ,
|| |z[?

3Excercise: Verify all these statements
4Excercise: Do this calculation

5Excercise: Verify that this is indeed the case
SExcercise: Verify the formula,



where we have used the usual “O-notation”, which has the following meaning;:
O(1/|x|?) denotes any function whose absolute value for large x is below C/|z|?,
for some (fixed) C' > 0.

Combining the last equation with (9), we see that we must have

A=—-xM, B=0.

We see that M
u(z) = —s— for |z| > R.

Ed
We have shown the classical result (probably going back to Newton) that the
gravitational potential outside the sphere is exactly the same as the potential
of a point change at the origin, with the same mass as the total mass of the
sphere.
Let us replace in the above example the solid sphere be a spherical shell {R; <
|x| < Ra}, with the total mass M distributed uniformly over the shell. The same
argument as above shows that outside the shell we again have u(z) = —%%.
As an exercise, you can show that inside the shell (i. e. for |z| < R;) the
potential u is constant, i. e. u(z) = B for some constant B. This means that
the gravitational force inside the shell vanishes.
All this can be done again by calculating directly the integral (5), but the above
argument is computationally much simpler. *
In more complicated situations, e. g. in electrostatics of conducting surfaces of
general shape, the direct calculation of the integrals in many cases is no longer
feasible, whereas arguments using the equation Au = 0 still work very well®
although we have to study the properties of general solutions (not necessarily
symmetric) in more detail. This will be our program in the next few lectures.

"Excercise: Do the direct calculation of the integral in this case

8In fact, during the 19th century there has been an important shift in thinking about
the basic laws of physics. One can probably say that in the times of Newton, the law of
force exemplified by explicit representation formulae, such as (2) and (3), were considered
as fundamental. However, the importance of partial differential equations satisfied by the
“fields of force” gradually grew, and eventually the equations themselves became viewed as
fundamental. The theory of the electromagnetic field by Faraday and Maxwell (completed in
1865) played an important role in this transformation.



Lecture 2, 9/10/2010

Last time we looked at the gravitational potential

p(y)
u(x) = —x dy 10
(@) = [ = (10)
in the regions where p vanishes, and we saw that in these regions we have
Au = 0. What happens in the regions where p does not vanish? Around 1812,
S. D. Poisson discovered the following fundamental fact:

If p is sufficiently regular®, then Au = 4w p.

This is why the equation Au = f is usually called the Poisson equation. Before
going the the proof, we will adjust our notation and recall some definitions.

We set
1

4|z

G(z) = (11)
and for a sufficiently regular function f (say, continuous, compactly supported)
we set

0(0) = [ Gla—u)f) dy. (12)

which is one of the standard forms of the gravitational potential used in PDE
textbooks!?. We can think of G as a linear operator taking functions to func-
tions. Recalling that the convolution of two functions f,g on R™ is defined'!
by
fro@= [ fa-vowy= [ sw-niwa. 03
we can also write
Gf=Gxf. (14)
The above notation is somewhat “heavy”. You will soon see that it makes
sense to use G for both the kernel (11) and the linear operator G. If we write
Gf = G+ f instead of G = G f, it may look quite ambiguous at first, as Gf can
in principle mean both the pointwise product of the kernel G with the function
f and the result of applying the operator G to the function f. However, in
practice such confusion does not arise, as the intended meaning is usually clear
from the context.

With the above notation, we can now write the Poisson’s result as follows:

AGf)=f. (15)
We will see that the proof also gives'?
G(Au) =u. (16)

9We will specify what this exactly means later.

10The other standard form is the one one gets by changing the sign of the kernel.

Hynder some assumptions on f,g, e. g. f bounded measurable and compactly supported
and g locally integrable

12under appropriate assumptions



Therefore we can write, somewhat loosely,
G=(A)"' and A=(9)!, (17)

i. e. the integral operator G is the inverse of the differential operator A, and
vice versa.

This illustrates an important general point that, roughly speaking, the inverses
of differential operators are closely related to integral operators.!> The oldest
example of this is of course the Fundamental Theorem of Calculus: the inverse
of taking derivatives is integration.'*

We recall the following rule for differentiating convolutions:

B G
oz, (f*g)= (6%

g =Fer-9). (15)

Of course, one needs some assumptions. For example, if f is locally integrable
and ¢ is continuously differentiable and compactly supported, you can check
as an exercise that with the “classical interpretation” of all the expressions the
part

0 0
ax,»(f*g):f*(ami

is fine, while the expression ( % f) * g needs some interpretation, as the term
B%i f may not be well-defined by the classical point-wise definitions. We will
deal with issues such as this later, for now we will only use the expressions which
are defined classically.

By repeated application of (18) we see that, under appropriate assumptions, we

have for any differential operator L with constant coefficients

L(f*g)=(Lf)xg=f*(Lg). (20)

9); (19)

Let ¢: R™ — R be a smooth function compactly supported in the unit ball with
Jgn @ = 1. For € > 0 we set

belw) = S 6(2). (21)

If f is a locally integrable function, the function f * ¢. gives a good approxima-
tion of f by smooth functions. The operation f — f * ¢, is called mollification

13The converse of this statement, which would be that the inverses of integral operators are
closely related to differential operators, is not really true unless we substantially generalize
the notion of a differential operator. You can see this already by looking at integral operators
with kernels 1/|z|®.

14 As an exercise, you can check the following formulation of this theorem: Define G: R — R
by G(z) = 0 for z < 0 and G(z) = 1 for x > 0. Let Gf = G * f. Let Du denote the first
derivative of w. Then, under natural assumptions on f and u we have D(Gf) = f and
G(Du) = u. We also have D¥(GF)f = f for k = 1,2,.... You can calculate the kernel of
the operator G* as an exercise. You can also check what happens if we change G to, say,
G(z) = sign (z)/2.



and the function ¢ is called a mollifier. (Often the term mollifier is also used
for the linear operator f — f x ¢..)

Heuristically, for small € > 0 the function f ¢, is a convex combination of small
“shifts” of a function f.'®> We expect that for a small y the shifted function
x — f(z —y) will be close to f, and hence f * ¢. should be close to f for small
€ > 0. As an exercise, you can show that for a compactly supported continuous
f the functions f*¢. converge uniformly to f as e — 0. Also, you can show that
if p € [1,00) and f € LP(R"), the functions f * ¢. converge to f in LP(R").16
The last tool we need for the proof of Poisson’s result is integration by parts:
if Q@ C R™ is a smooth domain and v and v(x) = (11 (x),...,v,(x)) is the outer
unit normal ar z € 9Q (the boundary of ), then for any sufficiently regular

function v in 2 we have
0
vdx = vy dx . (22)
o Ox; N

We can now proceed with the proof of A(Gf) = f.
Let us choose any smooth function K: R? — R satisfying K(z) = G(z) =
—1/(4m|x|) for |x| > 1/2. We note that

1. AK is compactly supported in the unit ball By, and
2. [rs AK =1. (Hint: Use (22).)
For € > 0 we set

1
K(r) = ZK(5). (23)
Note that K.(x) = G(z) for |z| > £/2 and that [, |G — K |[Pdz — 0 ase — 0
for1 <p<3.
In addition, we have .
x
AK, = €3AK(5)' (24)
In other words, the function AK, can be considered as mollifier, similar to (21).
Assume now that f is compactly supported and has continuous second deriva-
tives.1”
Set u =G f and u. = K. * f. Let L be any derivative of order < 2. Then
Lu. = K. x (Lf), and this clearly converges uniformly to G x (Lf) = Lu as
€ — 0. Therefore u. converges to u uniformly, together with derivatives up to
order two as ¢ — 0. On the other hand, we have Au. = (AK,) * f, showing
that Awu. is just a mollification of f by the mollifier AK.. Therefore Au. — f
uniformly as € — 0. We see that Au = f, as claimed.

15Recall that a shift of a function f by a vector why is a function  — f(z — y), whose
graph is a copy of the graph of f shifted in by the vector y in the plane of the coordinates
T1,...,Tn.

16The proof of the first statement is elementary. The precise formulation and the proof of
the second statement requires the theory of the Lebsgue integration.

17We are not aiming for the most general assumptions here. Our goal is to illustrate the
main point.



Remark: Some suitably defined convergence of AK, x f to f as € — 0 is to be
expected for quite general functions f, so we expect that the conclusion Au = f
should be true in a much more general situation. The main issue to clarify in
the above proof when f has less regularity is the question of convergence of the
second derivatives of u..'® As an exercise, you can try to relax the assumptions
on f in the above proof. For example, it is not hard to see that it is enough to
work with one derivative of f only (as one can put the other derivative on K.).

18Depending on of what type of convergence we look for, the question can be subtle. For
example, for a general continuous and compactly supported f, it may not be the case that the
second derivatives of us will be uniformly bounded as € — 0. On the other hand, if f is Holder
continuous, the convergence of the second derivatives will hold. We will eventually see that,
in some sense, many of these subtleties can be bypassed if one works with good definitions.



Lecture 3, 9/13/2010

We start with a few remarks on the proof of the identity A(G * f) = f we did
last time.

The expression © = G * f is well-defined for quite general functions f. For
example, f € L'(R3) is enough.'® There is no problem with the convergence of
the approximations u, = K. * f to G * f, and the convergence of the Laplacians
Au. = (AK.) x f to f as ¢ — 0. So the identity Au = f should be true for
quite general functions f.

However, we have to deal with some technical issues here. First of all, we
have to say how we define Au. If we use the classical point-wise definitions
of the derivatives, we have to worry about the existence of the limits which
appear in these definitions. What do we have to know about f so that we can
conclude that u is twice differentiable in the classical sense? If we say “twice
differentiable”, do we really mean “twice continuously differentiable”, or is it
enough if the limits defining the derivatives exist, without requiring that V2u(zx)
is continuous as a function of 7 You can see that one can get quite quickly into
all kinds of difficult questions. Over time people realized that things become
much easier if the point-wise definition of derivatives are replaced by a more
flexible definition.?® We will get into this topic later. For now, I will mention
only the following:

e In general, if f continuous, compactly supported, then G * f may not be
twice continuously differentiable.?!

e If f compactly supported and a-Hélder continuous??, then the second
derivatives of G * f exist classically, and are also a-Holder continuous.

Let us now turn to the proof of the identity
G (Au)=u (25)

mentioned earlier in (16). For now we work with the point-wise definitions of
the derivatives, so we assume that w is twice continuously differentiable. We

9To see this, consider a compactly supported smooth function ¢ with ¢ = 1 in a neigh-
borhood of 0, write G1 = ¢G and Ga3 = G — G1. Then G x f = G1 * f + G2 * f. Note that
G2 * f is well-defined point-wise, i. e. the integral defining (G2 * f)(z) is well-defined for each
z. (In fact, the function Ga * f is continuous, as you can easily check.) The function G1 * f
is not defined point-wise in general. (Give an example!) However, since G is in LP for each
p < 3and f € L1, the function G * f is defined as an LP function, so G * f is a sum of an LP
function and a continuous function. Note that this argument works also when we replace the
function f by a Radon measure.

20There is some analogy here with the convergence of the Fourier series f(z) = >k cpethe,
Studying the point-wise convergence of the series to f can be difficult. One the other hand, if
we replace the point-wise convergence by the convergence in L?, things become much easier,
at least from the modern point of view, in which we take the Lebesgue integration for granted.

21The more flexible definition of derivatives we introduce later will render this seemingly
unpleasant fact quite harmless.

22Recall that this means that |f(z) — f(y)| < C|z — y|* for some C' > 0.



also assume it is compactly supported. The proof is very simple:
G x (Au) = lim K, * Au = lim (AK,) xu = u, (26)
e—0 e—0
where in the last equality we used that AK, is a mollifier.

Identity (25) can be used to study the solutions of general solutions of the
Laplace equation Au = 0.

A function u defined in an open domain Q C R"™ is called harmonic if Au = 0.

At the moment this definition assumes that the derivatives in the definition
are point-wise, so we need to assume that u has two continuous derivatives, say.
This technical condition will be removed later when we introduce a more flexible
notion of derivative.

For a domain Q C R? and a point a # ), the function G,(z) = —(4n|z — a| 1)
is clearly harmonic in 2. By taking linear combinations of functions of this form
we can generate many harmonic functions. Our aim is to show that, roughly
speaking, every harmonic function in {2 arises in this way.

Let ©Q; C Q be open with the closure Q; C €. Consider a compactly supported
function ¢: Q — R such that ¢ = 1 in a neighborhood of the closure ;.

By (25), when = € Q;, we have

u(z) = p(@yuz) = / Gl — ) A(pu)(y) dy. (27)

We compute
Alpu) = Apu+ 2VeVu + pAu = Apu + 2VpVu, (28)

where we used Au = 0. Letting f = Apu + 2VpVu, we note that the support
of f is contained in Q \ Q;. Hence we can write, for z € Qq,

u(z) = p(@)ulz) = /Q Gl — ) f(y) dy. (20)

Formula (29) says that in ©; the function u is a “linear combination” (if we can
use this term for integrals) of functions x — G(x — y).

Although in many ways (29) is not optimal, we can already draw an impor-
tant conclusion from it: when z € 1, the integral on the right-hand side can
be differentiated in = as many times as we wish, and therefore v is infinitely
differentiable in €2y, although we initially only assumed that it was twice differ-
entiable. In fact, one can conclude from (29) that u is analytic in ;.23

23Exercise: verify this statement.



Lecture 4, 9/15/2010

Let us return to the situation we considered last time and formula (27). Our
aim is to improve formula (29) by moving the derivatives of u on the left-hand
side to G and ¢. This can be done by integration by parts. Let us replace (28)
by the following formula

Apu) = 2div (Veou) — Apu. (30)
We can write

ou=GxA(pu) =G=*(2div(Vou)) —Gx(Apu) =2G ;% (p;u) — G (Apu),

(31)
where G ;, ¢ ; denote partial derivatives, and we use the summation convention
of summing over repeated indices. Writing out the integrals explicitly, we have
for x €

u@ = [ RGsa- peswuly) - Gl - )Aplyulw)] dy. v e
support ¢
(32)
This formula implies some classical results about harmonic functions.

First, we prove the following a-priori estimate:

Let u be a harmonic function in the ball Bor C R® of radius 2R. Then, for
k=0,1,2,..., we have the following point-wise estimate for the derivatives of
w in the ball Bg:

C
’“ < -k / d B 33
|V ’U/(l')l = R3+k Bor\Bn |u(y)‘ Y, T &€ DR, ( )

where C), are constants independent of u and R.

We will see later that this estimate can still be improved in various ways. Nev-
ertheless, it is sufficient for many purposes.

The proof of (33) follows easily from (32): differentiate (32) to obtain

VEu(z) = / [29EG e~ e )ulty) — V(e ~ ) Ac(uu(w)] dy. z e

(34)
Consider a smooth function ¢ compactly supported in the ball Bs of radius 2
with ¢ = 1 in B; and set pr(z) = ¢(z/R). Use (34) with ¢ = ¢r and note
that for z € Bg and y is in the support of Vipr we have

Ck

C
ViGi(e =) < gy IVEG(E —9) < oy (35)
and , ,
C C
Ver)l < . Aer(y) < 25 (36)

10



This immediately gives (33).

A simple consequence of (33) is the following estimate
For a harmonic function u in Br we have

C
sup|V*ul < = suplul, (37)

Br Bar

where the constants C}, are independent of R and u.
We can now prove a classical result:

Liouville Theorem.
A bounded harmonic function in R® is constant.

Proof: We use (37) for k =1 and R — oc.
One can use the same idea to prove a more general statement:

Liouville Theorem, version 2.

Assume that u is harmonic in R® and that |u(z)| < C(|z|™ ¢ + 1) for some
positive integer m, with C > 0 and € > 0. Then u is a polynomial of order at
most m — 1.

Proof: Use (37) with £k = m and R — co.

Note that the last theorem is more or less optimal, as for each integer m there
are non-trivial harmonic polynomials of degree m.

As there are no derivatives in the right-hand side (32), one expects that the
assumption that u has two derivatives we used in the definition of harmonic
functions is of technical nature, and is not really essential. We will address
general issues related to this later in a systematic way, but perhaps it is worth
making some remarks on this even now.

Let us consider the mollifier ¢.(z) = L@(£) we introduced earlier. For a
locally integrable function u defined in a domain @ C R"™, the function u * ¢,
is unambiguously well defined in Q. = {z € Q, dist(z,9Q) < e}, as the support
of ¢ is contained in the ball B.. Assume now that u is a locally integrable
function in © and that u. = u* ¢ is harmonic in . for small e. Write (32) for
Ug:

ue(z) = / 260 = u)ea()ue(s) — Gl — ) Aply)uc ()] . @ € 0.

(38)
Note that the support of ¢ is contained in 2. for small e. Now as ¢ — 0, the
functions u. converge to u in L!(support of ¢). The right-hand side of (38)
converges to the same expression with u. replaced by w. Therefore u.(z) must

11



converge to a limit for each € Q1 as ¢ — 0. (As an exercise, you can check
that the convergence of . is uniform in ©;.) At the same time, u. converge
to u in L'(€), by general properties of integrable functions. We conclude that
the representation formula holds true for the function u, i. e. we can remove the
epsilons in (38). Therefore u is smooth in Q; and satisfies all the estimates we
obtained above. Since we can take for €2 any ball whose closure is in 2, we see
that w is in fact smooth in .

We could call a locally integrable function u defined in 2 weakly harmonic if
u * ¢ is harmonic in €2, for each € > 0. However, such a definition does not
look appealing. For example, is it not immediately clear that it is independent
of the choice the mollifier. A much more elegant definition?* which is in fact
equivalent, 2° is the following:

Definition: A locally integrable function in Q@ C R® is weakly harmonic if
fQ uA¢ = 0 for each smooth, compactly supported function ¢: Q — R.

If u is weakly harmonic in §2 and ¢, is the same mollifier as above, it is immediate
that A(u * ¢.) = 0. Hence the above arguments prove the following statement.

Weyl’s Lemma.
A weakly harmonic function u is smooth and harmonic.

Proof: See above.

243 special case of defining derivatives as distributions, as introduced by L. Schwartz

25Exercise: prove the equivalence

12



Lecture 5, 9/17/2010

The definition of a weakly harmonic function can be immediately generalized
to Poisson’s equation Au = f.

Definition.

Let w and f be locally integrable functions in a domain Q C R™. We say that
the equation Au = f is satisfied weakly in fQ ulAp = fQ fo for each smooth,
compactly supported p:  — R.

This is again a special case of defining derivatives in the theory of distributions,
due to L. Schwartz in 1940s. An equivalent definition is that, A(ux@.) = f* @
in Q. for every (small) € > 0, similar to the situation with weakly harmonic
functions mentioned in the last lecture.

The idea of these definitions is that we do not really try to say what point-wise
values of functions such as u or f are. We only consider point-wise values of the
smooth compactly supported functions ¢, called the test functions. 26

With the definition above, the difficulties we had to deal with when we consid-
ered the point-wise definitions of derivatives are not present. For example, we
have

Theorem.
Assume f € L'(R?) and let uw = G x f. 27 Then Au = f weakly.

Proof: Using the approximation K. of G defined in lecture 2, we can write?®

[ nne = i [ pae =t [Aw e

e—0

e—0

— iy [(AK) 1o = [ o,
where we have used that AK. is a mollifier.
Note how the problems which we had to deal with when we used point-wise

definitions of derivatives for Au seemingly disappeared. In reality, the problems
about the regularity of u are still there, but the point is that we need not to

261f we think about it, such approach makes a lot of sense from the point of view of measur-
ing physical quantities such as u (the gravitational potential) and f (the density of matter): in
practice, we can never measure u or f at a point. Any measuring device really measures some
kind of average of the measured quantity around the point where we are making the measure-
ment. So instead of measuring u(z), in reality we measure something like [ u(z — y)p(y)dy,
where [¢ = 1. The support of the function ¢ becomes smaller as the measurement becomes
more accurate, but it is never zero. In this picture the test function ¢ represent some kind of
measuring device.

27We have seen in the beginning of lecture 3 that G * f is well defined, although not point-
wise, in general.

28Exercise: justify this precisely using standard Lebesgue integration theorems.

13



answer them and still can proceed. We simply give the equation Au = f a new
meaning.

One issue we have to deal with when we weaken the definition of what an
equation says is the issue of uniqueness. We can imagine that we could go too
far with the weakening of the definitions, and that for the weak version of the
equation some unexpected solutions will appear. However, in the example above
this does not happen, as we can see from the following:

Theorem.
If uy,up and f are locally integrable in R, and the equations Au; = f and
Aug = f are satisfied weakly, then h = us — uy is a smooth harmonic function.

Proof: Check that us — u; is weakly harmonic and apply Weyl’s lemma from
the previous lecture.

We see than the notion of the weak solution does not bring any new non-
uniqueness. The non-uniqueness is the same as in the case when all quantities
are considered smooth and the equation is satisfied point-wise. It is of course
clear that the equation Au = f can determine u at best only up to a smooth
harmonic function. To get uniqueness, we have to impose an additional restric-
tion on u to eliminate the harmonic function. For example, in the case when
f is compactly supported it is natural to require that u(z) — 0 as & — 00.29
With this or another similar condition at oo, the equation Au = f determines
u uniquely.

The mean value property of harmonic functions.

We will now continue our study of harmonic functions by proving the following
classical result3?: If u is harmonic in the ball B, g = {y € R3, |y — 2| < R} and
continuous in the closure of the ball, then

() = o

R — u(y) dy . 39
o5 ) (39)

Here we denote by 0B, r the boundary of the ball of radius R centered at x
and |0B; r| denotes the area of the boundary.

Another form of the mean value property is
1
uw) = [ty (40)
Bkl JB, n

where this time we take average over the solid ball B, r. As an exercise, you
can show that (39) for all radii R € (0, Rg) implies (40) for all radii R € (0, Ry)
and vice versa. 3!

29Recall that we are R3.
30going back to Gauss
31Hint: for the first implication, integrate in R; for the second, differentiate in R.

14



One way to verify these formulae is to prove them for the special case u(x) =
G(z—a) by direct calculation and then use the fact that every harmonic function
is in some sense a linear combination of function of the form z — G(z —a). For
the special case of x — G(x — a), we have to verify

1

_— Gly—a)dy=G(x—a). 41
9B, Jos, (y —a)dy = G( ) (41)

However, this is exactly the statement we discussed in lecture 1: the gravita-
tional potential at point a of a homogeneous shell of unit mass and radius R
centered at = is exactly the same as the gravitational potential at a of a unit
mass located at x. Thus our statement is proved.

Another way to do the proof is for example as follows. Let us assume without
loss of generality that x = 0. Let f; and fo be two radial functions (i. e.
f1 = fi(|z]), f2 = f2(|z|) supported in the ball of radius R, with [ f1 = [ fo = 1.
From lecture 1 we know that G % fi = G * fy outside the support of f; and f5.
This means that v = G x f; — G * f5 is compactly supported in Br. Hence we

e [ot 1= [uso= [ 3u0=0. )

We can now choose functions f; = fi. and fo = fa so that fuflg — u(x) and
Jufoe — 7@31,1%‘ Jop, quase—0. 32

32Exercise: do this in detail.
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Lecture 6, 9/20/2010

Today we will talk about the maximum principle, strong maximum principle,
and the Harnack inequality for harmonic functions. These properties are, in
increasing order of “depth”, important hallmarks of the behavior of harmonic
functions, and are in fact shared by solutions of much more general second
order scalar elliptic and parabolic equations. With the exception of some easy
alternative proofs of the maximum principle, at this stage our proofs will be
based on the mean-value property of the harmonic functions. Such proofs are
not easily adapted to more general classes of equations, for which different
approaches have to be found. Nevertheless, it is useful to see what can be
proved by elementary methods, before starting to use some of the more advanced
techniques.

In what follows we denote by  a bounded domain (= connected open set) in
R3.

A simple consequence of the mean value property is the following:

Lemma.
Assume that u is harmonic in a ball By . Ifu(x) = supp_ , u, then u is constant
in B:c,R'

Proof: We know that u(x) = rlm‘ Is ., ufor every R’ < R. Now it is enough

to note that if an averaged quantity is never above its average, it has to be equal
to the average.

Corollary: (The strong maximum principle)
Ifu:  — R is harmonic and u(x) = supg u for some x € 2, then u is constant
in Q.

Proof: By the lemma above, v = u(z) in any ball B, g C €. Take the maximal R
with this property. Now we can replace « by «’ € B, g and repeat the argument.
We can get a still larger set where u = u(z). Since  is connected, it is easy to
see that the property v = u(x) will “propagate” to all . (To do this argument
in a more formal fashion, you can check that the set {y € Q, u(y) = u(x)}
is both closed and open in € and hence has to coincide with €, due to the
assumption that  is connected.) 33

331If one uses the fact that the harmonic functions are analytic, one can see that one has the
following stronger statement:
If u: Q — R is harmonic and for some ball B, rp C Q we have Supp, U = u(x), then u is
constant in €. ,
For the proof we only have to note that u is constant in B; g by the lemma above and use
analyticity.
We see from the proof that the validity of the statement is a results of two effects: the strong
maximum principle and analyticity. As we mentioned, the strong maximum principle general-
izes to quite general classes (scalar, second order) equations. The generalization of analyticity
in this context is known as “unique continuation”. It does hold for quite general equations,
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Alternative proofs of the maximum principle.

By the maximum principle we usually mean the statements that a harmonic
function u: 2 — R cannot attain its strict maximum over ) inside Q. If u is
continuous up to the boundary of €2, this means that we cannot have u(x) >
supyq v for some x € €. This statement can be proved quite easily in a number
of ways, without using the mean-value property.

We will illustrate this by two different proofs.3

Proof 1: This proof is based on the simple observation that at an interior point
of a local maximum of u the second derivatives of u must be negative. We did
not say “strictly negative”, what we really meant is “not above zero”. This
looks close to having a contradiction with the equation Au = 0, but it is still
not a contradiction. However, since the maximum over 2 is strictly bigger
than the maximum over 02, one has some room to perturb the situation to
a real contradiction: we note that for a sufficiently small ¢ > 0 the function
ue(y) = u(y) + €|y|? still attains its maximum at an interior point of Q. We use
the same argument with the second derivatives, and note that Au, > 0 (strict
inequality!), so this time we do get a contradiction. This proof can be used for
quite general equations, assuming we have sufficiently regular coefficients to be
able to work with the point-wise values of the second derivatives.

Proof 2: This proof is based on a very important observation, due to Dirichlet
or perhaps Gauss, that a harmonic function minimizes u the integral fQ |Vu|?
among all (sufficiently regular) functions having the same boundary value.®®
(We assume that all functions are sufficiently regular up to the boundary.) The
proof is quite easy: Let w be harmonic in Q2 and smooth up to the boundary,
and v be smooth up to the boundary, with v|gq = 0. Then, trivially

/|V(u+v)|2:/|Vu|2+2Vqu+|Vv|2. (43)
Q Q

The main point now is that the cross term vanishes, as can be seen from inte-
gration by parts:

/Q IVuTy = /Q —2(Au)y = 0. (44)

Therefore we have

IV (u+ ) = /Q|Vu|2+ /QWUF (45)

Q

but not quite as general as the strong maximum principle. For example, for equations of the
form a;;(%)uz;z; = 0 in dimensions higher than 2 one needs that the coefficients a;;(x) are
Lispchitz continuous.

34Neither of these proofs can be easily adapted to give the strong maximum principle, but
they are still quite instructive.

35We will be exploring some of the far-reaching implication of this observation in some detail
later.
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and the claim follows.

Now the maximum principle can be seen easily: if v has a peak inside €2, it
cannot be minimizing, as we could cut off the peak and save the energy. Note
that this argument does not require much regularity. It can work well in more
general situation, if the equation satisfies an analogue of the Dirichlet principle.

The Harnack inequality

We have seen that if w is harmonic and u(z) = supg u for some x € €2, then u
must be constant. In some sense, the Harnack inequality addresses the question
what happens if we slightly relax the assumption u(z) = supg u to u(z) being
close to supg u. Will then u(x) be close to supg, u, at least on a large part of Q7?
In other words, we are asking if the behavior described by the strong maximum
principle is in some sense stable. As we will see, the answer is positive.

The Harnack inequality is traditionally defined in terms of non-negative func-
tions. To relate this formulation to the maximum principle, we should look at
M — u, where M = supgq u.

Harnack Inequality
For each compact subset K C € there exists a constant C = C(K,2) such that
for every non-negative harmonic function u in €2 we have

supu < C'infu. (46)
K K

Proof: Assuming the statement fails, we can obtain a sequence of harmonic
functions wu,, > 0 in , and two sequences of points x,,,y, € K such that:

e u, <1 in K, and u,(y,) =1,
o uy(z,) —0,
ez, -TcK, y, -y K.

Let us now consider an arbitrary point a € K. Choose r so that the closure of
the ball B, , is contained in 2. We have

1

By estimate (33) we know that u, together with their derivatives up to any
given order are bounded point-wise in B, ;./2. The bounds may possibly depend
on a, but since K is compact, we can cover it by finitely many balls B, ,/» and
get estimates which are uniform in K. In other words, the functions u,,, together
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with their derivatives up to a given order are bounded in a neighborhood of O
of K. Note that we can assume without loss of generality that O is connected.3%
Since we have the uniform bounds on the derivatives up to any given order in
O, we can use the Arzela-Ascoli theorem to choose a suitable subsequence of
the sequence u,, n = 1,2,... which converges uniformly with its derivatives
up to a given order to a function w. This subsequence will still be denoted as
Un, n=1,2,.... The function % is harmonic in O, non-negative, with u(z) = 0
and u(y) = 1. This contradicts the strong maximum principle, and the proof is
finished. 37

36Exercise: verify this point.

3TMany steps of the proof above work for more general equations. The main difficulty we
have to deal with then is to obtain an estimate in the direction of (47). Note that in this
estimate we obtain information about the behavior of u, in a neighborhood of K from its
behavior only on K, and the assumption u, > 0.
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Lecture 7/22/2010

Today we start talking about boundary value problems. Historically, these be-
came important in connection with electrostatics.?® The basic objects in elec-
trostatics are electric charges. They satisfy Coulomb’s law, force = —kqQ/r?,
which gives the force between charges ¢ and @Q at distance r, where k is a con-
stant depending on the choice of units. We can introduce the electric potential
u, similar to the gravitational potential, in that the force on point-charge ¢ lo-
cated at x is given by —¢Vu(z). The difference with gravity is that the charge
can have both positive and negative sign, and that charges of the same sign repel
each other. Therefore we have to change some signs in some formulae we used
for gravity. There is more than one way to do it, but the convention is that the
potential of a positive charge is positive. So the potential of a point-charge @
located at the origin is kQ/|x|, which is of the opposite sign than our convention
for the gravitational potential. These issues with signs are not important for
the PDE analysis, but it is good to be aware of them when looking at textbooks
of the electromagnetism. 3°

Let us now consider an example of a situation where a boundary value problem
naturally arises. Consider a conducting ball B; centered at a; with charge Q.
The electrical potential outside B; is u1 = kQ1/|x — a1]. Inside the ball the
potential u is constant, with the constant determined by the requirement that
u is continuous across the boundary of the ball. Imagine we now move into this
field from very far away another charged ball By with charge ()2, and position
it so that its center is at ay (sufficiently far away from a; so that the balls do
not touch). If By were absent, the electric potential of the ball By would be be
us = kQ2/|x — az| outside of the ball and constant inside Bs.

What is the electric potential when both balls are present? If we were dealing
with gravity and By, B would be solid bodies, the resulting potential would be
u = u1 + uz. The same would be the case if the charges in the balls were each
“attached” to certain points so that they could not move. However, charges in
conductors can move. Ideal conductors are characterized by the property that
the electric potential has to be constant in it. Therefore the resulting potential
will not be u = uj + ug, even in the case when Q2 = 0. So how do we
determine the resulting potential? We can try to figure out what is going on
with the charges and how they should distribute themselves in the balls and get
some equations for the distributions, but it is easier to work the directly with
the potentials. The distribution of charges can be obtained once the potential
is known.

The potential u of the two balls has to satisfy the following conditions:

38In Newtonian gravity the boundary value problems are not really as important, since there
is no known way of manipulating the gravitational potential in the same way the electrical
potential can be manipulated by introducing conductors or dielectrics into the electrical field.

39We also note that there are several systems of units which are used, so the value of k can
be different in different textbooks. You can check
hitp://en.wikipedia.org/wiki/Centimetre_gram_second_system_of-units for more details.

40As an exercise, try to answer the following question: if Q2 = 0 and Q1 # 0, i. e. we move
an uncharged ball into the field of a charged ball, will the balls repel each other, attract one
another, or will there be no force between them?

20



u has to be constant in By, say, v = ¢ in By,

u has to be constant in Bs, say, u = ¢ in Bsy,

u has to be continuous across the boundaries of the balls,

u(z) - 0 as x — oo,

e u has to be harmonic outside the balls, i. e. Au =0 in R?\ (B; U By),

the total charge of By is Q1. This translates to 2B, % = —kQ;, where

g—;‘ is the derivative in the direction of outer unit normal to Bj.
e the total charge of By is @2, so f832 % = —kQ> similarly to the previous
point.

The problems of finding a function u satisfying the above conditions is an exam-
ple of a boundary value problem. We seek a function satisfying some equation,
and we know some conditions at the boundaries of the domains where the equa-
tion is satisfied. Our task is to find the function based on these conditions.

As the first example of a boundary-value problem we will try to solve, we choose
a simpler example than the above. Roughly speaking, we will deal with a
situation that we have some given distribution charges which cannot move,
and our goal is to determine its electric potential in a presence of a conductor
connected to co. This leads to the following problem. Consider an open set
Q C R% Let f: Q — R be a given function (“distribution of charge”). The
function is considered as fixed. We wish to find a function u (corresponding to
the electric potential), such that

Au = f inQ, and (48)
u = 0 at the boundary 9. (49)

Note that we have reverted to our old notation, and do not write —Au = f as
one perhaps should in the context of electrostatics.

We will first solve (48)-(49) in a domain for which the problem is quite easy, the

half-space Q2 = R3 = {z € R?, 23 > 0}. In this case we can write the solutions
explicitly: extend f to a function f: R3 — R which is odd in x3, and for x € Q

set u(x) = G * f. We know that u satisfies Au = f in  and it is easy to see
that w is also odd in x3, and hence u(xy,z2,0) = 0.

We can think about this solution in the following way: to a charge at y € 2
we associate a fictitious charge of the opposite sing at y* = (y1,y2, —y3). The
potential of those two charges is a function of x. As we are using our old sign
convention, it is natural to take the function as

L, 1
drle —y|  Amle —yr|

Ga(z,y) = (50)
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Modulo the right sign conventions, this is the electric potential we would get
by placing a single charge at y in the “empty” domain {2 whose boundary is
made out of a conductor. The function Ggq is known as Green’s function of the
domain Q, and plays the same role which the kernel —1/(4x|z — y|) has in the

full space: it inverts the Laplace operator A for the zero boundary conditions.*!
Now the solution u can be written as
u(e) = [ Gale.)f () dy. (51)
Q

4For Q = R3 we also have a “boundary condition” at oo: we need to assume u(x) — 0
(pehaps in some weak sense), so that our solution is unique.
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Lecture 8, 9/24/2010

We first have a look at our notation. So far we have mostly used G for the

function )

drlx|

G(z) = (52)
We have also used K. for a certain smooth approximation of G, see (23). We
have already seen that it makes sense to write G for Green’d function of R3. In
that case can write

1
G = 53
(,y) prp— (53)
As K. (z) converges to G(z) as ¢ — 0, it also makes sense to write
1
Koy=——— 54
0 47T|£E‘ ’ ( )
so that we have, for example,
G(z,y) = Ko(z —y). (55)
This looks better than
Ga,y) = Gz —y) (56)

which might not be considered as good notation.

We will use G, to denote Green’s function of the domain 2, although later we
will often not insist on writing the index €2, if the context is clear.

Although the above notation is slightly ambiguous, you will see that in practice
it does not lead to confusion.

We will now continue with exploring simple properties of Green’s functions,
assuming the functions exist. Based on what we have covered so far, their exis-
tence is, strictly speaking, not proven, except in cases where we have constructed
them explicitly. The full existence proof will be given later.

You will also see later that there are approaches to PDEs which do not emphasize
Green’s functions.

Recall that in the context of Green’s function Ggq of the Laplacian in 2, we can
think about the following analogy: 2 represents “empty space” surrounded by
a conductor, which is connected to oo, so that the value of the electric potential
on 99 is fixed to 0. We put a unit charge?? at location y € € and the electric
potential of that charge in €2, is the function © — Gq(z,y). In comparison with
the situation when no conductor is present, the potential in Q will be modified
by charges in the boundary 02 which will appear due to the presence of the
charge at y. Let us denote the potential produced by those charges by H®).

42Be aware of our sign conventions.
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Clearly 2 — H®(z) is a harmonic function in © (as the charges do not enter
), and we expect

Galz,y) = Kol —y) + HYV(z),  G(z,y)=0forz € dQye Q. (57)

Strictly speaking, one should be more precise in what sense the “boundary
condition” Gg(z,y) = 0 is attained. For now we will require that © — Gq(z,y)
is continuous in the closure of € except at y, and - as above - that Go(z,y) =0
when € 09 and y € Q.

Note that we have not proved the existence of H¥) at this point we only gave
a heuristic argument for its existence. In fact, if the boundary of € is suffi-
ciently irregular, the issue in what sense the boundary condition Gg(z,y) = 0
should be satisfied can become subtle. However, under relatively mild regularity
assumptions on 0f) the boundary condition is satisfied in the point-wise sense.
The last condition determines the boundary condition for H®) and from the
maximum principle we see the following:

Lemma.
Gq is uniquely determined by the above requirements.

Proof: Apply the maximum principle as indicated above.

The next statement is also a direct consequence of the definition, at least at the
formal level. Assume that f is a “sufficiently regular” function in 2 and let

u(r) = /QGQ(xa y)f(y)dy. (58)

Lemma: In the notation above, Au = f in ). Under relatively mild regularity
assumptions on 0} and f the function u is also continuous up to the boundary
00 and u(x) =0 for z € 9.

“Proof”: Let us extend f by 0 to R3. We can write u(z) = (Ko * f)(x) +
Jo HY) (2) f(y) dy. We know that A(Kj * f) = f in . The expression

/Q HO () f(y) dy (59)

can be thought of as a linear combination of functions H®), each of which is
harmonic in 2, and therefore it should also be harmonic in 2. Finally, since
G(z,y) = 0 for each z € 0Q and each y € 2, we clearly have u(z) = 0 for
x € 0N.

As you may have noticed, the above argument is not really a rigorous proof. It
shows why the statements should be true, but to make it into a real proof one
would need to fill in some technical details. For example, we have to justify that
the integral (59) is well-defined and that we can differentiate it in x. Another
problem is that while it is clear that [, Go(x,y)f(y) dy = 0 when 2 € 99, our
statement claims something stronger: that the same expression is small when x
is close to 9. That may not look so obvious at first, as Gg(z,y) is unbounded
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as a function of y near x. It takes some work to clarify these and other issues.
It is not hard, but for now we prefer to proceed with further calculations.

Lemma:
Green’s function Gq is symmetric in x,y. In other words,

GQ(Qj?y) = Gﬂ(yvx) : (60)

This statement is perhaps more surprising that the previous two lemmas. The

definition of Gg is not transparently symmetric. The reason why Gg is sym-
metric is, roughly speaking, that the Laplace operator (augmented with the
zero boundary conditions) is symmetric, and Gg, is the inverse of A (with zero
boundary conditions). The inverse of a symmetric operator is symmetric and
there are many ways to see it. For example, one can use the following argument.
Assume A is a self-adjoint symmetric operator with respect to a given scalar
product z,y — (z,y), which means that (Ax,y) = (z, Ay). Now one can replace
x with A~z and y with A~y and we see that A~! is also symmetric.

Our proof that Go(z,y=Gaq(y,z) is similar. The relevant symmetry of the
Laplace operator is [,(Avi)vodz = [, viAvodx for all (sufficiently regular)
functions vy, v vanishing at 0.

Let us define G, o by

Gealz,y) = Ko(x —y) + HY (), (61)

where H¥) has the same meaning as above. Clearly G. o(z,y) = Gqo(z,y) when
|z —y| > e.

Let us now prove the symmetry of Gg. Take y1,y2 in Q, y1 # yo . For sufficiently
small € we have

/AZGE,Q(xayl) GE,Q('/an2)dx:/GE,Q(xayl)AwGE,Q(x’y2) dx (62)
Q Q

by the symmetry of A with the zero boundary-condition. We note that A,Ge o(z,y1)
is the same as A, (K.(z —y1)) and can be considered as a mollifier located at

y1. Hence the left-hand side of (62) converges to G (y1,y2) as € — 0. Similarly,

the right-hand side converges to Gqo(y2,y1) and the symmetry of Gg follows.

Green’s functions can be used to obtain a better representation formula for
harmonic functions than (32). We recall the following notation. For z € 9

we denote by v(z) the outer unit normal to 2 at x. (We assume that 02 is

sufficiently regular.) For a function u defined in the closure of €2, we denote by

ou

o (63)

the normal derivative of u, i.e. the derivative of u in the direction of v.%3

43 As an exercise, formulate precisely how % is defined and what regularity one needs for

u to be able to define it.
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Lemma:
Let Q be bounded and sufficiently regular. Let h: Q@ — R be harmonic with a
sufficiently regular extension to the closure of ). Then, for each x € ) we have

0Gq(y,x
) = [ 2R . (649
ElY) Vy
Proof:
h(z) = lim [ A,Gealy,z)h(y)dy
e—0 Q

9Ga(y,x) :
= ——————h(y) dy + lim V,Ge ,2)Vh(y)dy.
| R dy i [ 9,620 (2 A0) dy

Now the first integral in the last line coincides with the integral in (64), while
the second integral transparently vanishes after one more integration by parts.

The function ‘?Ggilfy’m) is called the Poisson kernel and is often denoted by

Y
Po(z,y), or simply P(z,y), if the dependence on € does not need to be empha-
sized. Rewriting the above formula with this notation, we have

h(z) = /a Pl y)h(y) dy. (65)

It should be mentioned again that the above calculations are formal. We have
not proved at this stage that the normal derivatives of G are well-defined, for
example. (Such questions have been studied in some detail, of course.) When
Gq is known explicitly, we can verify such details directly. For example, last
time we calculated G for the half-space. We can use it to calculate the Poisson
kernel P(x,y) for the half-space. We get

1 I3

P(z,y) (66)

T omfe -y

When we derived formula (65), we assumed that h was harmonic. We can now
look at it slightly differently: for any (integrable) function h at the boundary
01, the formula gives a harmonic extension of A into 2. We will look at this in
more detail next time.
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Lecture 9, 9/27/2010
Let us look in more detail at the Poisson kernel
1 I3

P(z,y) = A (67)

we introduced last time.

Recall that we thought about it as a function on R3 x R, with z € R3 and
y € OR3. We will identify OR? with R? in the obvious way: y = (y1,¥2,0) is
identified with (y1,y2), which may also be denoted by y.

Let us first look at P(x,y) as a function of « for a fixed y. To understand this

function, we can assume y = 0, as the function P(z,y) is invariant with respect
to shifts along ORY: if b € ORY, then P(z — b,y — b) = P(z,y). We have

133‘3

(68)

We note that this is exactly 2(9%3[(0. Sometimes this is called the potential of a
dipole (located at the origin and oriented along the xz3-axis). A dipole potential
can be thought of as the potential of two charges of opposite sign which are
close to each other. If we locate a unit charge** at (0,0,h) and an opposite

charge at (0,0, —h), the potential will be
r — Ko(z1,72,73 — h) — Ko(21, 72,23 + h). (69)

If we want a non-zero limit for this expression as h — 0, we have to make the
magnitude of the charges proportional to 1/h, otherwise the charges will cancel
in the limit h — 0. So we should look at

Ko(z1, 22,23 — h) — Ko(z1, 22,23+ h)
h b

(70)

which in the limit A — 0 gives the expression —2%3[(0. (We get the same sign
as above if we take charges of the opposite sign.) If you go carefully through
our derivation of P(x,y) through Green’s function of R3 , you will see that all
of the above is in some sense already present its definition.

A dipole has an orientation - it is given by the line on which the two opposite
charges lie. In the case of (68) the orientation is along the x3 axis, so we can
say that the dipole is perpendicular to the boundary 8Ri. For x — P(x,y) the
dipole is located at y.

Asz — 8]1%3_, then P(x,y) approaches 0 except at the point y, where there is a
singularity. This of course makes a lot of sense - the potential of a dipole should
of course vanish on its plane of symmetry.

Now we look at P(x,y) as a function of y for a fixed z. The function y — P(x,y)
can be thought of as a function on R?. To see how it looks, we can only consider

44Keep in mind our sing conventions.
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x = (0,0, z3), because of the invariance under shifts parallel to GRi. Let us set
r3 = ¢ > 0 and look at

y — ¢e(y) = P((0,0,¢),y). (71)
‘We have
1 e 11 1 1y
W) = TR - 2 (Epypr 20 ()
where

1 1
S 2m(yf s+ 1320
Note that this is a nice radially symmetric smooth function in R2, which is

integrable, as the decay for y — oo is ~ |y| 3.
As an exercise, you can check that

o(y) (73)

g Ply)dy =1.% (74)

So we see that ¢. can be thought of as mollifiers generated by ¢. The mollifiers
we have encountered before were compactly supported, but for many purposes
that condition is not essential. What is important for us at the moment is that
¢ > 0 and [¢ = 1. With those conditions it is clear that (¢ * f)(y) — f(y)
for each y € R? as ¢ — 0 for any bounded continuous function f: R? — R. In
fact, the convergence will be uniform if f is uniformly continuous, and will be
uniform on compact subsets of R? for any bounded continuous f. As an exercise,
you should verify these statements in detail. It is easy and it is important to
understand how it works.

Let us not consider a bounded, continuous ¢g: R? — R and let us set

u() = | Plz,y)g(y)dy. (75)
R
Clearly u is harmonic in R} and we wish to investigate it behavior near OR3.
Let us write z = (2/, z3), with 2’ = (21, z2). We will also write 2’ for (z1, z2,0).
We note that, using the notation with ¢ introduced above, we can write

o) = ue' 2) = [

P(z,y)g(y) dy = / Pla—',y—a')g(y) dy = (2, %g) (')
R2

]R2
(76)
where * denotes convolution in R?. Formula (76) together with the above discus-

sion make it clear that the functions ' — u(2’,x3) converge locally uniformly
to g as x3 — 0. Another way of stating this is:

45Hint: use polar coordinates. Also, the integral should be equal to one from the def-

inition of P(x,y). We have [, P(z,y)dy = aﬂacgiy(z’y)dy = faﬂWdy =
Y Y

fQ AyGe o(x,y)dy = 1. This is a complete proof for bounded domains, but for unbounded
domains we have to verify that we have the right contribution “from infinity”
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Theorem:
With the assumptions above, the function u defined by the Poisson integral (75)
is continuous up to the boundary*® and u = g at OR?.

A suitable form of convergence ¢. x g — g as ¢ — 0 holds for more general
classes of functions and the theorem can be generalized to those classes, if we
replace the continuity up to the boundary of u by suitable other definitions.

We note that if g is bounded, then u is also bounded, with inf g < u < supg.

Is u determined uniquely by the boundary conditions and the equation? If uy, us
are two harmonic functions continuous up to the boundary and u; = usy ate the
boundary, then v = us — u; is a harmonic function, continuous up to boundary,
which vanishes at the boundary. In general, such function do not have to vanish,
as the example v = z3 shows, However, one can show the following

Liouville Theorem for half-space:
Let v be harmonic in Ri, continuous up to the boundary*”, with v = 0 at the
boundary. Assume that v(z)/|z| — 0 as © — oo, z € R3.. Then v =0 in RY.

The proof of the theorem can be done as a non-trivial exercise on some of the
material which we have covered so far.*® I recommend that you try to think
about it, to appreciate the theorem. The proof is not straightforward if you
have not seen something similar before.

The Poisson formula can be use to prove a number of other results. For example,
we note that for g € L>(R?) it gives a bounded harmonic function u in R3,
with u(z’, 23) — g(z') as 3 — 0 for almost every z’ € R%. Does every bounded
harmonic function in 8Ri arise this way? As an exercise, you can try to show
that this is indeed the case®?.

The Poisson extension ¢ — u plays an important role in Harmonic Analysis,
as it provides a very good way to have all the various approximations ¢. * g
encoded in a single and elegant object - the harmonic function wu.

46We should really say that u can be continuously extended up to the boundary, as the
formula transparently defines it only in the interior if ]Ri.

47This condition can be relaxed, if necessary.

48] will omit it at this point, as it might be - with some hints - good material for our first
homework assignment.

49This needs some knowledge of things from the theory of Lebesgue spaces which are simple
once you know them, but may be not so easy to come up with if you work from scratch.
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Lecture 10, 9/29/2010
Last time we were looking at boundary value problems in §2 = Ri, and we have
formulae which define the solution of

Ay = f in Q) } (77)
ulan g -

To get uniqueness we also need to impose some decay condition for large z.
For example, we can search for a solution in the class of bounded w, or, more
generally, v with some bounded averages over balls at large distances. The right
condition can be determined by remembering what the obstacle to uniqueness is
— smooth harmonic functions vanishing at 9€2, such as u(z) = z3. Our condition
must rule out such functions.

We recall that we can write

u(z) = | Galz,y)f(y)dy+ | Polz,y)g(y)dy. (78)
o0 oQ

We will now briefly discuss the question in what sense to the functions defined
by (78) satisfy the equations (77). The situation with the equation Au = f
inside  is the same as in R?, which we discussed in lecture 5. If we want u to
be twice continuously differentiable (say), the assumption that f be continuous
is not sufficient. A good class of functions to work with are for example the
Holder continuous functions. If we work with more general functions f, we can
again look at the weak form of the equation:

/Q uhp = /Q fe (79)

for each smooth, compactly supported ¢: 2 — R, exactly as in lecture 5.

What about the boundary condition? We can look at the point-wise definitions
first. A safe point-wise definition is that u be continuous up to the boundary
and that ulgpg = ¢ point-wise, so clearly g must be continuous, if we wish to
use this definition. We have seen in the last lecture that if g is continuous, then
the second integral in (78) defines a function uy continuous up to the boundary,
with ug|sq = ¢g. So we need also that the first integral define a function u,
continuous up to the boundary, with u;|sq = 0. The situation here is quite
more favorable for the point-wise interpretations, as we do not have to take
derivatives. You can prove as an exercise that, for example, when f is bounded
and compactly supported, then u; satisfies the conditions above. In fact, any
compactly supported f € LP with p > 3/2 is good. 5° For more singular f
the point-wise approach is no longer adequate. Can the notion of the weak
solution be generalized to the boundary value problem, including the boundary
condition?

To incorporate the boundary conditions into the definition of weak solutions,
we have to work with test functions with support extending up to the boundary.

50This is still quite elementary - one only needs to use Hélder inequality.
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The right weak formulation is obtained again by integrating by parts, this time
with non-vanishing boundary terms. If we take a function ¢: £ — R which is
smooth up to the boundary and compactly supported in the closure Q of 2, we
obtain from (77) by formal integration by parts

/QuASDZ/Qst+/m<gfu—gz<p). (80)

If we assume that u = g at 9Q and ¢ = 0 at 02, we have

d¢
/ ubp= | fo+ | -9 (81)

Q Q an ov
for each smooth ¢ compactly supported in the closure of €2, and vanishing at 0€2.
It is important that the normal derivative g—f at 9 does not have to vanish.

We can now take this as a definition of a weak solution of (77). We start with
u, f, g for which the integrals in (81) are well-defined, e. g. u, f locally integrable
up to the boundary in Q 3! and ¢ locally integrable in 0.

Definition

With u, f, g as above, we say that u is a (very) weak solution of (77) if (81)
is satisfied for each smooth ¢ compactly supported in the closure of 2, and
vanishing at 0f2.

For now we can say just “week solution” instead “very week solution”, but later
we will introduce another notion of week solution, and we will have to be more
careful with the terminology.

The definition above makes sense for any domain where the normal derivative
of smooth functions can be defined at the boundary. In particular, the normal
to the boundary has to exists, in some sense (which also can be weak). We will
use this definition only for “sufficiently regular” domains.??

One can now check that for Q@ = R3, under fairly general assumptions, for-
mula (78) defines a weak solution, and — importantly — the weak solution is
unique.’® We will not go into the proofs right now, I just wanted to illustrate
one way in which one can bypass point-wise interpretations of functions also
for boundary-value problems. As is usually the case with weak solutions, veri-
fying that some function is a solution becomes easier with this definition, but
verifying uniqueness becomes harder.

Let us now turn to determining Green’s functions for some other domains. First,
we note that the same idea which works for Ri works also for perpendicular
intersections of half-spaces, such as {2 > 0,23 > 0} or the first octant {z; >
0,22 > 0,23 > 0}. Let us illustrate the method on Q = {xo > 0,23 > 0}. Let
T3 be the map (y1,y2,¥3) = (y1,Y2, —y3) and let Ty be the map (y1,y2,y3) —

51This means that u, f are integrable over any compact subset of the closure of Q.

52Questions about what happens in domains with lower regularity lead very quickly to
advanced topics Geometric Measure Theory.

530f course, one has to impose some conditions which rule out smooth harmonic functions.
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(Y1, —y2,y3). Given a function f: Q@ — R, we can extend it to f:R3 > R, with
[(Tjz) = —f(x), j=2,3. It is easy to see that the inversion of the laplacian
@ = Ky * f in R? has the same symmetries and hence vanishes on 9. Green’s

function can be re-constructed from this procedure. It is

= ! : ).

— + —
dr \|lz -yl |o—y*[ |z—y~| |o—y=|

with y* =Tz y, y** = ToT5y and y*** =Thy.

The case of the first octant is similar, with eight terms in the formula.

Let us now look at Green’s function of a ball Bg of radius R. At first it is not
obvious that we can use the some similar trick as for the domains above, but
we can make the following observation: Take A, B € (0,00), a,b € R3, consider
the potential

A B
_|:177a| |z — 0|’

and consider the set Z = {x, u(x) = 0} where it vanishes. Note that for Z is
a plane for A = B, and for A # B the set Z is bounded. We can write the
equation for Z as

(83)

A%z — b2 = Bz —b*=0. (84)

which shows that for A # B the set Z must be a sphere. We can calculate the
center of the sphere in terms of A, a, B,b. Then we can use the calculation for
constructing Green’s function for Bg = {z,|z| < R} in the following way: for
y € Bp find y* and ¢ so that the function

1 1
— — 85
T o=yl ey (85)
vanishes at 0Bg. We get
R? R
y'=r5Yy, = (86)
ly[? |yl
Therefore we conclude that for Q = Bgr the Green function is
1 R 1
G(z,y) = Ga(z,y) = (87)

— + _—_—
drlz —y| = |y| 4nlz — y*|

Remarks:

1. We know that G(z,y) = G(y,z). The expression we obtained is not trans-
parently symmetric. As an exercise, you can try to write it in a way which
makes the symmetry transparent.

2. The map y — %y which appears in this calculation is quite interesting in
itself. It is called the inversion of Br and it has the remarkable property that
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it is conformal: if two curves intersect at a certain angle, their images by the
inversion intersect at the same angle. In dimensions n > 3 there are not many
such mappings. In fact, modulo compositions with the obvious conformal maps,
the inversion is the only “non-obvious” one. You can also check that it maps
balls to balls or half-spaces.

The local behavior of G near the boundary is similar to the case 2 = Ri, as
for y close to OBg the inversion of y behaves almost as the reflection by the
tangent plane to the sphere at Ry/|y|. In fact, the derivative of the inversion at
y € 0Bp is exactly the reflection by the plane tangent to the sphere at 3 - this
fact is useful to keep in mind when calculating the Poisson kernel by taking the
normal derivative of G at the boundary.

We can now calculate the Poisson kernel. For x € Bg and y € 0Bgr we have
0G(z,y) _yi O

P = — 7t
(@.y) Iy R 0y,

Carrying out the differentiation might first look as an unpleasant calculation,
but it is simple if we use that %aiy is just % with » = |y| and that at the

G(z,y). (88)

boundary of Br we have aa—f = —q.
The end result is 2|2
R —|x
P = 89
(.T,y) 47I‘R|I’*y|3 ( )

We can now analyze this function in a similar way as we analyzed the Poisson
kernel of the half-space. First we fix y € dBr and note that + — P(z,y) is a
harmonic function in Br which vanishes at 0 B with the exception of the point
y, where it has a singularity. The field generated by the singularity at y has a
dipole component and a point-charge component. This is easily seen by moving
the beginning of the coordinates to y and writing x = y + . Then we have

R% — |y + 2|? 2yi 1
P = = - - — : 90
@9) = — RGP ATR|i]P  4nR[7| (90)
and we can see the dipole potential —% and the point-charge potential

fﬁw. The dipole potential is independent of the radius of the ball, and the
point-charge potential approaches 0 as R — oo, so that in the limit R — oo we
get, in the T coordinates, the Poisson kernel of the half-space, as we should.
We now fix © € Bg and look at the function y — P(z,y). This is a function on
the sphere. When x # 0, it attains its maximum at the point ' = z/R. We
can rotate the coordinates so that = (0,0, z3) and 2’ = (0,0, R). Similarly to
the case of the half-space, we can describe the behavior of y — P(z,y) in terms
of the parameter ¢ = R — x3 and the function

¢E(y) :P((0307R75)7y) (91)

We have [, ¢. = 1. This time we do not have to check it (unless we are wor-
ried about a mistake in the calculations), because we are in a compact domain
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and the definition of the Poisson kernel implies this property by integration by
parts, as we have seen in the previous lecture. As € — 0, the functions ¢,
concentrate close to 2/, and converge uniformly to zero on any compact subset
of the complement of {z'}.

As in the case of Q = R‘j_, we can see that for = Bgr and any continuous
g: 092 — R, the potential

u(r) = /m P(z,y) g(y) dy (92)

defines a harmonic function in €2 which is continuous up the the boundary of Q2
(can be continuously extended to the closure of 2) and agrees with g on 99).
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Lecture 11, 10/1/2010

So far we have only looked at our objects in dimension n = 3. We now check
what the situation is in other dimensions.

Newton’s law in n dimensions for the attraction of two point-masses m and M
separated by distance r is

M
-1

force ~ m (93)
/r-’l’L

Repeating our considerations from lecture 1, we can try to define the potential
u of mass M at a € R™ by the requirement that —u(x) is the work needed to
“free” a particle of unit mass from the gravitational field produced by M, and
move it from position z to co. In dimensions n > 3 it is easy to calculate that

-M

—_— 94
T (94)

u(x) = const.

and one can say without any exaggeration that one can repeat everything we
did for n = 3 without any difficulties. 54

One can also approach things from the other end: postulate that the gravita-
tional potential satisfies Au = and that the potential of a point-mass is radial,
and calculate the force from there.?®

There is one calculation one has to do - we need to evaluate the right constant
¢, so that the convolution G * f with G(z) = ¢, /|x|"~2 inverts the laplacian,
i.e.

AGxf) = (95)

f.
For this we only need to calculate [ AK(z)dxz where K is smooth and K = G
in R™ \ B;. We have

=cp(n—2)|8"7Y, (96)

AK(x)dx:/ oK _ 9

a9, T 9. n—2
B 9B, 81/ 9B, 87' rn

where |S"~!| denotes the volume of the (n — 1)-dimensional sphere

54While from the point of the Laplace equation the case n > 4 is very similar to n = 3, the
motion of planets would be very different in these dimensions. One can calculate easily the
circular orbits of a planet around a star, and these are similar as for n = 3. However, when
we look at the stability of these circular orbits for n > 4, we get a surprise. A typical small
perturbation of the motion (coming from an interaction with another planet, say) will result
in a catastrophic change of the orbit. It is a good exercise (although not in PDEs) to verify
this classical observation.

55Tt may look odd at first that in 1d the force is independent of distance. However, the
following example shows that it is natural: in the 3d space consider a uniform “surface dis-
tribution” of mass in the plane {z3 = 0}. As an exercise, you can show by direct integration
that the force with which a point-mass is attracted to the plane is independent of the distance
from the plane. In fact, the integral which comes up in this calculation is exactly the same
as the one we calculated when proving that fan P(z,y)dy = 1 for the Poisson kernel of the
half-space in 3d. One can see the independence of the force on x3 from “dimensional analysis”,
without having to evaluate the integral.
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Sl = {z eR", |z| = 1}.

We see that )
Gz) = — . 97
N e RN o
Formula (23) for general n > 3 is
1 x
Ka(e) = oK (D). (98)

The cases n = 2 and n = 1 are somewhat different. In those cases the integral
expressing the energy needed to move a point-mass from a gravitational field of
a star to spatial infinity is diverges: when n < 2 we have

dr_ +0o0 . (99)
rn—1
To

6

Therefore the gravitational potential cannot be bounded at 0o.’
The fundamental solution G in 2d is usually taken as

1
G(z) = %log || . (100)
The formula (98) can be modified to
K.(z) :K(§)+log5 (101)

where K is a smooth extension of 5-log |z| from R? \ B; to R2.
For n = 1 we can again use (98), with K a smooth extension of |z|/2 from
R\ (—1,-1) to R.

The important thing to remember in dimension n = 2 is that the equation

Au = f in R?,
u(x) — 0 as |z| — oo, (102)
is not always solvable even when f is smooth and compactly supported. The nec-
essary and sufficient condition for the solvability in this case is that fRZ f=0.°7
One way to see this is to use the following argument:

a) The solution of the problem is unique in the class of functions with sub-linear
growth at infinity, by the Liouville theorem.

b) The potential u = G * f with the kernel (100) is such a solution.

56This can be interpreted as follows: in the 3d world, if one shoots an object straight up
from a planet at a sufficiently high speed, it will escape the gravity of the planet, and will not
return back to the surface. In the 2d world (or 1d world), the object will always fall back - it
can never escape the gravity of the planet.

5TExercise: what is the necessary and sufficient condition for n = 1 (when f is compactly
supported)?
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¢) u— 0as || = oo if and only if [, f=0.

The following example gives a good illustration of the situation. The boundary-
value problem
Au = f in Bg,

u = 0 atdBg, (103)

has a unique solution for each R > 0. It can be given for example by the Green’s
function (which one calculates in the same way as in R?).

u(z) = i Gr(,y)f(y) dy. (104)

If f is radially symmetric, u will also be radially symmetric, and outside of the
support of f it has to be of the form

u(z) = Alog |z| + B, (105)

with A = ([ f)/2m. Hence, denoting ¢ = [, f and using the boundary
condition at OBR, we see that in the radial case we have

u(z) = < log(%) outside the support of f. (106)

o7
We now see that for a fixed x and R — oo the value u(z) converges to —oo or
400, depending of the sign of ¢, as R — oo.

The calculations of Green’s functions G(z,y) and the Poisson kernels P(x,y)
we did for n = 3 can be repeated for general dimension n without any difficulty.
For example, for the Poisson kernel we get:

2 Ty

P(z,y) = T m P for the half-space {z,, > 0} (107)

" P(z,y) = R — | for the ball {|z| < R} (108)
ST Rl =yl |
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Lecture 12, 10/3/2010

Today we will have a look at another explicit solutions of the laplace equation -
harmonic polynomials. A polynomial p in R" is harmonic if Ap = 0. Our first
observation is that, locally, any harmonic function is “build up” from harmonic
polynomials. Let u: B — R be harmonic, and consider its Taylor expansion
at the origin. We will write the expansion as follows:

w(z) = up + ur(x) +ug(z) +... | (109)

where ug is a constant (= a zero-homogeneous polynomial), u; is a 1-homogeneous
polynomial, us is a two-homogeneous polynomial, etc. The radius of convergence
of the series is R. This can be seen for example by representing u by the Poisson
kernel.%®

We claim that Au = 0 implies that Au; = 0 for each 7 = 0,1,2,.... Let ug
be the first term of (189) with Awuy # 0. Note that £ > 2. As the series is
convergent, we can differentiate it term-by-term. We have Augy1 + Augyo +
-+« = O(|z[*~1). On the other hand, Auy is a non-zero (k — 2)—homogeneous
polynomial and therefore cannot be O(|z[*~1). We see that all Au; have to
vanish.

Let us denote by P, the space of polynomials of degree < m in R™. We could
also write P}, if we wanted to emphasize the dependence on the dimension, but
we will think of n as a fixed parameter, so there will be no confusion if we will
not write this extra index. We also denote by H,, the space of all harmonic
polynomials of degree < m.

We denote by P, the space of m—homogeneous polynomials, and by H,, the
space of all harmonic m—homogeneous polynomials. We can write

P =Pmn®Pm1®...P , (110)
and ) . _
Himw = Hm @ Hppe1 D ... Ho . (111)
We recall that ( "
. m-+n—1)!
i = 112
dim Prm m!(n —1)! (112)

Clearly A maps P into Prno.
Lemma.

A maps P,, onto P,,_» for each m.>®

Proof: This is a purely algebraic result, so we should not need any Analysis
for the proof. Let us consider the mapping A: Py, — Py, defined by A(p) =
A(|z|?p). As for p € Py, we have |z|*p € Pp,12, the lemma will be proved if

58For any R1 < R write u(z) = faBRl Ppp, (z,y)u(y) dy, and then write z — Pgp, (z,y)
as a power series. As an exercise, you can verify the details.
59We can define P, = {0} for negative integers m.
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we show that A has trivial kernel. Let us assume A(]x|?p) = 0 for some p # 0.
Let us write p = |z|?'q, where ¢ is not divisible by |z|2. We have A(|z|?**¢) =,
with k =1+ 1. Using A(rq) = (Ar)qg + 2VrVq + rAq (by Leibnitz rule) with
r = |y|** and xVp = mp (Euler’s formula), we see that cq = |z|>?Aq for some
constant ¢ # 0, a contradiction.5°

Corollary: ) ' '

dimH,, = dim P, — dim P,,,_o . (113)
The following table gives the dimensions of dimm for low n.5!
n=2  dimH,, =2
n=3 dimH,, =2m +1 (114)
n=4 dimH,=(m+1)>?

For general n, the dimension of 75m is of order ~ m™~! and the dimension of
b)
H.,, is of order ~ m"2.

We will now describe ’f{m in dimensions n = 2 and n = 3.

Dimension n = 2. )
Let z = x1 4+ ixs. Then a basis of H,, is formed by

Rez™ and Imz™. (115)

If we consider polynomials with complex coefficients, we can take z™ and Z™ as
a basis. We will discuss some of the special features of harmonic functions in
dimension n = 2 in the next lecture.

You can also derive these polynomials by direct calculation. Let us consider
polar coordinates

T1 =TCOSp,

To =T1Ssine.

An m—homogeneous polynomial is of the form r™ f(y). As an exercise, you
can write the Laplacian in the polar coordinates®? and check that the equation
A(r™f(p) = 0) reduces to f” = —m?f, which can be easily solved, giving the
polynomials above.

Dimension n = 3. In principle, in dimension n = 3 we could again do a direct
calculation: convert the Laplacian to the polar coordinates (r, ¢, ), write the
unknown polynomial as ™ f(¢, ¢) and get an equation for f. This can be done,
but if one tries to do it purely “by calculation” without any guidance from

60There are many other ways to prove the lemma.
61The numbers reflect some properties of the orthogonal groups in the corresponding di-
mensions. We will not go into the details.

2 2
62You should get A = % + % + TQ%T
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geometry, it is not easy. Also, it is not how the polynomials were discovered
historically.

We recall that the polar coordinates are given by

xy = rsingcosyp,
Ty = rsingsin,p (116)
T3 = Trcoso.

Let us set e = (0,0, 1) and consider the harmonic function

_ 1 _ 1
|z — e \/1—27“cos¢>+r2.

We now expand this function as in (189). We note that each term wu,, in
that expansion is invariant under rotations about the x3— axis, and therefore
U () = r™ Py, (cos ¢), where P, is a polynomial of order m.%® Hence

(117)

u(z)

1
\/1—2rcos¢+12

The polynomials Py = 1, Py, Py, ... are called Legendre polynomials (and they
were discovered by Legendre exactly from expansion (118)). They have many
remarkable features, and a lot is known about them. We will not go in the
direction of studying them in more detail at this time, but we mention at least
the following:

=1+ 7rPi(cos¢) + 2 Py(cos p) + ... (118)

e The polynomials are orthogonal to each other in L2(—1,1). Therefore,
they can be obtained (up to a multiple) by the usual orthogonalization of
the sequence 1,¢,t2,....

° (m + 1>Pm+1 (t) - (2m + 1)Pm(t) +mP,_1(t) =0,
e [(1—t*)P)]) = —m(m+1)P,,, where ' denotes the derivative .
The basis of H,, in dimension n = 3 can now be given as follows:

r™ Py, (cos ¢),

r™sing P! (cos ¢)et ™,
" sin? ¢ P! (cos ¢)et?¥,
o (119)
rmsin' ¢ PV (cos ¢)etlie,

o
r™sin™ ¢ P tmie

We will explain next time why this works.

63Gtrictly speaking, one needs to justify that the order is exactly m, and not < m. To see
this, note that if the order of Py, was < m, then u,, (z) would be divisible by r2, and we have
seen above that this cannot happen for a harmonic function.
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Homework assignment 1, due October 20.

Give a proof of the Liouville Theorem for half-space:
Let v be harmonic in Ri, continuous up to the boundary, with v = 0 at the
boundary. Assume that v(z)/|z| — 0 as x — co, z € R3. Then v =0 in R3.

Hints:

a) Prove the theorem first in the case when the second derivatives of v are
continuous up to the boundary. One way to do it is to extend v suitably to all
space so that it is harmonic. (When you check that the extended function is
harmonic, be careful what happens near the plane x3 = 0 - that is the key.)

b) Let ¢: R? — R be a mollifier, ¢. = e2¢(z/¢), and
Ve (1, 22, 23) = [o v(21 — Y1, 2 — Y2, 23) 0 (Y1, Y2) dyrdys .
Check that it is enough to prove that v, = 0 for each € > 0.

c¢) Check that on any compact subset of the closure of the half-space, v. has
bounded derivatives up of any order in the x; and x5 directions.

d) Use the equation Av. = 0 to check that all second derivatives of v. are
continuous up to the boundary.

e) Use a) to show that v, = 0.

Remarks:

1. There are other ways to do the proof, not using the extension to the whole
space. The theorem is essentially equivalent to local regularity of harmonic
functions near the boundary. The disadvantage of the proof above is that it
is not easy to modify it once we replace the half-space by a domain with a
boundary which is not flat.

2. As an optional part of the homework, you can prove the theorem in the
context of the very weak solutions we discussed in lecture 10: instead of v being
continuous up to the boundary, assume that v is bounded in Rﬁ_ and satisfies the
boundary condition ”|6R§; = 0 in the very weak sense introduced in lecture 10.
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Lecture 13, 10/6/2010

We will first return briefly to formulae (119). One way to derive that is to express
the laplacian in polar coordinates, and work with suitable the ODEs. This is
not hard in principle, but the calculations are somewhat lengthy and perhaps
not very illuminating if one does not know what is going on “behind the scenes”.
There is some general principles underlying those calculations, and we are not
yet familiar with them. It might be interesting to go in the direction of this
topic, but maybe it would not be the best option at the moment. However,
there is a nice way to derive (119) based on the symmetries of the equation.
That is a calculation which we can do with a reasonable level of understanding,
and it shows some typical features of using symmetries of equations to generate
new solutions from those which we already have. Such topics by themselves
are a large area of research, and we will see only a very tiny and elementary
sample. Nevertheless, I think that the calculation is illuminating, and gives a
good opportunity of seeing symmetries in action.

The group of rotations of R™ acts on functions in R™ is the following way:
given a rotation R (which we identify of an orthogonal matrix) and a function
f:R™ — R, the rotated function Rf is usually defined by

Rf(z) = f(R™'z). (120)

The definition is chosen in such a way that the action f — Rf rotates the graph
of the function in the natural way: (x, f(x)) goes to (Rz, f(x)).

An important property of the laplacian is that it commutes with the rotations:
A(RF) = R(AS). (121)

This is an elementary calculation.’* The space of P,,, of m—homogeneous poly-
nomials is also obviously invariant under rotations, and hence H,, is also invari-
ant under rotations.

We now take the polynomial
h(z) =r"™ Py (cos) . (122)

This polynomial in Hon is obviously invariant under rotations invariant about
the xz-axis, and it is — up to a multiple — the only such polynomial in H,,. °

One can now generate other polynomials in H,, from h by rotations. However,
it may not be immediately clear how to find enough rotations for which Rh can
be easily written down. It is much easier to work with “infinitesimal rotations”.

641t is equivalent to the fact that trace is an invariant of a symmetric matrix.

65The uniqueness can be shown by using the ODE satisfied by the polynomial, or just by
using the fact that the monomials a:g",x?72(x% + x%),x?74(a:% +x2)2,... form a basis of
the m—homogeneous polynomials invariant under the rotations about the z3 axis. A linear
combination of such terms can only be harmonic if it contains 5" with a non-zero coefficient,
as one can easily check directly from the equation.
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These are defined as follows: Let Rj(«) be rotation by « about the z; axis,
given by
1 0 0
0 cosa —sina | . (123)
0 sina cosa
The function

d
%L}lzoRl(O&)h (124)

is clearly again in Hom.
Carrying out the differentiation, we get

d
@Lx:ORl(Ol)h = Lih, (125)
where

Ll = Igag - 1’283 . (126)
Note that L; can be identified with a vector field in R3, and the vector field is
tangent to the spheres cantered at the origin. We know we must have

ALy = [1A (127)

by the construction of Ly, and it is also easy to check it directly.

In a similar way, using the rotations about the xo—axis we define
L2 = —.’Egag + 1'283 . (128)

We can now use L; and Lo to generate a basis of H,, from the single polynomial
h. The formulae come out particularly simple if we work with L = Li + iLo,
and z = 1 + izs. Note that L|z| = 0, and therefore it is enough to work with
the restriction of the polynomials to the sphere {x, |z| = 1}. On the sphere we
have

LP,, = (iz)P!,, L?P,, = (i2)>P",..., L™ P, = (iz)™P{™ . (129)
We obtain additional polynomials by taking conjugation:

G P®, E=1,2...m. (130)

We have obtained 2m + 1 polynomials in H,,. It is easy to see that they
are linearly independent, as they behave differently under rotations about the
z3—axis. We have seen in the last lecture that for n = 3 we have dimH,, =
2m + 1, and hence we have found a basis of Ho.

We know that the restriction of any polynomial to the sphere 0BRr can be

extended to a harmonic function in Br. The following argument shows that the
harmonic function is actually a polynomial of the same or lower degree.
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Lemma.%6

The map p — A[(|z|*> — R?)p] maps Py, onto Py,.
Proof: A polynomial in the kernel is harmonic and vanishes on 0Br. Hence it
has to vanish identically by the maximum principle.6”

The lemma shows that we have the (algebraical) decomposition
P = Hum @ (|2]* = R*) P2 (131)

One way to interpret the statement is that every polynomial on the boundary
of the ball can be extended to a harmonic polynomial in the ball.

Harmonic functions and holomorphic functions in dimension n = 2.

There is close connection in dimension n = 2 between harmonic functions and
holomorphic functions. While talking about specific harmonic functions, we
should recall some of the details of this connection.

Let us for now use the classical complex analysis notation. The coordinates in
the plane are x,y, we denote z = x + iy and Z = = — iy. We define

0 1/0 0 0 1/0 0

B (P Z = (=i . 132

0z 2 (8:5 Z@y) and 0z 2 <8x —H8y> (132)
Sometimes we will write

P _ 9
= — = — . 1
0=, 0= (133)

One way to think about these operators is the following: we can identify the
complex numbers C with R? and vice versa. Then any linear map from R? to
R? can be considered as a map from C to C which is linear over R. Such a linear

map can be written as
l(2) = az + bz, (134)

where a,b are complex numbers. Then we have

e Sy (135)
0z

66See also the book “Lectures on Elliptic and Parabolic Equations in Hoélder Spaces” by
N. V. Krylov, p. 24.

67 Although the result is purely algebraic, the proof is not algebraic - it uses the maximum
principle. As an exercise, you can try to find a purely algebraic proof. It should work also
when we replace —R? by R2, in which case the above proof does not work without further
arguments. We remark that the lemma can also be used to determine the dimensions of ?:lm,
as an alternative to the lemma we used in the last lecture.
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Let ¢ = aq + a2, b = by + iby. In terms of linear maps R? — R2 and their
matrices, the map [ can be identified with the matrix

a1 + bl —ao + b2
. 1
( a2+b2 al—bl ) ( 36)

Then %l can be identified with the “a-part” of this matrix (which is the “holo-
morphic part”) and %l can be identified with the “b-part” of this matrix (which
is the “anti-holomorphic part”). We can think of % and % as projections of
the full gradient onto certain two-dimensional subspaces of the space of 2 x 2
matrices. The subspaces are orthogonal to each other (if we use the standard

scalar product in the space of matrices).

We will consider the equation

%u =f (137)

in R%2. We claim that the equation can be solved (under some natural assump-
tions) as follows:

u=Gx*f (138)

where 1
G(z) = —- (139)

We also have 5
u=Gx(5-u) (140)

for all compactly supported and sufficiently regular functions.
For the proofs we can follow more or less line-by-line the proofs we did for the
laplacian. Let K be any smooth extension of G from R? \ B; to R?. Set

1z
Ke(z) = EK(E)' (141)
The key point is that
0

/R2 £K =1, (142)

and 9 .

z

£Ks(2) ;QK(E) (143)

can be considered as a mollifier. We see that the situation is the same as in our
proofs of inverting the laplacian.%®

68Later we will see that all this generalizes to much more general situations.
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Lecture 14, 10/8/2010

We recall that 9 5

As is customary, a function satisfying Ou = 0 will be called holomorphic. Any
holomorphic function is harmonic, as A = 4990.

(144)

Let us consider a bounded domain 2 with smooth boundary I' = 0f2, and a
holomorphic function v defined in a neighborhood of the closure of 2. Let ¢ be
a cut-off function which is = 1 in 2 and vanishes outside of a small neighborhood
of a closure of 2. For our purposes here we can take

¢-(z) = max (1 — M 0). (145)
We have 7 B
wpe = G * (O(upe)) = G * (udpe) . (146)

Strictly speaking we should first approximate . by smooth functions and pass
to the limit to obtain (146) - this step is left as an exercise. When ¢ — 0 we
have

/G(Iv — y)uly)e:(y) dy — /FG(:c —yuy)(ni(y) +in2(y))/2dy.  (147)

Here n = (n1,mn2) ~ n1 + iny denotes the vector field given by the normal to I'.
As T is smooth, the vector field n is well-defined in a small neighborhood of T'.
We use the notation y = (y1,¥2) ~ y1 + iy2, & ~ x1 + ixa, etc.

The tangent to I' can be taken as 7(y) = in(y). We obtain from (146) and (147)
ase — 0

2w Yy—

1 1 U
utw) = =3 [ G-y = 5 [ 2rgyay,  aa
r r
which is the Cauchy formula.%?

When Q = Ri, one gets for Rex > 0 — assuming the formula also works in this
70
case’™ —

u(x) = ! /Ru(y)dy. (149)

T omi Jpy—=

690ur notation is that dy denotes the 1—dimensional measure on I'. It might be more
accurate to write |dy| for this measure, so that one could write 7(y)|dy| = dy, and [,....dy
would denote the usual curve integral.

70 As we derived the formula only for bounded domains, one should check that the “contri-
butions from oco” vanish, as implicitly assumed by applying the formula. A sufficient condition
is that u(z) = O(|Jz|~%) for some o > 0 as & — oo, for example.
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It is interesting to compare this formula with(65), the Poisson formula for the
laplacian. Both formulae were derived as representation formulae of functions
satisfying certain equation. However, we found that(65) is in some sense even
stronger: we can start with any continuous function g on the boundary, without
knowing it comes from a harmonic function, plug it into the formula, and we
get a continuous extension of ¢ to a harmonic function.”* It is interesting to
see what happens in the case of the Cauchy formula (149) if we start with a
sufficiently regular g: R — C with some decay at oo™ and set

u(z) = — /R 9w g (150)

T 2mi Jpy—z

Clearly u will be holomorphic in R? \ T, where I' = {z, 25 = 0}. We would like
to investigate the behavior of w near I'. Let us assume that g is real-valued.
(The general case can be reduced to this case by writing g = g1 + igs with
real-valued g; and gs.)

Let us first look at the kernel

Cla,y) = ——

2mi x —y

yel', z#y. (151)

As a function of z this is a holomorhic function with a pole at y. When z €
T,z # y, then Re C(z,y) = 0, but the imaginary part does not vanish — we have
Im C(z,y) = 2 (y —x)) .

To check the behavior of C' as a function of y for a fixed z, it is enough to
consider the case x = ie. The condition y € I" simply means that y is real.

1 € + 1 Y
2my? +e2  2miy?+e?’

Clie,y) = (152)
We know what the first term of the left-hand side is: it is a multiple (by 1/2)
of the Poisson kernel(107) in dimension 2. Hence (keeping in mind that g is
real-valued) we can conclude that

in R? the function Rew is the harmonic extension of g/2. (153)
Similarly,
in R2 = {z, 25 < 0} the function Rewu is the harmonic extension of —g/2.
(154)
Let us now look at
twa(ie) = [ oo og)d (155)
mu(ie) = | ———— .
et lOL

71Strictly speaking, so far we only verified it when the domain is a half-space or a ball.
"2You can assume g is compactly supported at this stage.
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As ¢ — 0, formally we should get

I — —g(y)d 156
mu(0 /%_yg Y. (156)

The last integral needs to be interpreted with some care, as the integrant is not
in L1(R), at least when g(0) # 0. However, note that there is no problem when
9(0) = 0 (as we assume that g is regular). Also, if g(0) # 0, but g is constant
on some interval (—d,0), we can ignore the contribution to the integral from
(—0,9), due to the cancelation of the positive part and the negative part, and
the integral is again well-defined (although not as the Lebesgue integral). The
general case is a combination of these to cases: ¢ can always be written as a
sum of a function vanishing at 0 and a function which is constant near 0. So we
see that the integral can be well-defined for any regular g (with some decay at
00). More formally, one can define

1 1
— —g y)dy = lim — —g(y) dy. 157
/ 2m -y 6—0 R\ (—4,6) 2 ) ( ) ( )

To indicate that this particular interpretation has been invoked, often the no-
tation p.v. (standing for “principal value”) is used. In this notation we write

1 1 1
— —g(y)dy = lim — —g(y)dy 158
/ —y 7 60 Jr\(~6,5) 2T —Y ) (158)

and, returning to the situation above,

Imu(0) = p.v. L ig(y) dy . (159)

R 2T —Y
In fact, taking the limit &€ — 0 in (155) is another way to “regularize” the diver-
gent integral defining Imu(0). It is not hard to check that these two different
regularizations lead to the same result (for sufficiently regular g):

Eh_% Imu(ie) = Imu(0), (160)
or
l'm/l Y _g(y)d /——()d (161)
=50 2 y2 2y eV y=PY ) on _ygy v

As the principal value is defined by (158), the last identity has to be proved.
We leave the proof to the reader as an exercise.

Above we worked at z = 0. For other points x € R we get

1
Imu(x) = 511—>ng Imu(x + i) = p.v. /R o xg(—y?y dy . (162)

Definition.
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Given a sufficienly regular g: R — R, the Hilbert transform Hg of g is defined
by

1

Hy(x) :p.v./ 19w g (163)
RT Z—Y

Summarizing the above, we see that for a sufficiently regular g: R — R the

function u defined by the Cauchy integral (149) satisfies

1 .
lim u(z +ic) = 59(.2) + %Hg(x), z€eR. (164)

e—04

In a similar way one shows that

1 .
lim wu(x —ie) = —=g(x) + 3Hg(x) , z eR. (165)
54)0+ 2 2

We see that the “jump” of u across I', given by lim._,o(u(x + i€) — u(x — i€)) is

exactly g(z). So we can write

9(@) = u () —u_(2), (166)

where u4 has a holomorphic extension to the upper half-plane and u_ has a
holomorphic extension to the lower half-plane.

One can now use these identities to derive a number of properties of the Hilbert
transform H. We will not need them in the immediate future. However, they are
useful for the study of some deeper estimates for PDEs. The Hilbert transform
is studied in depth in Harmonic Analysis. In what follows we only sketch the
arguments, without giving the detailed proofs. However, we encourage the
reader to fill in the details as an exercise.

Although we have assumed so far that g is real-valued, it is easy to see that (164)
and (165) are also true for a complex-valued ¢.” In particular, if u is a restric-
tion of a holomorphic function in the upper half-plane to the real axis and w
has some decay at oo, we have

L
w=su+ %Hu (167)

or
Hu = —iu. (168)

Similarly, if w is a restriction of a holomorphic function in the lower half-plane
to the real axis (and u has some decay at co), we have

Hu =iu. (169)

73For example, write g = g1 + ig2, and use that the formulae are true for u; given by g1
and ug given by ga.
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In terms of the real and imaginary part, we have for the restriction to R of a
holomorphic function v = uy + dus (with real uj,uq) in the upper half-plane
(with some decay at oo and regular up to the boundary),

Hul = uz ,

HUQ = —Up. (170)
and hence )

H uy = —u,

H?us = —uy. (171)

It is not hard to check that the function obtained as u; and us above form a dense
subspace of L?(R).™ We also note that for sufficiently regular f,g € L?(R), for
which the above definition of H f and Hg work, we have

(va g)L2 = 7(.]07 Hg)L2 ) (172)

where (f,g)r2 = [; f(2)g(x) dz is the canonical scalar product on L*(R). Hence

(Hf ,Hg) = (-H"f,9) = (f,9) (173)

and we see that H can be considered as an isometry (or a unitary operator) on
L*(R), with H™! = H* = —H. (Once we know that the above identities are
true for a dense subspace of L?(R), we can extend H to all L?(R) by continuity.)

Note also that H commutes with translations and derivatives. Defining T, f(z) =
f(z —a), we have HT,, = T, H and, taking derivatives, we have Hd% = %H.

We know that every holomorphic function is harmonic. If we have a real har-
monic function u; in the upper half-plane given by the Poisson integral, we can
use the Cauchy integral to obtain a harmonic us in the upper half-plane, so
that u = uy + tug is holomorphic. This is possible in general simply connected
domains: if u; is a real-valued harmonic function in a simply connected domain
), we can find a harmonic us such that © = u; + fus is holomorphic. The
equation Ju = 0 gives the Cauchy-Riemann conditions:

u = —UuU
» L1 yL2 (174)
u2,l“2 = ul,Il .

Note that any function uy satisfying these conditions will be harmonic, by the
commutativity of the mixed derivatives. In a simple connected domain, the
existence of us is equivalent the vanishing of the curl of the vector field on the
right-hand side. Let us denote the field by b = (b1, b3). We have to check

bya, — biay =0. (175)

This is exactly the equation Au; = 0, and our statement is proved.

741t is good exercise to prove this.

50



In a simply connected domain, every harmonic function is a real part of a
holomorphic function.

In the Complex Analysis course you have probably learned the Riemann map-
ping theorem that every simply connected domain in the plain (the complement
of which is larger than just one point) is an image of the unit disc by a conformal
mapping. There is a relatively rich list of domains for which such mappings can
be written down fairly explicitly, and this can be used when solving the Laplace
equation.

Let ¢: 21 — Q3 be a conformal mapping and let ho: Qo — C be a function. let
hy = ho 0 ¢. As an exercise, show that

Ahy = (Ahy 0 ¢)|d'2. (176)

In particular, when ho is harmonic then A4 is also harmonic. (This is related to
the fact that a composition of holomorphic functions is holomorphic and that —
locally — any harmonic function is a real part of a holomorphic function, as we
have seen.)
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Lecture 15, 10/13/2010

Today we start discussing methods which are used for solving the boundary
value problem

Au = 0 inQ, and (177)
u = ¢ at the boundary 0%2. (178)

At this stage we will assume that Q is a bounded smooth domain in R™ and g is
a continuous function defined on the boundary 0€2. The solution u is required
to be continuous up to the boundary. We can think of it as a continuous
function on the closure  which extends harmonically the function g into 2. By
the maximum principle we know that such an extension is unique, if it exists.
Once we know how to solve the problem above, we also know how to solve
the inhomogeneous problem in which (177) is replaced by Au = f (with some
assumptions on f). This is because the potential & = Ky * f gives a solution
of the equation, and we only need to find a harmonic function to adjust the
boundary condition.

There are several methods for approaching the problem. I will mention four of
them.

1. The method of boundary potentials and integral equations at the boundary.

This traditional method, going back to the second half of the 19th century,
is based on the fact that all harmonic function inside €2 can be generated by
means of fundamental solutions with poles outside of €2, see lecture 4. We can
try to distribute the poles”™ at the boundary in such a way that they generate
our solution. The densities giving the right distribution of the poles will satisfy
some integral equations at the boundary. These equations can be solved by
applying classical Fredholm theorems.

The method has some attractive features: it is quite straightforward, and does
not require a lot of theory, beyond the Fredholm theorems. On the other hand,
we have to do some calculations with the potentials, which can seem somewhat
lengthy, if we wish to cover all the details. The equations we get are on a
manifold of dimension n — 1. (This lowering of the dimension is relevant when
solving the equation numerically, although we do have to pay a price for it in
that the equations are more complicated.) The method is easily generalized to
systems of equations, the maximum principle is not important. Some of today’s
fast numerical algorithms are based on the method. One disadvantage of the
method is that it is not easy to generalize to equations with variable coeflicients.

2. The “Direct Method”, sometimes also called the Variational Method.

This method is based on the minimization property of the harmonic function
which we mentioned in lecture 6: the solution u minimizes the integral

"5These can include dipoles.
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[Vo|? (179)
Q

among all (“sufficiently regular”) functions with the boundary condition g. This
method is very flexible, can be generalized to a large class of equations, includ-
ing systems (as it does not rely on the maximum principle) and equations with
variable coefficients. It requires some elementary theory of Sobolev spaces.”®
However, the parts of this theory which are needed can nowadays be covered
quite easily. Also, the method is ideally suited for formulating numerical ap-
proximations.

3. The method of a-priori estimates and building up the global solution from
local solutions.

We know how to construct solutions in all space and half space. We can try to
localize to that situation, build local solutions, and somehow coordinate these
local solutions into a global one. This can be done and the method works very
well for large classes of equations and systems of equations. It does not need
the maximum principle.

4. The method of approaching the solution via super-solutions or sub-solutions.

This is another classical method going back to Poincaré (around 1890). It is
also known as “Perron’s method”. It provides a relatively quick way of proving
the existence result for our problem above, and works well for quite general
classes of scalar second-order equations. It does not generalize to systems of
equations nor to higher order equations, as it relies on the maximum principle
in an essential way.

Our exposition will start with the integral equation method. For this method we
do not really need any significantly new ideas to what we have already covered.””
So far we have relied quite a bit on the use of potentials, and some exposition
of the boundary integral equations approach to boundary value problems seems
to be a natural part of such an approach. In the study of PDE one eventually
does not want to rely on the potentials too much, for many reasons. However,
there are also good reasons to learn how to work with the potentials before
abandoning them in favor of other approaches.

The key to the success of the boundary potentials method is to take a good
“first guess” at how the solution should look like, and then adjust the guess by
solving some equation. We have seen in lecture 9 that we can solve the Dirichlet
problem in the half space by means of the explicit representation formula with
the Poisson kernel, see (75). One interpretation of the Poisson formula is that we

761f one had to start from scratch, this would be no easy task - it took several decades of
research (most of which took place between 1900 and 1960), before the probably more or less
optimal ways we use today have been found.

77 At least if we take the Fredholm Theorems for granted.
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put on the boundary a field of dipoles oriented perpendicularly to the boundary,
with density g (= the desired boundary value) We can try to do the same in a
general domain. The precise analogy to the Poisson kernel for a half-space in
the case of the general bounded domain 2 is formula (64), which uses Green’s
function Ggq. However, this function is not accessible to us, as its existence is
more or less equivalent to what we are trying to prove. We will therefore follow
the recipe of the Poisson formula in the half-space, and put dipoles oriented
along the normal along the boundary, with some given density, which we will
denote by p. (For the half-space we took p = g, but it is easy to see that
this choice will typically not give us the precise solution in case of a bounded
domain.)

The potential of a unit dipole located at y € 92 and oriented along the normal
v(y) is

0K, 2 (y—z,v(y)
ipole a = —2— - =
waipote st (7). = =25, M=) = e TR

= K(z,y). (180)

The kernel K (z,y), viewed as a function of x, vanishes at the tangent plane to
0f) through y. However, it does not vanish on 9. If we watch it as a function
of y € 0N for = € Q approaching some T € 92, we see that the local behavior
of y — K(x,y) near T is similar to what we have seen for the Poisson kernel
in half-space. There is a mollifier-like component in the function y — K(x,y)
concentrating near T as x € ) approaches T € 0. By contrast with the half
space, there is also another component: the function y — K(T,y). For the
half-space this function vanishes identically, but for bounded domains it cannot
vanish.

The scalar product (y—=, v(y)) is of order O(|y —x|?) and hence y — K (T, y) is
bounded in dimension n = 2 and has a singularity of order at most O(|y — x|~ ("))
when n > 3. In fact, in dimension n = 2 the function (z,y) — K(T,y) is con-
tinuous on 09 x 99, if I is of class C2.

Our “dipole potential” with density p (sometimes also called the “double layer

potential”) is

u(x) = [ K(z,y)p(y)dy, z€Q. (181)
o0

We will show that for T € 99 we have

lim w(z) = p(T) + K(z,y)dy. (182)
r—7T o0
z €0

Denoting by Kp the function given by the integral on the right-hand side, we
see that for u|pn = g we need

g=p+Kp. (183)

This is an integral equation of the Fredholm type. We would like to show that
for each continuous g there exist a continuous solution p of (263). For this we
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invoke the Fredholm Theorem: equation (263) is uniquely solvable in continuous
functions for each continuous g if and only if the homogeneous equation

p+Kp=0 (184)

has only the trivial solution p = 0.
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Lecture 16, 10/15/2010

We will look in more detail at the kernel K(z,y) introduced in (180). To
investigate the properties of the kernel when x is near 02, we can without
loss of generality restrict our attention to the following situation: Assume that
the boundary passes through the origin of the coordinates, and at the origin is
tangent to the plane {z,, = 0}. Near the origin the boundary is described by

Yn =91, Yn—1) (185)

for some C2-function g. Assume the interior of the domain near the origin is
given by {g > 0}. The unit outer normal to the domain at a point y € I near
the origin is

(9717 s 9n—1, _1)

SR 7

where we use the shorthand notation g, for g,,.
We will investigate K (z,y) for z = (0,...,0,¢) for small £ > 0. The situation
at any point sufficiently close to the boundary can be brought to this form by a
suitable choice of coordinates. If we wish to get estimates which depend only on
the distance of = to the boundary, then the function g should not be considered
as fixed, and the estimates we obtain should depend only on the parameters
of g which are controlled uniformly for the various local coordinate charts we
use along the boundary. Since we assume that the boundary is regular, this
is not a problem. As always in similar situations, the main point is that each
point z € € in a sufficiently small neighborhood of 92 has a uniquely defined
projection T € 02, characterized as the unique point of 02 which minimizes
the distance to x. The line Zx is perpendicular to 92 at Z, and its direction is
given by the normal v(Z). For any given € ) we can choose T as the origin of
the coordinate system in which we are observing the boundary, with n — 1 axes
tangent to 02 and the remaining axis perpendicular to 2. That is exactly the
situation described above with the help of the function g. As we move x, the
function g can change, of course. However, if we assume that 9 is of class C?,
say, then we have uniform control of the parameters of g on which our estimates
depend.
Let us first look at the values of the kernel K(z,y) when x = ZT. We denote
v = (Y1, ,Yn—-1).- We have

K(E, y) ~ (y - f?ij(y)) — (y7 V(y)) _ Y191 4+ Yn—19,n—1 — g(y/) , (187)

ly =z ly[™ ly[™

where ~ is used to indicate that we have not included the normalization constant
in the formulae. Note that the expression

(186)

9@) = 1191Y) = = Yn-19n1(y) (188)

is exactly the first two terms of the Taylor series at y’ for evaluating ¢g(0). We
know that ¢g(0) = 0. We can use the following form of Taylor’s formula

1
o +2) = g() + 9 W)z + / (1-0)g"( +t2)22dt.  (189)
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In higher dimensions the notation has to be interpreted appropriately, of course.
Applying (189) with z = —y’ and using g(0) = 0, we obtain

1

vgaW) + -+ yn-19a1(y) —9() = / (1=1)g"((1 =)y )(y)*dt. (190)

0
It is now easy to see that in dimension n = 2 the expression (187) converges to
9"(0)/2 as y — 0, and the convergence is uniform for the functions g having the
same modulus of continuity of the second derivative. We conclude that when
n = 2, the kernel K is continuous on 02 x 0f.
In dimensions n > 3 we get from (187) and (190) that
K(z,y) < ¢ T o0 191
(ﬂf,y)_W, T,y € Ok, (191)

The kernel is singular, at the diagonal, but from the point of view of integral
equations the singularity is weak. There is no problem with the Fredholm theory
for kernels with such singularities’®.
Let us now consider K (x,y) for z € Q. We continue to use the notation above,
with 2 = (0,...,0,¢) and y € 99, close to T. We have

ly —al* = ly'[* +&* + 29(y)e + 9(y/)* . (192)
We note that
9(y)=0(y'1*), and g(y)e = O(ly'D(ly'|* + £2). (193)
Using (192) and (193) is is easy to check that

2 e+0(y'*)

K(l'yy) = |Sn_1‘ (|y/|2 +52)%(1 +O(|y’|)) ’

(194)

We see that as y' — 0 the kernel K (z,y) looks (in the y’-coordinates) increas-
ingly as the Poisson kernel of the tangent half-space.
We also note that dy = /1 + |Vg|?dy’. When evaluating the integral for

K(z,y)p(y) dy (195)
o0

for small e, we write it as

/ :/ +/ T 1T (196)
89 89N By 80\ B,

There is no problem in passing to the limit € — 0 in I, as there is no singularity
in the domain of integration. For the integral I we get, using its similarity with
the Poisson kernel

p(T) — o(r) <lim inf I <lim sup I < p(Z) + o(r). (197)

e—04 e—=04

"8Sometimes the terminology “weakly singular kernels” is used in this context
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The key point here is that for 2 = (0, ..., 0, &) the expression K (z,y) and P(z,y")
differ only by a function with uniformly bounded integral over y’ as € — 0, and
that p is bounded™. As o(r) — 0 when 7 — 0, we see that

lim [ K((0,...,0,¢),y)p(y)dy = p(T) + [ K(T,y)p(y)dy.  (198)
e=0+ o0 o0
Moreover, it is easy to see that the above estimates are uniform in the class of
the functions g with continuous second derivatives and a common modulus of
continuity of the second derivatives. Therefore we conclude that the function

u(z) = [ K(z,y)p(y) dy (199)
o0

defined in Q) can be continuously extended to the boundary 952, and that

lim (@) =p@)+ [ K@ y)p(y)dy. (200)
Tr — X o0

e

We see that to solve the Dirichlet problem, it is enough to solve the integral
equation
g=p+Kp® (201)

The formula (200) can be also explained from the geometrical meaning of
K(z,y). Let us first consider the case n = 2. For a fixed x € Q, let us consider
the quantity K(z,y)dy as y moves along the boundary. If y and y + dy are
two “infinitesimally close” points at 952, the quantity 7K (z,y)dy is exactly the
(infinitesimal) angle do = da(z,y) under which we see the segment [y, y + dy]
when we watch it from the point . Heuristically is is clear that we should have

do(z,y) dy = 2, (202)
o0
independently of z € Q.
When z is very close to some point T € 0f), we note that about half of the
contribution the the integral (202) comes from an immediate neighborhood of
z. When x reaches 7, this contribution will disappear, and we will have

do(T,y)dy = 7. (203)

o0
So we have a jump in the integral as we reach the boundary, because when we
are at the boundary, we lose half of the total angle under which the boundary

79This rough estimate would have to be refined if we were dealing with unbounded den-
sities p. This issue comes up for example when we try to solve the Dirichlet problem with
g € LP(99). Then the natural space for p is also L?(92), and one must be more careful with
the estimates.

80The g in this formula is the boundary condition, and not the function used to parametrize
the boundary, of course. Our notation is not optimal here, but hopefully there is no danger
of confusing the two meanings of g used above.
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is seen. When we integrate [, p(y)da(z,y), the loss will be mp(Z), as all the
points from nearby Z contribute about p(Z)da to that part of the integral, due
to the continuity of p.

In higher dimension the situation is similar if replace the angle by the “solid
angle”.

Using this heuristics, we can see that we should have

2 when z € Q|
Joo K(z,y)dy = 1 when x € 992, (204)
0 when z ¢ Q.

The first and the last identity can be easily proved rigorously by integration by
parts. As an exercise, you can try to find a simple proof of the middle identity.
These identities provide another heuristic explanation for (200) (which can be
turned into a proof, with some work).
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Lecture 17, 10/18/2010

Last time we reduced the Dirichlet boundary-value problem

Au = 0 in

u = g atdQ (205)

to an integral equation of the form
g=p+Kp, (206)

at the boundary, where K is an integral operator with a weakly singular kernel.
When n = 2 the kernel is in fact continuous (when the domain is of class C?). We
wish to find a continuous solution p of this equation. The function g is assumed
to be continuous. Let us denote by X the space of continuous functions at 02,
with the norm || f|| = supgq | f|. (We could also work with other spaces, but the
choice X = C(09) is probably the most straightforward choice.)

The Fredholm theory says that the range of the operator I + K has finite
codimension, which is equal to the dimension of the kernel of I + K. We can
see from this that our “guess” to seek the solution as a dipole potential with
density p was quite good: even without doing anything else we now know that
we can solve our problem if we impose finitely many linear conditions on g.
Such result is not obvious from the original formulation (205). Another way to
look at the situation is the following: we know from the abstract spectral theory
of compact operators that we can write X = X; @ X53! with X1, X5 invariant
under K and X; finite-dimensional, so that that some power K™ is small on
Xy. 82 For g € X, we can invert I + K by the usual power series:

p=(I+K)lg=I-K+K*-K3+...)g (207)

This is another illustration that our “guess” to seek the solution as dipole poten-
tial was good. In some sense, it solves the problem modulo finite-dimensional ad-
justments. The difficulties with solving equations in infinite-dimensional spaces
disappeared.33

By Fredholm theory we will know that the equation (206) is solvable in contin-
uous functions for each continuous g if and only if if the homogeneous equations

p+Kp=0 (208)

has only the trivial solution p = 0 in continuous functions.

81Here @ means “direct sum, algebraically and topologically”, not orthogonality, in general

82For self-adjoint operators on a Hilbert space we can take m = 1. In our special case it is
very likely that we still can take m = 1, even though K is is not self-adjoint. This should be
in the literature, with high probability.

83This is of course one of the main points of the Fredholm theory. However, note that before
we got to the stage when the Fredholm theory can be applied, we had to find the right set-up
and make some good choices which were not obvious. This is quite typical.
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At first this might looks as an easy consequence of the uniqueness we have for
the Dirichlet problem: p 4+ Kp = 0 means that the potential u defined by p
approaches 0 as we approach 9f) from Q. As u is harmonic in €, we now that
u =0 is 2. However, we need to show that p = 0, not only u inside €. In fact
the formula

u(x) = | K(z,y)p(y)dy (209)

o0
defines u also outside 9. Let us denote Qcy; the open set R™\ Q. If p = 0 we
not only have v = 0 in 2, but we also have u = 0 in Q. The calculation of
the limit
lim u(z) = p(z) + Kp(T) (210)
x— T € N
e

we have done last time can be also applied to calculate the limit from ... One
gets, exactly by the same method,

lim u(z) = —p(T) + Kp(T) . (211)
x— T €N
T € Qext

By subtracting (261) from (260) we see that p = 0 is equivalent to the condition
that the jump of u across the boundary is zero.

In our situation when p + Kp = 0, to verify that p = 0, we need to show that
the exterior limit (261) vanishes.

However, we have a small complication. The jump is not always zero, and the
kernel is not always trivial. For 0 < Ry < Ry consider the domain

Q= {z,|z| < R} \ {z,|z| < R:}. (212)

We have
I =T,UTs, (213)

with I'y = {z, |z| = R} and T's = {z, |2| = Ra}.
Take pg=0on Ty and p=1on I';.
We can use formula (204) to see that the dipole potential u of py will vanish in
Q, and
po+ Kpo=0. (214)

One can show®! that in this case we have
Ker(I + K) = Rpg (215)

i. e. the kernel of I + K is one dimensional, consisting of multiples of pg.

Since the kernel is non-trivial, the range of (I + K) cannot be all space of
continuous functions, and the integral equation p+Kp = g is not always solvable.
This does not mean that the original Dirichlet problem (205) is not solvable.

84This will follow from our further considerations
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It only means that it is not solvable by dipole potentials. In this respect our
initial guess was not perfect - there is a small defect here. It can be easily
corrected®®, but for now we will focus on domains where the complication does
not arise. The complication is related to the fact that in the example Qqy was
not connected.

Note that at this point we are essentially stuck. We know that in some cases
the kernel can be non-trivial. We are guessing that it might be related to the
topology of the domain, but it is not clear how to proceed. We need a new
idea. One way to proceed®® is based on the following trick: look at the normal
derivative

%(x) as ¢ — 09, T € Qext. (216)

Here we use the fact that the normal v can be though of as a vector field defined
in a neighborhood of the boundary. if d(x) is the signed distance of x to 9
(with the convention that d(z) < 0 inside ), then in a small neighborhood of
0 we have v(x) = Vd(z).

At first the idea of looking at the normal derivative at the boundary might not
look very promising: for general continuous p the potential u may not be C'* up
to the boundary, and it is not even clear that the normal derivative of u at 92
is well-defined.

The trick is that rather then looking at g—g(x) we will compare the values of the
normal derivatives on the two sides of the boundary. To be precise, let us define
for each point x € eyt which is close to the boundary its “reflection by the
boundary”, denoted by z*. To define it, we denote by = the projection of z to
09, i. e. the point of 9 which is the closest to 2,7 and set z* = x — 2(x — T).
We will now investigate the function

ou ou, ,
b(z) = 5 () = 5 (27)- (217)
Our goal is to show that
lim b(x) = 0. (218)
x—=7T € 0N
Z € Qoxt

Note that in case when p is in the kernel of I 4+ K, the function u vanishes in
Q, hence b(z) = 8—3(3@), and (218) will imply that the normal derivative of u in
Qext is continuous up to the boundary and vanishes at 0.

Once we know this, we will be able to conclude that u has to be constant on each

connected component of {2eyt, and has to vanish on the connected components

85In fact, dealing with this defect is a very good exercise in Fredholm theory, as the theory
also gives us necessary and sufficient conditions for solvability in terms of the kernel of the
adjoint operator.

86We will later mention an alternative way, using the adjoint operator I 4+ K*.

87Recall that T is well-defined and unique when z is close to 9.
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of Qexy containing co. If Qey¢ has only one connected component, this will show
that « vanishes in Qexs, and hence by (260) and (261) p = 0 on 9f.

Checking (218) requires some calculation. We have

0K 0K
b = — ——(z" dy . 219
@ = [ (Gt = Gota ) oy (219
Taken individually, each term of the integral looks quite dangerous, for example

0K 1

o, ey (220)

which not bounded in L! (as a function of y) when x — 9. However, there is
a lot of cancelation between the two terms.
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Lecture 18, 10/20/2010

We continue with the calculation of function b given by (219). We use the same
set-up as in lecture 16, see (185) and (186). In the coordinate system set up
that way, the points  and x* will have coordinates

x=1(0,...,0,—¢), " =(0,...,0,¢e). (221)

On the line zz* the normal direction is parallel to the x,-axis. So the normal
derivatives coming into (219) are

_i (y—iE,V(y)) , _i (y—x ,V(y)) (222)
0xn |y — x| ox, |y —a*|?
Carrying out the differentiation, the first expression is
1 —z|? —x,7 —
_ ly —z[* + n(y m»V(Qy))(yn Tn) (223)
V1+1|Vgl? ly — x|t
with
v=(91,--:9n-1,—1). (224)
Writing g; rather than g; or g,,, we have
(y - x,ﬁ(y)) = (ylgl + o+ Yn—19n-1 — g(y/) + :r'n) . (225)
Using that
y1g1+ -+ Yn1gn1 —9() = O(y' ), (226)
and x,, = —¢ we obtain
ly — x> + nly — 2, 7(y)(yn — @) =+ O(ly'I*) +2c0(ly' ") . (227)
Using the same calculation with = replaced by z* and letting
d=|z—y|l d" =lz"—yl, (228)
we see that
0 y—zvly) , 9 (y—a"vy) ’
SR e dy. 229
| o e e - e . (229)
can be estimated by
(& + O ) gz — grera) + 2600 ) g + 7o) ) o)l d
90 Y dn+2 (d*)n—i—Q Y d71,+2 (d*)n+2 Py Y-
(230)
We have
d? = WP+ (yn—e)?,
@) = WP+ nte)?, (231)
d? — (d*)? = —dey, =4:0(|y'|?).
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We see from (233) that for small |y’| we have

2 40y
@2 =TT @y

ely'| _
(d*)?

=1+0(y') 1+0(y').  (232)

It is important that the implied constants in the O expressions above are inde-
pendent of e.

We have
1 1 (d*)n+2 _ dn+2

gtz (d*)n+2 = dn 2 (dr)nt2 (233)

and using
(@) a2 = (= @) (@) (@) d)(28)
together with (233) and (234) we see that

1 1 < |d* — d| < ely'|?

‘dn+2 - (d*)7l+2| dn+3 dn+4 ’

(235)

where we use the usual notation ~ to imply that the inequlity is true up to
some unimportant multiplicative factor.

From (233)—(235) we see by some elementary estimates that to estimate (230),
we need to bound, for some R > 0, the integral

I / ely'” dyrdys . . . dy (236)
= g2 Y10Y2 ... AYn—1,
B (ly|? +€2)"%
where Bp denotes a ball of radius R in (n — 1)-dimensional space.
Let us now make substitution
Yy =ez. (237)

In the new variables the integral becomes

|22 |22
Br (|22 +1)72 R[22 4+ 1) 72
(238)
Given that p is bounded, we see that we estimated the expression (229) by a
constant independent of €. However, this is not enough, we need to show that
it approaches 0 as ¢ — 0. To obtain such an estimate, we can use the fact that
for p = py = const.

B)
+—K(z,y)pody =

K(z, dy =0, 239
0 OV o o (z,y)po dy (239)

for x ¢ 9Q by (204). This saves the day, as we can freely change p by any
constant. When we calculate the limit (218) at T € 9Q, we can change p(y)
to p(y) — p(T), and since p is continuous, in (230) we can assume that for each
0 > 0 there exists 7 > 0 such that |p(y)| < 6 in Bz o,
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We now write the integral (229) as

/ :/ +/ =L+ 1. (240)
o0 QN Bz, 80\ Bz,

The integral Iy converges to 0 as x — T, as we stay away from the singularity.
The integral I; will be bounded by ~ M§. We see that by choosing r sufficiently
small, the values of I; will stay close to 0 uniformly as + — T. Repeating the
argument in (197), we see that we have proved (218).58

Let us summarize the situation. We wish to show that the kernel of I 4+ K is
trivial. We assumes that for some continuous p we have p+ Kp = 0 This means
that the potential (209) vanishes in © and we have just shown that when we
approach 09 from .., the normal derivative % of u appraoches 0.

Claim: In the situation above, u vanishes in the connected component of Qqy
containing (a neighborhood of) oco.

Proof: When we know more about the Neumann problem, we will see that there
are many reasons for this statement to be true, but for now we will do what
might first seem like an ad hoc proof by a trick.

We do the following formal calculation

ou

2

_ _ 1
/Qext |VU| /89ext uaVeXt /(\zext UAU7 (24 )

where veyt = —v. As both terms on the right-hand side clearly vanish, we see
that w must be constant.

Since Qext is unbounded, the formal calculation needs to be justified. However,
this is quite easy: We replace Qext by Op = Qext N Br for some large radius R,
and integrate by parts on Og. In comparison with (241) we get an extra term

ou
U— . 242
/ G (242)

We know that u is a dipole potential, and therefore

1 ou 1
W% = ZO(W% 2] — o0, (243)

u=0( v

which is more than enough to show that (242) approaches 0 as R — oo. In fact,
one should also be somewhat careful with the calculation at 02, and we did
not really show that u is C' in Qe up to the boundary. However, we showed
that the normal derivative is continuous up to the boundary, with the boundary
value being 0. As u is smooth in ey, we can do the fully rigorous calculation

88 As an exercise you can check that the limit is uniform for all Z € Q. Note that we need
99 to be of class C? for the above proof.
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by approaching 0f2 from Q.. by some smooth surface. The details are left to
the reader as an exercise.

So we see that u is constant in each connected component of (ey. Since in the
unbounded component u approaches 0 as x — oo, the claim is proved.

Now if Qcy¢ has only one component, that v must vanish in Q.y, and we have
seen that this means, together with the fact that © = 0 in 2, that the density p
generating the potential vanishes. Therefore we have shown that the kernel of
the operator I + K vanishes if oy is connected.®?

As you have seen, the direct proof we have just finished that for a connected
Qext the kernel of I + K is trivial is quite laborious. There is one non-obvious
idea in it, namely that we should look at the normal derivatives, but the rest is
just calculation. In this sense the proof is simple, even though we cannot really
say that it is short.

By the Fredholm theorem, the dimension of the kernel of I 4+ K is the same as
the dimension of the kernel of the adjoint operator I + K*. As we will see, the
calculation of the kernel of I + K* is easier, once we know how the operator
I+ K* should be interpreted, so working with I+ K™ is probably a more efficient
way to calculate the dimension of the kernels. Nevertheless, the direct way of
dealing with I + K also has some value.

89We recall that we have indicated before that if Qext is not connected when the kernel
does not vanish. You can show as an exercise that the dimension of the kernel is equal to the
number of bounded connected compoents of Qext.
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Lecture 19, 10/22/2010

Let us look in more detail at the boundary value problem

Au = 0 in{, and (244)
% = g at the boundary 02, (245)

where v is the outward unit normal to 9§2. We assume that  is a bounded
smooth domain. This is usually called the interior Neumann problem.”® Note
that the solution is determined only up to a constant: the homogeneous problem
(with ¢ = 0) has a non-zero solution u = const. This suggests that the non-
homogeneous problem will not be always solvable®!, and one can indeed easily
identify a non-trivial necessary condition for the solvability of the problem. We
note that for a solution we must have

ou /
= — = Au=0. 246
/BQ g /BQ ov Q ( )

One can also consider the exterior Neumann problem

Au = 0 in Qey, and (247)
% = ¢ at the boundary 09, (248)
1
u(z) = O(W) when |z| — co and n > 3. (249)
1
u(x) = e loglz|+ O(m) when  — oo and n = 2. (250)

where Qe =R" \ Q. The normal v is (248) is taken to be the same as in (245)
— it is the outward unit normal of 2. We do not change the orientation of the
normal when we go from (245) to (248). There are other ways to formulate the
boundary conditions (249) and (250). For example, (249) can be replaced by
u — 0 as |z| — oo and (250) can be replaced by u = ¢; log |z| + o(1). 22

The main issue in choosing the right conditions at co is that we get as close
to both solvability and uniqueness for our problem as possible. You can check
by the integration by parts that we used in the last lecture for proving that u
vanishes in Qg that our condition (249) in dimensions n > 3 gives uniqueness
when Qex is connected. Condition (250) also gives uniqueness. When ¢; # 0,

90Various interpretations of the boundary condition g—“ = g will be discussed later.

91By analogy with linear algebra, which is usually safe to use with elliptic equations — we
will formulate this more precisely later.

92Al1 this is easy to understand if we know what the asymptotic behavior of harmonic
functions in R™ \ Br with some growth conditions at oo is. We have not done this in detail,
but we have all the necessary tools to investigate it. This might be a good topic for the next
homework assignment.
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the total “flux to infinity” given by faB g—“ as R — oo is 2mcy, which is not
R v

compatible with g = 0 (by integration by parts, using Au = 0). So we see that

for g = 0 we must have ¢; = 0. For ¢; = 0 one can again use the integration by

parts, and obtain uniqueness when (¢, is connected.

An important point in our calculations will be that the normal is well-defined
not just at the boundary, but also in a small neighborhood of it. In particular,
when wu is defined inside €2, the normal derivative g—“j(m) is well defined for z
sufficiently close to 0€2, and similarly for Qgys.

We will try to solve both the interior and the exterior Neumann problems by
suitable potentials. It turns out that in this case the right potential to consider
is the Newton potential of a density p at 0€2,

u(z) = / 3Ko(x —y)ply)dy, =€R™\ Q. (251)
o0
‘We then have

—(x —/ Q—Ko x—y)p(y)dy , x close to 9N, x # IN. (252)
o0 ay:r

The key is again to calculate the limits of g—g(m) as x approaches the boundary.

By similar calculation as those we have done for the Dirichlet problem, it is
possible to show that for continuous p the normal derivative (252) has limits as
x approaches the boundary from 2 or from Q... The limits can be expresses in
terms of p and the kernel K (z,y) defined earlier in connection with the Dirichlet
problem, see (180). Recall that

dKo 2 (y—=v(y)
K(z,y)=—2—(@x—vy) = . 253
(z,9) aVy( ) ST [y —al (253)
This should be compared with the expression
0
— 254
5o Kol =) (254)
n (252). We have
0 0Ky
237%K0(33 —y) = _2871/1/(1‘ -y), (255)
and hence 9
QaTKO(x_y>:K(yaf)7 f72/68(27 E#y (256)
We introduce
K*(z,y) = K(y,z). (257)
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We will denote by K* the operator defined on functions p: 992 by

K*p(Z) = - K*(Z,y)p(y) dy. (258)

We note that K* is the L2-adjoint of the operator K, which means that

/ (K1) (y)paly) dy = / () (K*p2)(y) dy - (259)
o0 o0

With this notation, the limits of %(x) (given by (252)) as = approaches the
boundary can be calculated as follows.

lim % x) = —p(T) + K*p(T), (260)
x sz e O
r e
and
. ou _ .
lim —(x) = p(T) + K*p(T) . (261)
r T o
MRS Qext

The proofs are similar to the calculations we have done in connection with the
Dirichlet problem, see (200), and we will not go into details.

Let us now summarize the integral equation we get in connection with the
interior and exterior Neumann problems, as well as the interior and exterior
Dirichlet problems.

Strictly speaking, we have not talked much about the exterior Dirichlet problem,
but it is exactly what one would expect: find a harmonic u is Qeyy with u =g
at 0 and suitable decay at oco. If we seek the solution of the exterior Dirichlet
problem in terms of the same dipole potential (181), we get integral equation

g=—-p+Kp. (262)

So we have four problems, the exterior/interior Dirichlet/Neumann problems,
and four integral equations at 9€2 associated with them. All four equations can
be formulated in terms of just one integral operator, the operator K introduced
in connection with the interior Dirichlet problem.

The situation can be summarized in the following table.

interior exterior
Dirichlet I+K)p=g| (-I+K)p=g
Neumann | (—I+ K*)p=g | I+ K" )p=yg

Let X be the space of all continuous functions and 9€2. From Fredholm theorems
we know

dim Ker (+7 + K) dim Ker (£I + K*),
(I + K )(X) = [Ker(£l+ K*)]*t, (263)
(£ + K*)(X) = [Ker(£l +K )+,
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where in each line we always take the same signs, and

Yl:{peX,/ pn =0 foreachneY}. (264)
o0

We have seen in the last lecture that
dim Ker(I + K) = # of bounded connected components of Qext (265)
and that, denoting by Q2 , the unbounded component of Qey,
Ker(I + K) ={p € X, pislocally constant at 9 and plyqo = 0}. (266)
Repeating the same arguments for —I + K, one gets
dim Ker(—I 4+ K) = # of connected components of eyt (267)

and
Ker(—I + K) ={p € X, pislocally constant at 9Q}. (268)

This shows for example (together with (263) and (246) that if Qe is connected,
then the Neumann problem is solvable if and only if [,, g = 0.

We can also use (263) to an alternative way of finding the dimension of the
kernels. Let us look for example at Ker (I + K*). If

p+K'p=0 (269)

then the normal derivative g—;‘ of the potential (251) vanishes at 00 as we

approach 0f) from Q... This means that u is constant in each connected com-
ponent of Qcy;. We note that u is continuous across 952, ** and that u(z) — 0
as © — 00, i. e. u vanishes in the unbounded component of Q... Hence if Qqyq
is connected, then u has to vanish and Ker (I + K*) = {0}. We see that the
proof that the kernels of I + K and I + K* are trivial in the case when Qe is
connected is quite simpler if we work with I + K*.
If Qexe has bounded connected components QL. ..., QM we we expect that
we can choose the value of the constant ¢; for which u = ¢; in Q! , so the
dimension of the kernel will be m. However, the corresponding densities p
which will give such potentials are non-trivial. So while the argument gives
easily that dim Ker(I + K*) < m, establishing that the dimension is exactly m
would probably not be simpler than the proof using I + K, as for I + K the

densities in the kernel are locally constant, and hence exlicit.

In the case when (., is not connected, we can see that the method of bound-
ary integral equations has a certain defect: the integral equations do not always

93This is also the case when Qext is not simply connected, but one needs to work some more
to prove it.

94This statement is much easier to see than the continuity of the normal derivative across
O in the case of the dipole potential.
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have a solution, even when we expect that the original problem will be solv-
able. This is due to the fact that the solutions of the original interior Dirichlet
problem (say), cannot be given by the dipole potential. One can work around
this by using (263) in the following way. Let us consider the example of the in-
terior Dirichlet problem, and assume {)oy; has bounded connected components
QL. .., QM. Let us choose aj € Q7 , and set h; = Ko(x — a;). These func-
tions are harmonic in €. It is clear that if we can solve the exterior Dirichlet
problem with g replaced by g — Z;’;l cjh; for some constants c;, then we can
also solve the original problem with g. We can now try to find suitable constants
C1,...,Cnp so that the function g = g — Z;nzl cjh; will be perpendicular to the
kernel of I + K*, and hence the interior Dirichlet problem will be solvable by
a dipole potential when ¢ is replaced by g. This is possible, but you can see
that the method is becoming a little unwieldy. We will not go further into the
details, but it is a very good exercise to work them out.
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Lecture 20, 10/25/2010

Today we start with the Direct Method for solving elliptic problems. We first
illustrate the main idea of the method in a finite-dimensional situation. Let
us consider an electrical circuit consisting of resistors. We could also call it a
network of resistors. The circuit has n nodes. We fix some numbering of the
nodes and will call each node by its number. We assume that

e the voltage at node i is U;

e the resistor between modes 7 and j has resistance R;;. We allow R;; =
+o00, which is equivalent to saying that there is no resistor between ¢ and j.

e The current flowing from from node ¢ to j through the resistor R;; is I;;.
We have I” = _Iji-

e Ohm’s law: I;;R;; = U; — U; . (No summation implied by the repeated
indices.)

e The nodes are divided into two groups: “interior nodes”, which are not
connected to any outside device, and “boundary nodes” which are con-
nected to an outside device.

e Kirchhoft’s law: For any “interior node” i we have Z?Zl I;; = 0.

e “Boundary conditions” are given at the boundary nodes. For a boundary
node i the boundary condition can be either U; = given voltage V;, (we can
imagine that the node is connected to some device which keeps the voltage
constant), or 2?21 I;; = I;, which means that the node is connected to
a device which keeps the current coming to that node from the device
constant.”® The set of the boundary nodes where the voltage is given
will be denoted by D, the set of the boundary nodes where the current is
given will be called N, and the set of the interior nodes will be called F.
Note that we do not really have to distinguish between N and F if we set
I; =0, i€ F.

Given any “boundary conditions” ,we would like to find the voltages U; for all .

There is more than one way to solve this problem. For example, one can write
down the system of equations which we get from the Kirchhoff’s law and the
Ohm’s law and show that it can be solved, under some natural assumptions.
This is doable, but it is not the most appealing way to deal with the problem.
A more elegant method is the following.

Let us introduce a quantity

_ 1~ U -Uy)?
i,j=1 1EN

950ne can also consider more general boundary conditions, such as “mixed boundary condi-
tions”, but for simplicity we will restrict our considerations to the two type of nodes described
above.
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The first term in P is related to the power consumed by the resistors, the second
term is related to the power drawn from the outside devices connected to the
N nodes. (Some power might also be drawn from the devices connected to the
D nodes, but this part does not explicitly appear in P.)

Let us now consider the problem

Minimize P over all possible voltages at the nodes in N'U F, with the voltages
at the nodes in D being fixed to the given values V;, i € D:

min {P(Uy,...,U,); U; =V, for i € D, U; arbitrary for i € N UF}. (271)

If P attains its minimum at (Uy,...,U,), we will have
oP
—0, ic€FUN, 972
ou, i N (272)

and it is easy to check that, taking into account Ohm’s law, (272) expresses the
Kirchhoff’s law when i € F and the boundary condition Zj Ii;=1I forieN.
We see that our problem is equivalent to finding the voltages U;, i € N U F
for at which P has a critical point. As P is clearly convex, any critical point
has to be a minimum. To prove that our problem is solvable, it is enough to
show that P attains its infimum over the set of the admissible voltages. This
is easily seen when D # (. In that case we get the existence and uniqueness of
the solution from the variational immediately, without any detailed analysis of
the equations. For uniqueness, note that when D # (3, then P is strictly convex
in {U;}ierun and use the fact that a strictly convex function cannot attain its
minimum at two different points.

When D = (), we note that when U; = A for all 4, we have

P=-AY"1I (273)
iEN

and we see that ), I; = 0 is a necessary condition for P to attain its infimum.
One can also see directly that ), f; = 0 is a necessary condition for the
solvability of the linear system of equations associated with our problem.

If D = () and the condition ), \-I; = 0 is satisfied, then one can check eas-
ily that P attains its infinum. In that case the function P does not change if
we shift U; — U; + A. On any subspace complementary to the 1d subspace
(A A,...;A), A€ R The function P will be strictly convex on such a sub-
space, and hence the solution will be unique modulo the shifts U; — U; + A, i €
NUF.

960ne can also think of P as a function on a factor space Y=R"/(R(1,...,1)). One can
check that P is strictly convex on Y.
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The Laplace equation with Dirichlet/Neumann boundary conditions can be
thought of as an infinite-dimensional version of the problem above. In fact,
one can approximate the problem

Au = 0 inQ,
u = g1 on I'y C 89, (274)
% = go only=00\I4

by the finite-dimensional problems above. In some sense, the PDE problem (274)
is a continuous version of the circuit problem above, with a particular arrange-
ment of the resistors. Consider a fine mesh (made of out of a conducting wire
with some non-zero resistance) covering 2. The nodes will be identified with the
points where the wires of the mesh cross. The wires connecting the nodes will
be identified with the resistors. The points of the mesh inside €2 will correspond
to nodes F, the meshpoints at I'y will correspond to nodes D, and the nodes at
I'; will correspond to nodes A. The voltages V;, i € D correspond to g; and
the currents I;, i € N correspond to g». The analogue of the function P will

be the functional )
s = [ GVl = [ g, (275)
Q2 a0

which should be minimized over all (sufficiently regular) functions with v = ¢y
onI'.

One can see easily that the finite-dimensional problem with the mesh will have
a solution — the minimizer of P. In the case I'y = 912, we will have to have
a compatibility condition ), \ I; = 0, corresponding to fag go = 0, which is
necessary when I'y = 0Q.

One way to prove the existence of (274) would be to show that the solutions of
the finite-dimensional problems (with suitable normalization of the boundary
curents) converge to a suitable limit as the mesh size approaches zero, and the
limit is a solution of (274). This is doable, and provides one way of proving
existence results for PDEs. Another method is to work directly in the infinite-
dimensional setting, and this is what we will do. The results about the solutions
obtained independently of particular approximations are in fact useful for the
study of the convergence of the approximations to the PDE solution.

Consider a positive definite symmetric n X n matrix A and the corresponding
quadratic quadratic form

1
P(z) = §(A1:,:L‘) . (276)
Let us set for each y € R™
Q(y) = inf P(z) — yz. (277)
For each y € R™ the minimum of P(z) — yx is attained for x which solves

Arx =y. (278)
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As an exercise, you can prove that @Q is a quadratic form given by —A~!, the
negative inverse matrix of A. For each y the solution of P’(x) = y is given by z =
—@Q'(y). For this it is not so important that P be quadratic, the main assumption
needed is that P be convex, although one needs a little more if we demand that
x — P'(z) covers the whole R". The function @ is then defined in the same
way as above, and will be concave. The equation P’(x) = y will be inverted
by y = —Q’(z). The function @ is called the Legendre transformation of P.
(Sometimes the Legendre transformation is defined by Q(y) = sup, (xy — P(x)).
With this definition it is convex and the inversion of P'(x) =y is © = Q'(y).)
Legendre transformation is interesting even in dimension 1, and it is a good
exercise to work out the details of the statements above in the 1d case.
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Lecture 21, 10/27/2010

Let us consider the problem

Au = f inQ,

u = 0 atoQ, (279)

where f is a “sufficiently regular” function, and €2 is a smooth bounded domain.
The condition of being “sufficiently regular” is somewhat ambiguous — its mean-
ing can depend on the context. For example, we will see that for some purposes
f € L?(Q) is already “sufficiently regular”. For other aspects it is good to as-
sume that f is Holder continuous, i. e. f € C%<. If we look at higher derivatives
of w, it is natural to have assumptions about derivatives of f. Each aspect of the
problem has its natural assumptions on f. We say that f is sufficiently regular
if we expect that some assumptions on f will be needed for our investigation,
but we are leaving open for the moment what exactly those assumptions are.
Of course, eventually we have to make some precise statement, and say exactly
what the assumptions on f are.

Instead of (279) we could choose some other boundary conditions, such as those
in (274) (and we will see later that it is easy to incorporate them), but for now
we wish to illustrate the main idea of the Direct Method in a simple setting,
and problem (279) seems to be well-suited for that.

Based on the last lecture, we know that the following functional will play an
important role.

T(u) = /Q (;|Vu|2 —fu) dz | (280)

Let X denote some space of functions u: £ — R which vanish at 92 and are
sufficiently regular in the sense above. These assumptions are not very precise
yet, we will make them precise after it becomes clearer what is really important
for our approach. For now we can say that we wish that if u € X then

e The functional (280) is well-defined, and

e u — 0 is some sense as we approach 0f2. The strongest sense would be
to assume that « has a continuous extension to £ which vanishes at 0.
However, we will see that one can work with weaker notions, which are
not defined by point-wise limits.

We would like to minimize J over X. There are several issues which we have to
clarify.

A. Is J bounded from below on X? (Boundedness from below is clearly a
necessary condition for minimization.)

B. Is the infimum of J over X attained on some element ©w € X7

Note that once we know that there exists w € X such that

J(@) < J(u) for all u € X, (281)
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then we know that for each smooth, compactly supported ¢: Q@ — R the function

t— J(T+ty), teR (282)

attains its minimal value at ¢ = 0. We note that t — J(u + ty) is a quadratic
function of ¢, and since it attains minimum at ¢ = 0, we must have

d
0= 2 limo J(@ + 1) = / (VaVe — fo)dz. (283)
Q
If we can integrate by part and put the derivatives on @, we obtain
/ (=AT — f)pdxr =0 for each ¢: Q — R smooth and comp. supported in €.
Q

This means that —Aw = f, at least if @ is sufficiently regular, which we however
do not know at this point.

As the function ¢ is smooth, we can integrate by parts and put the derivatives
on ¢ without any problems to obtain

/Q (—ulAp — fo) de =0. (284)

We recall this is exactly the definition from lecture 5 that —Aw = f is satisfied
weakly. Note that Weyl’s Lemma which we proved in lecture 4 implies that in the
interior of €2 the function u has the same degree of smoothness as the potential
Ko f (where we extend f by zero outside €2). This is because A(u— Ko f) =0
weakly and therefore it is smooth in 2 by Weyl’s Lemma.

Although it is worth mentioning these connections to some of the previous
material we covered, the passage to the weak solution in the sense of lecture 4,
and the use of Weyl’s Lemma is somewhat unnatural in this situation, as the
methods we used in lectures 4,5 are quite different from the Direct Method. It is
much more natural to prove regularity of w within the Direct Method, without
resorting to the use of the potentials. This is what we will soon do. You will
see that the proof via the Direct Method will have the advantage of covering
the case of variable coeflicients practically without any extra work.

In any case, we see that it is not so hard to justify that the minimizer w should
satisfy the equation —AT = f in Q, at least in some weak sense. How is it with
the boundary condition? The condition u|sn = 0 is a part of the “definition” of
X above, and therefore @ should vanish at the boundary by definition. However,
this is where we have to do some work and make sure that the condition u|sq = 0
will “survive” the minimization procedure. We will see that this is indeed the
case, but it should be emphasized that it is not automatic. It is not difficult to
give examples of boundary conditions which will not “survive” the minimization
procedure.?” In fact, we will see that if we replace Q by Q\ {a} for some point

97Such examples were already known to Weierstrass, who constructed them in order to show
that — in comparison with the finite-dimensional situation — the minimization procedure in
function spaces can have many more subtleties.
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a € Q %and try to impose the condition u(a) = 0 at this new part of the
boundary, then typically this extra boundary condition will not survive the
minimization, except in dimension n = 1.

We will now start addressing the points A, B above.

Lemma (weak Poincare inequality)
Assume ) is contained in a cube of size A. Then for each C' function u: Q — R
vanishing at 0Q) we have

/degA?/ |Vul|? d. (285)
Q Q

Proof: Choose coordinates so that the cube is [0, A]™. Extend u by 0 outside
Q. For each z € Q C [0, A]™ we have, by Cauchy-Schwartz inequality,

T 8 2 A 8
) = ([ s aas) <4 [T s )P ds,

(286)
Integrating this inequality over z, we get (285).
It is now easy to see that J is bounded from below:
1 1
s = [ (G192 = fu) do = 51l = el > 250
1 1
IVullze = Allflle[Vulle > =5 A% fl]Z2 (288)
Let
m= ulg;f( J(u), (289)
and let v/, j =1,2,... be a minimizing sequence for .J, in the sense that
JWw)N\ym  j—o0. (290)

One can see from (287) that the sequence Vu/ is bounded in L%(Q2). %° In finite
dimension we could now use compactness and choose a converging subsequence
to complete the proof. This argument cannot be used in our infinite-dimensional
function space. However, the structure of the functional J gives us what is
needed:

Lemma
With the notation introduced above, let u/ be a minimizing sequence for J.
Then Vu/ is a Cauchy sequence in L?.

98The new domain Q \ {a} will not have smooth boundary, of course.

99In this case the function space is the space of vector-valued functions, but we still denote
it in the same way as the corresponding space of the scalar functions. As you will see, there
is no danger of confusion from this.
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Proof: Heuristically, the reason is the following: if f is a uniformly convex func-
tion on R, m = infiegr f(¢) and f(t1), f(t2) are both close to m, then ¢, t3 must
be close to each other. The heuristics is justified by the following calculation.
Assume

m < J(up) <m', m < J(ug) <m'. (291)

One checks easily that

J( 1 . 2) 4 §||%||2 = §[J(ul)+J(U2)]. (292)
Hence
1 Vus — Vu 1 wr +u
SIS < S+ T -7 () <m0

and the statement easily follows.

We have established that the sequence Vu/ is Cauchy in the space L?(2). The
Lebesgue theory now implies that Vu’ must converge in L? to some limit, let
us call it w = (wy,...,w,). We expect that w = Vu for some w and that the
function @ will be the minimizer of our functional. Note that the existence of
the limit w would be hard to establish without Lebesgue integration. Next time
we introduce function spaces in which the limiting function @ will live. This will
settle the still unanswered question what exactly the space X is.

80



Lecture 22, 10/29/2010

Recall that €2 is a bounded smooth domain. Let us set
2(Q) ={p: @ = R; ¢ is smooth and compactly supported in 2.}  (294)
We consider the norm || - |[7z on 2(Q2) defined by

lelizy = [ V6P de. (295)
Q
By the weak Poincare inequality (285) we know that

lelle < AlIVellmg - (296)

This means that the completion of Z(£2) in norm || - || can be considered as
a certain subset of the space L?(Q). (We know that 2(2) is dense in the space
L?(Q).) In particular, every set in the completion can be identified with an
L2-function. We can therefore say that the completion is a subset of L?(2). We
set

Hj(Q) = the completion of 2(Q) in the norm || - Iz - (297)

If v € H}(Q) we have a sequence v/ € 2(Q) converging to v in L?(2) such
that the gradient Vv’ converge in L*(Q) to some vector-valued function w =
(w1, ...,wy). It should be the case that

w= Vv, (298)

but in which sense? Easy examples show that H}(€2) is not contained in C*(Q).
The following definition addresses this point.

Definition

Let u,uy,...,u, be locally integrable functions in an open set ). We say that
ou
— =u 299
D = Uk (299)

in the sense of distributions if

Oy /
—u—-dzxr = U dx 300
/Q Oz Q ke ( )

for each ¢ € 2(2). 1In the above situation with v/ — v and Vo/ = w/ — w in
L?(€), it is easy to check that Vv = w in the sense of distributions.

An important point now is that for the derivative defined in the sense of distri-
butions, many of the basic rules we use for the point-wise derivative remain true
for the distributional derivative. For example, it commutes with mollification.
More precisely, if ¢.(r) = 2 ¢(2) and Q. = {x € Q; dist (z,09Q) > €}, then

en €

0 0
aixj((bs*v):(bs*(

T v) (301)
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in Q..

We leave the proof of (301) to the reader as an easy exercise. The main point is
that the new definition of the derivative — just as the classical one — commutes
with the shifts v — 7,v:  — v(z — y) and, is linear in v.

One can use (301) to show that the derivative in the sense of distributions has
many of the properties we usually associate with the derivative. For example,
one has

If v is locally integrable in 2 and Vv = 0 in the sense of distributions, then v is
constant in Q.

Proof: Let v. = ¢, * v and let ). be defined as above. Then
Vve = V(¢e *xv) = ¢ % (Vv) =0 in Q.,

and hence v, is constant in Q. for each ¢ > 0. As v, — v in LIIOC(Q), we see
that v will be a limit of v., and hence it will be constant on (..

Remark: The above proof can be interpreted in the following way. Assume first
that we are in dimension n = 1 for simplicity and Q = (a,b). Let v € L, (a,b),
and let x1, 29 € (a,b), x1 < xo. Assume € < min (x1 — a,b — x2). The integrals
ffv(x)gbs(x —z;)dz, j = 1,2, converge respectively to v(z1) and v(z2) at the
Lebesgue points of v. We note that the function x — ¢-(z — 1) — de(z — 2)
is a derivative of a smooth compactly supported function ¢: (a,b) — R de-

fined simply by ¢(z) = [ ¢-(2' — z1) — ¢ (2’ — x2) dz’ . Hence we must have
ff v(z)pe(z — 1) dr = f: v(2)¢e(x — 22) dz and in the limit £ — 0 we see that
v(x1) = v(x2).

The main point here is that the condition f: —vtp, =0 for each ¥ € P(a,b) is
equivalent to saying that fab vn = 0 for each n € Z(a,b) with [n=0.

As an exercise, you can check that similar interpretation also works in higher
dimensions. Note first that it is enough to do the proof when the segment [z 3]
belongs to 2. One can then integrate on each line parallel to [z, z2] in the same
way as above to obtain ¢ € Z(£2) such that bV (x) = ¢ (x — 1) — ¢ (x — x2),
where b = (22 — 1) /|9 — 21|, 19°

Returning back to our space H} and the question in which sense we have (298),
it is easy to see that we have w = Vv in the sense of distributions.

If v € HY(Q), then Vv = w in the sense of distributions for some w =
(wi,...,w,) € L3(Q). If v = limV; in the norm || - gz with @; € 2(Q),
then w = lim Vi, in L*(Q).

100The most natural approach here would be to show that each n € 2(Q) with Jan =0
can be written as n = div ¢ for some ¢ = (¢Y1,...,¢n) € 2(2). This is true and the above
method more or less shows that, but some details would still have to be filled in.
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The proof is immediate by using the standard convergence results from Lebesgue
theory in our definitions. 0!

Let us now consider v € L?(Q) such that Vo = w € L*(Q) is the sense of
distributions. When do we have v € H}(2)? If we avoid questions about the
behavior of v near the boundary 02, the asnwer is simple:

If v € L?(Q) is compactly supported in Q and Vv = w € L?(Q) in the sense of
distributions, then v € H}(Q).

Proof: Let us take v. = ¢. * v. These functions are well-defined and compactly
supported in  for sufficiently small e. We have Vv, = ¢. x w. As ¢, xw — w
is L? as e — 0, we see that v € H}(Q).

When we do not avoid the boundary, the answer the conditions characterizing
v € H} () are still simple and natural, but one has to work a bit more. We will
deal with that situation next time.

101 As is the case with many other results about distributions, the proofs are simple. The
non-trivial part of the theory is in choosing the right definitions. There are many ways to
generalize the point-wise definitions of derivatives, but most of them are not suitable for PDEs.
The definition above (which is a special case of a more general definition due to L. Schwartz)
gives us all the flexibility we need, while preserving the basic properties we expect from the
derivatives, e. g. that a function with vanishing derivatives must be constant.
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Lecture 23, 11/1/2010

In addition to the space H{(Q2) we have introduced last time, it is natural to
introduce the following spaces.

Wh2(Q) =
{v € L*(Q), Vv =w in distributions for some w = (w1, ..., w,) € L*(Q)},

with the norm defined by
1ol[fy12 = [[vl72 + [IVollZa - (302)

Let us denote by £(2) the space of restrictions to £ of smooth functions defined
in some neighborhood of 2. We define

H'(Q) = closure of £(Q) in W2(Q). (303)

We clearly have
Hy(Q) c HY(Q) c WH(Q). (304)

Our first goal is to show that
HY(Q) =W3(Q) (305)

for bounded regular domains ).

We first describe an elementary localization technique which is useful for this
purpose and also in other situations.

Let O1,0a,...0,, be open sets covering €, and assume U; C U; C O;,j =
1,...,m be open sets still covering 2. Consider non-negative smooth functions
éj which are compactly supported in O; with ¢~)j > 0 on ij, and set

o;

T om

(306)

The functions ¢; are obviously well-defined, smooth, and non-negative in some
neighborhood O of 2 and

b1+ +op=1 in0O. (307)

We mention one more step one can take, although we will not really need it for
now. We can take a smooth function n compactly supported in O with n =1
in some neighborhood of Q and replace the functions ®; by n¢;. With this
new definition, the functions ¢; are smooth and globally defined in R", their
support is contained in O;, and one has (307) with O replaced by a smaller
neighborhood of €.

The system of functions ¢q, ... ¢, we have constructed is often called the par-
tition the unity for Q.
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If u € WH2(Q) and a smooth function ¢ defined in a neighborhood of Q, the
function pu also belong to W2(Q), and the distributional derivative of pu is
given by the usual Leibnitz rule:

V(eu) = (Vo)u+ ¢pVu. (308)

This is an immediate consequence of the definitions and the Leibnitz rule for
smooth functions.!%2

For any function u € W12(Q2) we can write
U=udy + -+ uPm =ur + -+ U, (309)

and — as we have just seen — we have u; € Wh2(Q), j =1,2,...,m.

The support of the functions u; is contained in the set O; of the original cover
of Q. By taking O; to be small balls, we can achieve that each u; is either
compactly supported in 2, or is supported in a neighborhood of a boundary
point, such that the boundary 9 in that neighborhood is very close to being
flat. This is not the case if the boundary is merely Lipschitz.'%3 However, even
for Lipschitz functions this localization can achieve that each u; which does
not vanish close to 02 has all its support near 92 and in an area where 0f2 is
described in a single coordinate frame by a graph of a Lipschitz function.

Let us now go back to the proof of H'(2) = W2(Q). The only non-trivial
part is to show that each u € W12(Q) can be approximated in the W!2-norm
by functions smooth in Q. It is clear that for this it is enough to approximate
each function u; in the decomposition (309). If the support of u; is contained
in 2, we can approximate just by mollification, as we did in the last lecture. It
remains to deal with the case when the support of u; intersects the boundary.
Assume that u; is supported in a small area near 02, and that Jf2 is described
by z, = g(z), with 2’ = (x1,...,2,-1) and g Lipschitz, and Q is locally
described by x,, > g(z’). In this picture the approximation of u; is simple. The
only obstacle to straightforward mollification is the possible interference coming
from the boundary, when we would need the values of u; outside of Q) for the
mollification. This is however easily fixed by slightly shifting u; in the negative
direction of the w, axis: we replace u; by u? with u‘;(m’,xn) = u;(z, z, + 9)
for some small § > 0. Now we can mollify the shifted function u%. We let

5.
de = e *u;, where ¢, is the usual mollifier. It is easily seen that after we have
i J

chosen §, we can choose a small ¢ > 0 so that all the values of uj-’g in Q are

u

well-defined only in terms of u?, without a need for extending it. Moreover, the
restriction of uj.’a to Q is close to the restriction of ug to Q in the W12-norm.
As u? is close to u; in W' 2-norm for small §, the proof is easily finished.

102yWe notice again how well the definition of the distributional derivative works. The proof
of the Leibnitz rule is more or less automatic.

103By definition, this means that 9 is locally described by a graph of a Lipschitz function.
We recall that a function g is Lipschitz if [g(x1) — g(z2)| < L|z1 — x2| for some constant L
for all z1,x2 in the domain of the function.
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Lecture 24, 11/3/2010

Recall that our goal is to minimize functional (280) over a suitable space X of
functions on 2 for which J is well-defined and which vanish at 0€2. From what
we have seen so far it is clear what X should be. The minimizing sequence of J
will always be Cauchy in Hg(£2) and hence it is natural to take

X = H}(Q). (310)

With this choice any minimizing sequence u/ for .J will converge to an element
u € H}(Q), and we have seen in lecture 21 that u will satisfy (283) and (284).
So w satisfies the right equation, at least weakly. We now address the question
if w also satisfies the correct boundary condition, at least in some weak sense at
first. (Later we will see that for smooth data our minimizer will be smooth in
Q and vanish at 99.)

It may be useful to look first at some simple examples of (irregular) domains for
which the boundary condition is not preserved everywhere by the minimization
procedure, i. e. the minimizer @ does not vanish everywhere where the members
of the minimizing sequence u’ do.

Let take a point a € © and consider the domain Q, = Q \ {a} for n > 2. We
claim that H}(Q\{a}) = H (), unless n = 1. This implies that if we minimize
our functional over smooth functions in 2, with the boundary condition that
w = 0 in 09, in dimension n > 2, the limit %, of any minimizing sequence
will be the same as if we do not take the boundary condition u(a) = 0 into
account. Therefore, unless the minimizer @ of the problem is 2 happens to
satisfy w(a) = 0, the problem in €, does not have a minimizer, in the sense that
no sufficiently regular function with w(a) = 0 can be a minimizer. If we take a
smooth minimizing sequence u/ of J in 2, which will satisfy u?(a) = 0, its limit
7 may not satisfy u(a) = 0. Again, all this is true in dimensions n > 2. For
n = 1 the condition u(a) = 1 will be preserved under convergence in H}(Q). (It
is a good exercise to prove this.)

The examples are especially easy in dimensions n > 3. We can clearly assume
a = 0 without loss of generality. Let ¢: R — R be a smooth function supported
in the unit ball By such that ¢ = 1 is some neighborhood of 0, and for € > 0 set

vel@)=v (%) (311)

£

The support of 1. is contained in B.. We still have ¢ = 1 in some (even
smaller) neighborhood of 0. We can calculate

/ \vweﬁd:c:e”*?/ |Vy|>de — 0, n>3. (312)
R™ R

For any u € 2(Q) we can consider the function @ = u(1 — t.). We have

@ —ullgp = [[Vuthe + uVipe||rz < [|Vutbel|re + [[uVipe||z2 — 0, e—0.
(313)
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We any u € 2(2) can be approximate as closely the H}-norm as we wish by
a €D\ {a}). We have shown the case n > 3 of the following

Proposition
2(Q\ {a}) is dense in H(Q)) when n > 2.

Proof: Above we proved the case n > 3. It remains to do the proof for n = 2.
The idea is the same, except we have to be more careful with the choice of ..
Let us consider a smooth non-negative radial function ¢: R? — R supported
in By \ By with [¢ = 1. Set ¢5 = =¢(%) and Ks(x) = ¢s5 * Ko, where
Ko(z) = 3=log|z|. Note that K is constant near 0 and coincides with Ko
outside a ball of radius §. To prove the proposition, assume without loss of
generality that a = 0 and that B, C 2. Let n be a cut-off function such that is
n=1in Bz and supportn C Bz . Finally, set

K(;((E)
K5(0)

¥s(x) = n(x) (314)
The function 15 is supported in Bz, is =1 in Bg for 6 < 7, and a simple direct

calculation shows that ||Vis||p2z — 0 as 6 — 0. We can now proceed with the
proof in the same way as in the case n = 3 above, replacing . by 5.

As an exercise you can show that for n > 2 we also have
WI’Q(Q) = Wl’z(Q \ {a}) and HI(Q) = HY(Q\ {a}). (315)

The functions (314) and (311) can be used to prove theorems about remov-
able singularities for harmonic functions, which are closely related to the above
proposition. For example, one has

Lemmal%*

Assume u is a bounded harmonic function in Q\{a}. Then u can be continuously
extended to €} and the extended function is harmonic in §.

Proof (a sketch): We assume that a = 0. By Weyl’s lemma (lecture 4), it is
enough to show that

/ ulAp =0 (316)
Q

for each ¢ € 2(€2). Our assumption implies that (316) holds for ¢ € 2(2\{a}).
Let ¢ € 2(Q) and let 95 be as in (314) (when n=2). We know that

/Q WA (1~ ) =0 (317)

104The assumptions of the lemma can be weakened in various ways. For example, instead
of assuming that u is bounded, we can make a weaker assumption that |u| grows slower than
Ko(z — a) (the fundamental solution) as & — a, or that u € L? for p > "5 (when n > 3),
etc. Our point here is not to get an optimal result, but to illustrate the effect in a simple
situation.
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We see that it is enough to show that

tim [ wdove) =0, (318)

We write
A(ps) = (Ap)s + 2V Vips + @Arbs (319)

and in (318) we estimate the contribution from these three terms one-by-one,
using that u is bounded. (In fact, u growing slightly slower than the fundamental
solution at a is sufficient.) The most dangerous term is the third one, but we
note that At is large only in Bj, with fB5 |Ags| < ﬁ(o) )

All which we did above for the one-point set {a} can be investigated for more
general compact sets. It is immediately clear that the one-point sets can be
replaced by finite sets. Also, in dimension n we can replace the one-point sets
by (n — 2)-dimensional surfaces. A necessary and sufficient condition for a
compact set K C € to be negligible in the same sense as the one-point sets
above is that the capacity of the set K be zero. This is equivalent to

inf{ / Vo2, o e 2(Q) .0k > 1} =0. (320)
Q

We have seen that in some cases, when the boundary is not smooth, we can
lose the boundary condition at some part of the boundary in the process of
minimization. We will now show that “in the mean” this cannot happen when
the boundary is regular. Later we will still improve this when we prove boundary
regularity, but for now our goal is to show that the boundary condition wu|sq is
preserved in a L2-sense.

Let us recall that the space £(2) of restrictions to 2 of smooth functions defined
in a neighborhood of € is dense in W12(Q) when the boundary of € is regular.
(For example, Lipschitz boundary is sufficient.)

For u € £(€) the boundary values u|sq are of course well-defined. We will show
that for each u € £(2) we have

lulallL200) < Cllullwrz@) (321)

with C' independent of u. This means that the map v — ulsq, first defined on
£(), extends continuously to W12(Q). Therefore for each u € WH2(2) the
restriction u|pq is well-defined as an L2-function on 9Q. The function u|aq is
sometimes called the trace of the function u € W12(Q) and the linear map u —
u|pq defined on W12((Q) is sometimes called the trace operator. For u € 2(Q)
one of course has u|pq = 0 and therefore u|spg = 0 for any v € H}(Q2). 19° We

1051y fact, we will see that when u € H& (2), then “on average” u — 0 as we approach the
boundary. This will be made more precise.
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will see later that this condition characterizes H{ (2) as a subset of W12(Q), at
least when € is regular (e. g. Lipschitz).

For the proofs of the properties of u € W12(Q) near the boundary 9Q we can
again use localization and partition of unity, similarly to what we did in the last
lecture. We can assume without loss of generality that u is a neighborhood of
some point on the boundary 92 in which the boundary is described by x, =
g(x1,...,2n—1) = g(2’) where g is a Lipschitz function defined in some open
ball B»~! € R"~!. We assume that, locally near the graph of g, our domain
is described by z,, > g(z"). Moreover, we assume that for some b > supp g the
set {z = (2/,2,), 2’ € B* 1, g(z') < x, < b} is contained in 2 and that the
support of u is contained in {z = (2, 2,),2’ € B* !, g(a') < x,, < b}.

For a smooth u we can write

and hence

u @ < 6o [ (PN )

g(z’)

Integrating over B!, we obtain (321). 06

Remarks
1. A simple modification of the proof above shows that in fact

1/2 1/2
lluloallz2a0) < Cllullyt 2@ llull g, - (323)

This form of the trace inequality will be useful later.

2. When dealing with the boundary, sometimes it is efficient to change coordi-
nates so that in the new coordinates the boundary becomes flat. In the picture
above that would correspond to g(«’) = const. It is not hard to check that in
the context of W12(€2) the changes of variable z = h(Z) where h is a Lipschitz
homeomorphism with a Lipschitz inverse can be used, and those are sufficient to
“straighten up” (locally) any Lipschitz boundary. If our boundary is smoother,
the map h can be more regular, of course.

3. Let X5 be the surface given by x,, = g(2’) + 6. The function u|s, can be
identified with a function on ¥y C 0fQ is the obvious way. We can now consider
the map

u — ulx, (324)

as a map from W12(Q) to L?(35) ~ L?*(Xo). The above proof shows that the
mapping is uniformly continuous for § € (0, dg) for some dy > 0. In particular
it has a limit as § — 0. We see that in this L? sense any function from W12(Q)
approaches its boundary value as we approach the boundary.

106Note that if we wish to express the surface integral faﬂ ...dz in the coordinates z’, we

should replace dz by /1 + |Vg(2’)|2dz’. When g is Lipschitz, the factor \/1 + |Vg(z)|? is
bounded from above and below, so that the norms which we get if we leave it out will be
equivalent.
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Lecture 25, 11/5/2010

We will characterize the space
H}(Q) c HY(Q) = Wh2(Q) (325)

in terms of the behavior of its function near or at the boundary. The domain
Q) is assumed to be boundary and “sufficiently regular”. For example, Lipschitz
boundary is sufficient.

Theorem
Let u € W2(Q). The following conditions are equivalent:

(i) ue Hy(Q),

(ii) ulsq = 0 (in the sense of the trace operator),
ees u(x) 2
(111) fQ {W} dzx < +00.

Proof: We first prove that (i) is equivalent to (ii). The non-trivial part is
(ii)==-(i). To prove this implication, we note that we can use the partition
of unity to localize the problem, similarly to what we did in lecture 23 when
proving the density of H*() in W12(Q2). We can therefore assume without loss
of generality that u is either supported away from the boundary, in which case
we can directly use mollification to obtain the approximating smooth functions
(see also the last part of lecture 22), or u is supported in a small area near 9€,
and that 0Q is described by z,, = g(«’), with ' = (z1,...,2,-1), g Lipschitz,
and Q locally described by z,, > g(z’). Let us extend u by 0 outside 2, and
let 7 denote this extended function. Let O be some open neighborhood of Q.
We claim that the function @ belongs to W12(O) and that the distributional
derivative w = Vu is given as

0 inO\Q

Vu inQ. (326)

/L’[} =
To prove this, we have to verify the identity

/O—ﬁVgo:/QVugo (327)

for p € 2(0). From lecture 23 we know that we can approximate u by smooth
functions u; defined in a neighborhood of 2. We have

/Vujgaz/ ujgan+/ —u; Ve, (328)
Q o9 Q

where in the first term on the right-hand side we use n to denote the normal
to the boundary. As the map v — v|sq is continuous from W12(Q) to L2(),
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u; — u in WH2(Q) and u|pg = 0, we see that the first term on the right-hand
side converges to 0 as j — oo. The left-hand side of (328) converges to the left-
hand side of (327), the passage to the limit in [, —u;¢ is obvious, and (327) is

established.

The approximation of u is now easy. We shift the extended function % up along
the x,-axis, so that the shifted function is compactly supported in €2, and then
we mollify the shifted function with by a mollifier with sufficiently small support.
The details are left to the reader as an exercise. This establishes the equivalence
of (i) and (ii).

It remains to establish the equivalence of (i) and (iii). We first note that
(iii)==(i) is easy. Let Q. = {z € Q, dist(z,0Q) > €}, and let U. = Q\ Q..
Let n. € 2(Q) be such that 7. = 1 in Q. and |Vn.| < 2/ in Q. Set u. = un..
Clearly u. € H}(Q), and we only have to show that |[Vu — Vu.||rz — 0 for
¢ — 0. However, this is a simple consequence of condition (iii), as it implies
that

2

/ “dr -0  whene—0. (329)
u. €

For (i)=(iii) we will use (a special case of) Hardy’s inequality for smooth

functions v: [0,00) — R vanishing at 0:

/ (E) dz < 4/ /|2 da . (330)
0 0

This shows that, in situation when w is localized near boundary and in an area
where 0 is described by z,, = g(2’), with g: B»~! — R Lipschitz, we have for
a suitably chosen b (so that {x,, = b} is “above” the support of u)

b / 2 b /
/ Mds§4/ |M‘2d3 (331)
g(z’) (5 - g(x/))Q g(x’) 8:13n

As the function is Lischitz, it is not hard to see that for g(z’) < s < b we have
dist((2’, 5),0Q) > ¢(s — g(«')) for some ¢ > 0, and we see that (iii) follows by
integrating (331) over a’. The proof of the theorem is finished.

Remark. An alternative approach would be to locally straighten the boundary
to {z,, = 0} by a suitable change of variables which will change the distance to
the boundary only by a multiplicative factor bounded from above and below.
Then we can take g(z') = 0 in the above arguments.

The above theorem clarifies what happens with the boundary values, and we
now have a good set-up for the minimization procedure of the functional

J(u) = /Q(%WUF — fu)dz (332)

over functions with u|sq = 0. The above results about the space H}(Q2) show
that it is natural to minimize J over this space. In other words the natural
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choice for the space X which we did not quite identify in lecture 21 is
X =H}(Q). (333)

Our investigations in lecture 22 show that J has a unique minimizer inw € Hg (£2).
As J is quadratic, it is differentiable is any direction v € H}(Q) and J'(u)v =0
translates to

/ VaV = / fv for each v € H} (). (334)
Q Q

We have seen that the boundary condition @|spn = 0 is guaranteed at least in
the L? - sense by uw € H(2). It is also easy to verify that u satisfies the
equation Au = f in  in the weak sense introduce in lecture 4. We now adjust
our terminology so that we can distinguish between the various notion of weak
solutions.

1. A weak solution of the boundary-value problem Au = f in Q and u|gq = 0
is a function w € Hi(Q) satisfying (334) for each v € H}(Q).

2. A local very weak solution of the equation Au = f is Q is a locally inte-
grable function u satisfying

/ ulAp = / fo for each ¢ € 2(Q). (335)
Q Q

3. A wvery weak solution of the boundary value problem Au = f in 2 and
u|aq = 0 is an integrable function u in Q satisfying

/Q uhp — /Q fo (336)

for each smooth ¢: Q — R with ¢|pq = 0.

In the context of the minimization of the functional J the notion of the weak so-
lution is very natural. Note that for our problem we get existence and uniqueness
of the weak solution of a boundary-value problem quite easily. As we have seen,
the existence can be obtained from the direct minimization of J over H}(Q).
The uniqueness follows from the strict convexity of the functional J and can also
seen directly from the equations: if we had two different weak solutions w1, usto
the problem Au = f, ulsq = 0, then their difference v = u; —up € HE(Q)
would satisfy equation (334) with f = 0, which means that [, VoVw = 0 for
each w € H}(Q). Taking w = v we see that v = 0.

The definition of the very weak solution is also quite natural in case we wish to

work with minimal possible regularity of f. However, the proof of uniqueness
is not as straightforward in this case.
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In general, a good generalization of a notion of a solution should preserve unique-
ness for problems where uniqueness is expected.

So far we have dealt with the equation Au = f and the boundary condition
ulpo = 0. It is easy to adapt the “Direct Method” to much more general
situation. As we will see, the methods is very flexible, and can accommodate
easily more general situations, such as variable coefficients, systems of equations,
various types of boundary conditions, etc. Also, variational formulations are
very suitable for setting up numerical schemes: roughly speaking one just needs
to replace X = H}(Q) by a finite-dimensional subspace.!0”

1070f course, details concerning to choice of the subspace can lead to non-trivial questions.
These are studied in Numerical Analysis.
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Homework assignment 2
due November 22

Prove the following statement.

Let u: R3\ Bgr — R be a bounded harmonic function. Then for each m € N
we can write

— 1 L0 1 02 1
u(z) = A+ang+3; @ 50 Ta] +2 ik e rav e e
oo 1 1
+ Zj1)~-7j7n Ajy.jim Oz ...0xj,, || + O( ‘$|m+2) |$| — 00,
where A,a,a;,...,a;j, .. ;. are suitable constants.
Hint:

Extend u from R?\ Bag to R? to a smooth function @ on R3. Then consider
the function )
v(x) = ——Au(y) dy . 337
@ = |~ dy (337)
Show that v —u is constant. Note that for large x one can expand the expression
ﬁ into a power series in y. Use the necessary number of the terms of this
power series in (337).

Remark
Consider the following transformation taking a function v in R™\ By to function
v on Bj given by

x
u(z) = Ko(z) U(W)’ (338)
where Ky is the fundamental solution, Ky(z) = —W. We can

write v = Tu. The transformation T is called the Kelvin transformation. It
can be shown that T takes harmonic functions into harmonic functions. (You
can prove this as an optional part of the homework.) The series above for u at
x — oo is related via the Kelvin transform to the Taylor series of v at = 0.
This can be used as an alternative way to establish the series for u at co.
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Lecture 26, 11/8/2010

Let X be a Hilbert space over R with scalar product z,y — (z,y) and let
l: X — R be a linear functional. We recall that
f] = sup [I(z)]. (339)
||| <1

A classical theorem of F. Riesz says that [ can be represented by an element of
X via the scalar product: there exists a unique a € X such that

l(z) = (z,a) zeX. (340)

We have ||I|| = ||all.
We have de facto proved this theorem when we established the existence of a
minimizer for the functional J in lecture 21: we can just go through the proof
with )

J(x) = §Hf€||2 —(z) (341)

and we note that the minimizer a of J satisfies (340).

We can also take the Riesz theorem as a starting point, and apply it to the linear
functional v — [, fv in the Hilbert space X = Hg(2) with the scalar product
(u,v) Hl = fQ VuVwv. This immediately gives the existence and uniqueness of
the weak solution for problem (279).

Important classes of equations with variable coefficients are also immediately
covered by the Riesz theorem, or the minimization procedure used for J. Let
a;; = a;;(x), 1,5 = 1,...n be bounded measurable functions satisfying

aij(2)&& > v[EfP EeR™, (342)

where we sum over the repeated indices, as usual. Let also ¢ = ¢(z) be a
non-negative bounded measurable function in 2.

Assume
aij = CL]‘Z‘ (343)
and consider the functional
1 ou Ou 1
J(u) = /Q 5 i (x)a—xla—x] + 3 c(x)u? — f(x)u. (344)

Thanks to the assumptions on a;; and ¢, one can show again, in the same way,
that J has a minimizer u on Hg () and that

A(aijgjg + cuv — fu)dx =0 v e HYHR). (345)
j

Lg

This means that

0 ou

_% (a”aixj) +cu = f (346)
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in the sense of distributions, and we also note that u|sq = 0 (in the sense of the
trace operator) since u € H}(Q).

Alternatively, we could define a new scalar product

Ou Ov
(u,v)q,c = /Q(aij(‘?xjaxi + cuv) dx (347)
on H}(€), which is easily seen to be equivalent to the standard one, and apply
the Riesz theorem. We leave the details for the reader as an easy exercise.

There are important classes of equations which are not covered by the above.
For example, let us consider

ou

—AU"F[%‘% =
J

f (348)

where b = (by,...,b,) = (b1(x),...,bn(z)) is a bounded measurable vector

field.1%® The term bj% is often called “drift”. Such equations arise in many
J

situations and in general are not covered by the simple application of the Riesz

theorem we saw above. The following generalization of the Riesz theorem ad-
dresses this problem.

Let us fist introduce some terminology. Let A = A(z,y) be a continuous bi-
linear form on a Hilbert space X. This means that A is linear in each variable
and |A(z,y)| < d|z||||ly|| for some ¢ > 0. The form A is not assumed to be
symmetric, i. e. A(z,y) may not be equal to A(y,x). We say that A is coercive
if there exists o > 0 such that

Az, x) > af|z|]*. (349)
Lemma (Lax-Milgram)
Let A = A(x,y) be a continuous bilinear form on a Hilbert space X. Assume

that A is coercive and let o be as in (349). Then each continuous linear func-
tional [: X — R can be uniquely represented as

I(z) = Az, a) for allxz € X, (350)
with a € X and ||a]| < ]]1]].
Proof: For each y € X define Ty by
Az, y) = (z,Ty), z e X. (351)

The existence of Ty follows from the continuity of A and the Riesz theorem. It
is easy to see that the map y — Ty is a bounded linear operator on X. We

108 The assumptions on b (and also on ¢ above) can still be relaxed, we are not striving for
the greatest possible generality at this point.
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need to show that 7T is invertible. Once the invertibility is established than we
can write [(z) = (z,b) for some b € X by the Riesz theorem, and using the
invertibility of T we see that

I(x) = (2,b) = A2, T~ '), reX, (352)

and we take a = T~ 1b.
We note that T satisfies
(T, x) > oflz|. (353)

We show that a bounded linear operator T satisfying (353) is invertible, with
171 < L.

We note that the condition (353) gives the required bound: Tx = y implies
al|z||? < (Tx,z) = (y,7) < ||=||||y|| and hence ||z|| < L||y||. This shows that
the range of T is closed. No vector non-trivial vector y € X can be perpendicular
to T'(X), as this would mean (T'y,y) = 0, and hence T'(X) = X .19

As an example of an application of the Lax-Milgram lemma, let us consider a
bounded vector field b = (by,...,b,) = (b1(),...,by(z)) with divb = 0. For
f € L?(Q) consider the problem

—Au+bVu = f inQ,

v = 0 atoQ. (355)
The weak formulation is: find u € HE(Q) such that
A, v) = 1(v) = /Q fo for cach v € Hi(Q), (356)
where
Alu,v) = /Q[Vqu + (bVu)v] . (357)
Since divb = 0 it is easy to check that
A(u,u) = /Q |Vu|? (358)

1090ne can also see the invertibility of T directly in the following way. Let us write T = S+ B
where S is symmetric and B is anti-symmetric, i. e. B(z,y) = —B(y,x). We recall that if M
is a continuous invertible operator, then M + N is invertible for ||N|| < [[M~!||~!. We note
that (Sx,z) > af|z||? and since S is symmetric, we know it is invertible by the Riesz theorem,
with L

Is™HI < = (354)
e

The operator S+ ¢B will be still invertible for |t| < tg = ﬁ, and will satisfy the same bound

1
(s +tB)~1 < —.
@
This means that we can repeat the argument with S replaced by S + tB and we get that

S + tB is invertible for ¢t < 2tg. It is clear that this can be continued to reach any ¢, and in
particular ¢t = 1.
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and hence A is coercive in H{(2). We conclude that the problem (355) will
have a unique weak solution for each f € L*(Q).

It turns out that the result is true even without the assumption divb = 0, but
we will need to develop the theory a little further to see that.

Remark

Note that when divb = 0, we can write —Au + bVu = — 22 (a;;2%) where
i J

ai; = 035 + ¢ij with ¢;; = —cj;. This form of the equation is sometimes useful.

Up to now we have dealt only with the Dirichlet boundary condition. Next time
we will consider other boundary conditions.
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Lecture 27, 11/10/2010

Let us first indicate how the problem

Au = 0 in€Q,

u = g atof, (359)

fits into the “Direct Method” setting.
One to solve the problem is to minimize the Dirichlet integral

/ |Vu|? (360)
Q

over

Wh(Q) = {u € W'(9), ulon = g}. (361)

Using the techniques we developed, there is no difficulty in showing that the
problem has a unique minimizer as long as W,*(€2) is non-empty. This is
clearly so for “sufficiently regular” g, for example g € W12(0Q). In general,
the requirement ng 2( ) # 0 does represent a restriction on g. The precise
result is that W;*(Q) # 0 if and only if g € W2-2(99), which is a space we
have not really defined yet. For now we will not go into these questions in more
detail. Instead we will illustrate where restrictions may come from with the
following example. Consider Q = B? = {z € R?, |z| < 1}. The boundary 99
is the unit circle S*. Let r, 0 be the polar coordmates in the plane. The angle
6 parametrizes the circle S* in the obvious way. The function g describing the
boundary condition can be thought of as a function of 8, and we can consider

its Fourier series A
= gre'*?. (362)
k
The solution of (359) can be written in polar coordinates as

u = u(r,0) ngrlk‘ k6 (363)
keZ

We can calculate the Dirichlet integral (360) in terms of the Fourier coeffi-
cients gy:

8u ou
/|Vu|2 8r) +( 89) ]rd@derk\ng (364)

We expect that g belongs to ng(Q) if and only if Y, k|gx|? < 400, which is
indeed the case. This condition can be used to define the space W%’Q(S D). Asan
exercise, you can give an example of a continuous function g on S* which does
not belong to W22(S1). For such a function we cannot solve the problem (359)
directly by the minimization of the Dirichlet integral (360), because the integral
cannot be finite. On the other hand the solution clearly exists, we can write
it as the Poisson integral, for example. So there are some constraints on the
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applicability of the direct method, but in practice they rarely present a serious
concern. For example, in the case at hand we can approximate g by smooth
functions g. for which we do get a solution u. by minimization, and then show
that u. converge as g. — g.

Assume W}2(Q) is not empty and let g € W'2(2) be an extension of g. We
can use the theorem we proved last time to conclude that

W2 (9) = g+ Hy (), (365)
and hence minimizing (360) over W,»?(Q) is the same as minimizing
J(w)=v — / Vo + Vg|? (366)
Q

over Hi (). Note that

J(v):/ (|W\2+2wvg)+/ 1g|* (367)
a0 0
The last term is constant, and it does not play any role in the minimization.

The term v — [, 2VgVv represents a continuous linear functional on H{(€2),
and the equation J'(v)p =0 is

/ (2VuVe +2ViVe) =0, ¢ € Hy(Q), (368)
Q

which means that Av + Ag = 0 in the sense of distributions, which is what we
needed.

The above is an example that, in addition to the linear functionals v — fﬂ fv
on H}(Q), one can also consider the linear functionals of the form

v
v%/ﬁfjaxj/ﬂva (369)

where f = (f1,...,fa) is an L?(Q) vector field. The equation we get from
minimization of

1
u— | =|Vu* - fVu (370)
02
is 9
Au=divf = a;z . (371)

For sufficiently regular f and u € H}(Q2) we have

/QfVu:/Q—(divf)u (372)
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so for regular f and minimization over H} (£2) we do not get anything new. How-
ever, when we minimize over spaces where the boundary value is not fixed, the
integration by parts in(372) results in and additional boundary term [, f;jn;u
which will affect the boundary condition.

Let us now consider other boundary value problems. Let us consider the func-
tional

= 1 0uwdu 1 5 1 5
J(u) = /Q (2Cl13 9z, 0z; + 2cu fu) 4—/3Q <2fyu gu) , (373)

where the coefficients a;;, ¢,y and the functions f,g satisfy the following as-
sumptions:

e a;; = ai;(x) are bounded measurable and satisfy the ellipticity condi-
tion (342). Note that only the symmetric part of a,; plays a role, so we
can assume that a;; = a;;.

e ¢ =c¢(z) and v = y(x) are bounded measurable,
e f,g are L?-functions on Q and 952 respectively,

e The quadratic part of J is coercive, in the sense that for some x > 0 we
have

1 Oudu 1 4 1, 2
_ Sy z - > . 4
1) = [ (Gurge o+ 5ot ) + |5 = wlulfiey - (370

We will discuss the coercivity assumption and its variants in some detail
later on, for now let us just note that it is trivially satisfied what ¢ > § > 0
and v > 0.

Tt is clear from the continuity of the trace operator u — u|sq that J is continuous
on W12(Q). We can use minimization or the Riesz representation theorem to
show that J has a unique minimizer in W12(Q) and the equation J'(u) = 0 has
a unique solution on W12(£2). The condition J'(u) = 0 is

Ou Ov B 1.2
A(azja%am+cuva>+[39(yug)o, v EWI2(Q).  (375)

Note that no boundary values for u were fixed in advance. The minimization
procedure will “choose” the boundary conditions for us. Let us now interpret
what (375) says in terms of an equation for u and the boundary conditions.
As we have done before in similar situations, we integrate by parts to obtain
an expression in which v comes with no derivatives. This time we have to pay
attention also to the boundary terms. In fact, the only integration by parts we
have to do is in the first term:

ou Ov ou 0 ou
R A = ij 5 i —(z-aiim)v, 376
/Qajﬁxj 8.Ti /majaxjnv—k/g (al‘ia]al‘j)v ( )
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where n; denotes the components of the outward unit normal to 2.

At this point this identity is “formal”, in the sense that it is true for “sufficiently
regular” functions, but we are not sure if we can justify it for u € W2(), even
when v is smooth. More precisely, while the term on the left-hand side is
clearly well-defined and if we did not have the boundary term on the right-hand
side we could say that the identity actually defines the term fQ —(a%iaij%)v,
when v does not vanish at the boundary, we have two terms on the right-hand
side of (376) which are not well-defined (even when v is smooth), and for a
general u € W12(Q) we cannot really define them individually. However, our
u is not a general function in W12(Q), we know that it satisfies (375) for each
v € W12(Q), and this can be used to define the two terms on the right-hand
side of (376) individually.

We first use (375) with v € Hg(£2) to conclude that

—aiiaijggj +eu=f in Q (377)
in the sense of distributions. That is the equation associated with the functional
J. Once we know that u satisfies this identity inside (2, we can use it to define
the second term on the right-hand side of (376) by simply substituting f — cu
for _a%iaijc%;' Then the first term on the right-had side is defined by the
other two terms. In particular, for the solutions of (377) the normal derivative
a;j %ni is well defined, at least in the sense that f(,m a;j %niv is defined for
every smooth function v (and, in fact, for every function which can be obtained
as trace of a W12(Q) function).

The resulting boundary-value problem associated with the functional J will be

) ) :
oz Gijpg; tou = f inQ, (378)
aij %ni +yu = g atoQ.

When v = 0 the boundary condition is called the Neumann boundary condi-
tion. The Dirichlet boundary condition ulsg = 0 can be obtained in the limit

v Foo.

Note that the derivative which comes into the Neumann boundary condition is
closely associated with the operator. In principle one can consider boundary
conditions of the type

ou
bj(?ch +yu=yg at 082, (379)
where (by,...,by,) is a given vector field at 92, whose non-tangential part does

not vanish at 9. This is possible, and the problems have been studied (the term
“oblique derivative boundary condition” is often used in this connection), but
the simple variational approach above does not work for such problems, except
for the special case when b; = a;;n;. This might seem restrictive, but in practice
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the Neumann condition with a;; %ni (or the Dirichlet condition) is often the
correct boundary condition for the model one is considering. This is exactly
because the correct model is often governed by some type of functional (such
as energy) which should be minimized. The minimization then gives the right
boundary condition. This can also be used in the numerical approximations.
In the situation above with the functional J, we have no trouble designing the
right boundary condition for numerical approximations: one just takes J on
a suitable finite dimensional subspace of Y C W12(Q), and minimizes J over
Y. The boundary condition “takes care of itsef”. This is why the boundary
condition in (378) is often called the “natural boundary condition”.

The Neumann boundary condition a;; (%;ni often has a clear physical meaning.
For example, if we talk about electric potential u in a body with electrical
conductivity given by the tensor a;;, then the quantity I; = aijaaTuj corresponds
to the electric current. The Neumann condition then is that I;n; = 0, which
says that there is no flux of electricity through the boundary. This will be the
case when the boundary is “left alone” and no external devices or fields are
employed to influence the electric potential there.

We note that we can affect the boundary condition by other terms in the integral
fQ .... For example, if we add to the functional the term

5 (350)

then the expression for J'(u)v will change by

(25}

. 5‘:8] v+ - finjv (381)
and the last term will contribute to the boundary condition. Note that if
ng; =0, then the effect of the term will be only on the boundary condition,
the equation will remain the same. Such terms in the functional are often called
“null lagrangians”. We should mention more terminology: The expression defin-
ing J, namely

1 ou Ou 1 ou

L(z,u,Vu) = %G, S om +3 fu—kf]8 83: —u (382)
J

(where we added the extra two terms with f; and b;) is called the lagrangian.
The equation J'(u) = 0 is called the Euler-Lagrange equation. Note that the
boundary terms in (373) can be added by taking adding f; 5 ou and bjg u with

suitable f;, g; satisfying 3 fJ =0 and (%J =0 to the lagranglan.
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Lecture 28, 11/12/2010

We plan to address the issue of coercivity of the functional (373) and also of
more general forms A(u, v) appearing in the variational formulation of boundary
value problem. An important tool will be the Poincare inequality below. We
first introduce the following notation.

Lr=wif,r
o=]{9f~

Lemma (Poincare inequality for cubes)
Let Q@ = Qr = [0, R]"™. Then for each u € W%(Q)

/ i — (w)ol? < nR2/ V2. (383)
Q Q
Proof: It is enough to prove the inequality for smooth functions, due to the

density results in lecture 25. We note that by a simple application of the Cauchy-
Schwartz (or, alternatively, Jensen’s) inequality we have

/|u (w)ql? = /|][ dy|2dx</][ () —u(y)[2 dz dy . (384)

We can write

Y1 ou Yn Qu
u(y) —u(z) = Fr —(s,29,...,xp)ds+ -+ Dz, — Y1y, Yn—1,5)ds.
1 " (385)
Writing the right-hand side as I7 + ... I,,, we see that
lu(y) —w()> < (I + -+ 1) <n(If+ ... T3). (386)
A simple application of the Cauchy-Schwartz inequality shows that
I2<R/ |7 xla"'7xj*1a87yj+1~~'7yn)|2ds‘ (387)

Using this, integrating (386) over z and y, and dividing by |Q| = R™ we obtain

/Q]é u(z) — u(y)|? de dy < nRQ/Q |Vu(z)|? de (388)

which — keeping in mind (384) — completes the proof.
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Remark
It is clear that the previous estimate is not optimal, note that in (387) we are
throwing away a lot of information. A more careful calculation shows that in

fact
0@) = w W o [ oo
Lo s [ wura (359

for any convex set . This can be seen as follows. We have

u(y) —u(z) = /0 Vu((l —s)x + sy)(y —x)ds (390)

and a simple application of Cauchy-Schwartz inequality (or Jensen’s inequality)
gives
|lu(z) — uly

Vu((l - s)x+ sy 2ds. 391
)t [ o+ ) (391)

Letting F(x) = |Vu(z)|? and integrating over z,y, we see that it is enough to

show
/][/ 1—5x+sy)dxdyds<2"/F (392)

This is not hard: we can split the integration over s as

1 1/2 1
/ ds :/ ds +/ ds. (393)
0 0 1/2

It is enough to estimate f11/2 ds, the estimate of the other part being similar.
We have

/QF((l—S)x+sy)dy=8‘”/SQF((1—8)x+n)dn§8‘"/QF§2"/QF,

(394)

and integrating over s > 1/2 and = € @ we obtain the required estimate.!°

The proof of the Poincare inequality for cubes/convex sets can be generalized to
other domains, but it is easier to handle the case of a general domain somewhat
indirectly, via a compactness argument based on the following compactness
result which is a relatively easy consequence of the Poincare inequality for cubes.
The result is crucial in many other situations.

Theorem (Rellich)
The set {u € W2(Q); |Ju|lw1.2(q) < 1} is compact in L*(R).

110 An alternative proof can be done by evaluating the left-hand side of (392) with the co-area
formula. For the co-area formula see for example the book of H. Federer “Geometric Measure
Theory”, Theorem 3.2.12, p 249. That approach is not simpler than the elementary estimate
above, but it provides a good exercise for calculations with the co-area formula.
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Corollary (The Poincare inequality for bounded domains)!!!

Assume ) is bounded and u € W2(Q). Then

/ i — (w)al® < C(Q) / Vul?. (395)
Q Q

Proof: Let us first show that
ooy < €L 1Val?+(f w) (396)

for a suitable C = C(£2). We argue by contradiction. If the statement failed,
there would exist a sequence uf € W2(Q) with |[u”||y1.2(0) = 1 and [, |[Vu*|?+
( fQ uF)2 — 0. By the compactness theorem, we can assume that u* converge
strongly in L? to some function @. As ||[Vu*||z: — 0, the distributional deriva-
tive of @ vanishes, and hence u = const. Also, fQ (uF)2 — 1, and therefore, due
to the L?(2) convergence of the sequence u¥ we have [, (7)* = 1. However, as
fQ u® — 0, we see that @ = 0, a contradiction.

If we use (395) for u — (u)q, we obtain (395).

111Recall that, by definition, all domains are connected.
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Lecture 29, 11/15/2010

Before going to the proof of Rellich’s compactness theorem, let us give another
example where it can be applied to prove coercivity. As usual, we assume that
Q is bounded domain with sufficiently regular boundary. (Lipschitz boundary
is sufficient, for example.)

Let v: 092 — R be a bounded non-negative measurable function with

/8 >0 (397)

Then there exists C' > 0 such that

ullfy12(q) < C </Q|Vu|2+/89’yu2> . (398)

The proof is similar to the proof of (396) from the last lecture. Assuming
that the statement fails, we get a sequence u* of functions in W12(f2) with
|[u¥|lw12 = 1 such that [, [VuF|> + [, v(u*)? — 0 as k — co. By Rellich’s
theorem we can assume u* — @ in L2(Q) as k — oo. As in the last lecture, we
can conclude that @ is constant, [, [u[* =1, and u* — @ in W2(Q). This also
shows that u*|sq converge in L2(9)) to the constant ¢ = @, contradicting to

faﬂ y(uF)? = 0.

Proof of the Rellich’s Theorem.

Let X = {u € W12(Q), ||ullyr2 < 1}. We wish to show that X is a compact
subset of L%(2). We note that X is closed in L?(2). This is because if u* € X
converge in L? to u, then the (distributional) gradients Vu* are bounded in L?
and satisfy for each ¢ € Z(Q)

/Vukgo:/—ungp%/ —uVy, k—oo. (399)
Q Q Q

This shows that the sequence Vu* is weakly convergent in L?(2), the distribu-
tional gradient of u is the weak limit of Vu* and u € X. 112

The main point of the proof is to show that X is totally bounded in L?(£2), which
means that for each € > 0 we can cover X by finitely many L2-balls of radius
€. Let us consider the following statement:

(x) For each € > 0 there exists a finite-dimensional subspace Y. C L*(Q) such
that the orthogonal projection P.: L?()) — Y. satisfies

|lu— Peullr2 < e (400)

112You should go through this argument carefully, as we have not used weak convergence
before.
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for each u € X.

It is not hard to see that (x) implies the total boundedness of X: the set
{u €Y., |[ul]|pz < 1} is compact, hence we can cover it by finitely many balls
of radius e. Now (400) shows that if double the radius of these balls, they will
also cover X.

We prove (x) when Q is a cube ). This will establish compactness of the
unit ball of W12(Q) in L?(Q). The compactness for general Lipschitz  then
follows from the usual localization and boundary straightening technique.!'?
Alternatively, one can also prove (x) directly for Lipschitz domains. From the
proof for @ it will be clear how to proceed in that case.

Let Q@ = Qg. Set r = R/m, and divide Q into N = m™ cubes Q1, ..., Qy of size
r. For u € L?(Q) we denote by Pu the piece-wise constant function which is
equal to (u)q, = JCQj u on Q. Clearly P is the orthogonal projection of L?()
onto the subspace consisting of functions constant on each cube @;. By the
Poincare inequality from lecture 28, we know that

/ i — (W), |? < m«2/ IVl (401)

J J

Summing over the cubes, we obtain

/ lu — Pul?® < nrz/ |Vul?, (402)
Q Q
which gives (400) with e = /nr.

Remarks

1. The proof above is quite similar to the proof of the classical Arzela-Ascoli
theorem about characterization of relatively compact sets in the space of contin-
uous functions, except that estimates of oscillation of the functions are replaced
by the Poincare inequality.

2. The proof can also be done by using Kolmogorov’s criterion of relative com-
pactness for subsets of L? spaces in (subsets of) R™.

1131t is a good exercise to do this in detail.

108



Lecture 30, 11/17/2010

We consider a Lax-Milgram form

ou v ou -~ Ov
A = i——=— +b;j— bju— 403
(U,U) /Q (alj awj axZ + Jaxjv+ ]uamj +CU1}> + /[;Q yuv, ( )
where the coefficients are bounded measurable functions, and, in addition, the
a;; satisfy the ellipticity condition

aij&i&; > v|E)?. (404)

The form is considered on some closed space X, with H}(Q2) ¢ X ¢ WH2(Q).
The space X is determined by the boundary conditions. Here are some exam-
ples.

1. Let Iy C 99 and setX = {u € W'2(Q), u|r, = 0}. This space cor-
responds to prescribing the Dirichlet boundary condition on I'y and the
Neumann/mixed boundary condition on the rest of the boundary.

2. Let 09 consist of connected components I'g,T'y,..., ', and assume that
I'y is also the boundary of the unbounded connected component of the
complement of Q.

X ={ueW"(Q), ulr, = 0,ulr, = ¢j, with c1,¢s,..., ¢, € R not fixed}.

‘ (405)
Similar space could be used when dealing with problems of electrostatics
mentioned in lecture 7. The condition u|r, = 0 corresponds to the system
being enclosed with a grounded conducting surface, and the condition that
u is constant on each I'; corresponds to I'; being made of conductors. If
the total charge contained in I'; is given for each j, we add frj ug; (for

suitable constants g;) to the linear functional / which represents the “right-
hand side” in the abstract formulation of problem, se below. (In the “PDE
formulation” this part of the functional will not contribute to the right-
hand side in the interior, but it will specify the integral of the normal
derivative over each I';, which corresponds to the change.)

3. X = {u e Wh(Q), [,qu = 0}. This is a good space to take when
considering the Neumann problem and the coefficients l;j, ¢ vanish.

The differential operator associated with A is formally given by
(Lu,v) 2 = A(u,v), v e HYN) (406)

and one has

0 ou ou 0
LU——aTEi(%‘aTj)‘F jaij—ajj(bjuwfcu- (407)
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If we take v € X we obtain (formally)
A(u,v) = (Lu,v) 2 + boundary terms (408)

The boundary terms will be
9 _
/ aij—univ +bjnjuv + yuv (409)
oQ 8.’Bj

and they will contribute to the boundary conditions, in addition with the bound-
ary terms coming from the linear functional [ below, and the possible Dirichlet
boundary conditions incorporated in the definition of X. (The boundary condi-
tion covered by this set-up include only the “natural boundary condition”, we
do not consider the oblique derivative problems mentioned in lecture 27, (379).

Let [ be a continuous linear functional on X. We will denote by X* the space
of continuous linear functionals on X. A typical [ is

0= [ fwtfige+ [ v (410)
J

where fo, fi,..., fn are L?-functions in Q and ¢ is an L? function on 6.

The abstract problem of finding u € X with
A(u,v) =1(v), veX (411)
corresponds to

_ 9

Lu= 0 61‘
J

in Q, + boundary conditions. (412)

Note that the term [, fj%”j can also contribute to the boundary conditions, as

already discussed at the end of lecture 27.

Let us first consider the case of a coercive form A. We assume
Alu,u) > allullfnz,  weX, (413)

for some a > 0. With this assumption the problem (436) is uniquely solvable
(by the Lax-Milgram Lemma) and the solution u satisfies

1
< =[] x 414
[lull < —flHlx- (414)

where

lx+ = sup I(v). (415)
[lvlly1,2<1, veX

Let G4: X* — X be the solution operator which takes [ to the solution u. As
each f € L*(Q) defines an element of X* by v — [, fv, the operator is defined
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on L?(Q). By (438) G4 maps the unit ball of L?(2) into a bounded subset
of WH2(Q). In view of the Rellich compactness theorem, this means that the
operator G 4, considered as an operator from L?(Q) into L?(2) is compact. (It
is still useful to keep in mind that G4 is defined on the larger space X*.)

We can repeat the above consideration with A replaced by A* defined by
A*(u,v) = A(v,u) . (416)

(The space X remains the same.) Obviously A(u,u) = A*(u,u) and hence A*
is coercive, with the same constant a.

Remark

If we work with spaces of complex-valued functions, then we have to make the
usual adjustments to the definition of scalar products and the adjoint operator.
For example the form A could be defined by

Lj

ou Jv Ju - Ov

A(u,v) = /Q <a” 9z, Oz, +b; (%cjv + b]u(9 + cuv) + /BQ yuv,  (417)
and the adjoint A* by A*(u,v) = A(v,u). If we use this definition and keep our
other conventions, then v — A(u, v) gives anti-linear functionals, i. e. functionals
I with [(zv) = Zl(v) for z € C, and we should work with these. For example, for
f € L3(Q) we consider [(v) = fQ fv. We also need to generalize the Lax-Milgram
Lemma to the complex Hilbert space situation, which is an easy exercise. In
what follows we will continue working with the real-valued functions, but we
still will use the notation A*, L* etc., even though it could perhaps invoke spaces
over the complex numbers. An alternative would be to use the notation A’, L’
for the adjoints when we work over the real numbers. These notational issues
are not a serious concern, there will be no danger of misunderstanding.

Let L, L* be the differential operators associated with the forms A(u, v), A*(u, v).
It is easy to see that, formally (Lu,v)? = (u, L*v)%.

Let G4~ the solution operator corresponding the form A*. As G4 before, G 4+
can be considered as operators on L?(2).

Lemma
With the notation above, we have for fi, fo € L*(£2)

(Ga f1, fo)r2 = (f1,Gax fo)r2 . (418)
In other words G 4~ is the L?-adjoint of G 4:

Ga =G (419)
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Proof
Let Gafj =uj, j=1,2. We just go through the definitions to verify

(Gafi, f2)r2 = A(uz,u1), (f1,G ax f2) = Aluz, u1), (420)

which of course implies (418).

If the form is symmetric, i. e. A* = A, then the problem (436) corresponds to
finding the minimizer of the functional

T(u) = %A(u,u) () (421)

in the space X. In this case the operator G4 is self-adjoint. We have seen that
it is also compact. Recalling the important fact that every compact self-adjoint
operator on a Hilbert space is diagonal in some orthonormal (Hilbert) basis, we
arrive at the following conclusion:

Theorem

Assume A is symmetric and coercive. Then there exists a sequence functions
@1, P2, ... in X, and real numbers A\; > A > --- \, 0 such that ¢1, ¢2,... form
an orthonormal Hilbert basis in L*(Q2) and

Gagj =N\ . (422)

Proof
Let f € L?(Q), f # 0 and u = Gaf. Since A is coercive, we know that u # 0
and

(Gaf, ez = Alu,u) > af|ul[fyr2 > 0. (423)

This shows that the spectrum is non-negative and that 0 is not an eigenvalue.
The operator G 4 maps L?(§2) into X, and therefore the equation \;¢; = G 4,
shows that all eigenfunctions are in X.

In terms of the differential operator L the equation for eigenfunction is

1
¢, + boundary conditions, (424)

Lé; = 5

where the equation is satisfied in the sense of distributions and the boundary
conditions are determined by the choice of the space X. For instance, in ex-
ample 1 above, the boundary condition for each ¢ = ¢; is ¢ = 0 on I'g and
aij %ni + (bjnj +7)¢ = 0 on dQ\ Ty. (The last equation can be taken as it
is only when ¢ are sufficiently regular which, as we shall see, is the case when
the coefficients areaimooth. In the general case of non-smooth coefficients when

the expression a;;j 7.~ is not defined point-wise, one has to interpret it in a weak
J

sense.)
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If A is not symmetric then G4 wil not be self-adjoint. In general, compact
operators on a Hilbert space which are not self-adjoint may not have to have
any eigenvalues, the spectrum can be just {0}. However, this cannot happen
with the operators G4 above. Even for non-symmetric A one can show that
the real spectrum is non-trivial. This is a consequence of the Krein-Rutman
theorem. In general we will have complex eigenvalues. '

There are important cases when the form A is not coercive, and yet the bound-
ary value problem is uniquely solvable. Let us first consider the following toy
example:

Consider —u’ —|— au = f on (0,7), with 4(0) = u(w) = 0. The corresponding
from A is A(u,v) fo u'v" 4+ auv), which is not coercive for a < —1, as one can
check by using the Fourier series u = Y ;- , ug sinkz. From the Fourier series
one can also see that the problem is uniquely solvable for each f € L? if and
onlyifa# —k% k=1,2,....

The above example is a special case of the following consequence of the spectral
theory for the compact operators G 4 considered above. If A is coercive and L is
the corresponding operator, than the problem Lu— Au = f + natural boundary
conditions is uniquely solvable for all f € L?(Q2) when for all A € R\ S, where
S is a discrete countable subset of R. The forms corresponding to L — A are not
coercive when \ is large.

In general, the Lax-Milgram form associated with the equations such as
ai]( )UU I UIBQ =0

2
(where u;; denotes afi 6“wj) or

Au+bj(z)u; = f, ulsg =0

(where u; = @) are not coercive, although there are interpretations of those
J oz

equations!!® from which it is more or less clear that they should be uniquely
solvable. We will see that one can still use the Direct Method approach to
handle these cases, but only with the help of additional arguments (such as the
maximum principle).

11415 the space generated by the (possibly complex) eigenfunctions dense in (the complexifi-
cation of) X7 I am sure this has been investigated and the answer should be in the literature.
1155uch as the probabilistic interpretation
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Lecture 31, 11/19/2010

We now consider problems with non-coercive Lax-Milgram forms. We assume
that A(u,v) is of form (403) as in the last lecture (with the same assumptions
of the coefficients). As before, A(u,v) is considered on some space X with
HY(Q) € X ¢ WH2(Q), which is dictated by the boundary conditions.

For A € R we consider the form

Ax(u,v) = A(u,v) + Au,v)3 . (425)

Lemma
There exists Ao such that for A\ > \g the form A, is coercive in W12(§2), with

Anww) > Sllulfre,  ue WHQ), (426)
where v is the constant in the ellipticity condition (455).
Proof: We have

Al ) > / (v|Vuf? — Cy|Vullu| - Calul?) — 03/ luf?2. (427)
Q o0
We use )
Vallul < 2Vl + o ul (428)

. o .
and choosing € = 507 We obtain

A(u, w) z/ (y|vu|2—3|vu|2—c4|u\2) —03/ 2. (429)
Q 4 o

If it was not for the boundary term, this would prove the lemma (with Ay =
Cy+1/2).

To deal with the boundary term, we use

luloalZ2(a0) < Cllullwra@llullL2@) - (430)

To obtain this strengthened version of the trace inequality (321), it is enough
to replace the identity

b / s
e sgla) = [ P g (431)

gy Orn

in the proof of the trace inequality by

b ’ 2 b /
Olu(z’, s)| / ou(x’, s)
/ nY(2 _ _ _ 17 /
u(a gla"))| /g@,) o= [ 2P as, (432
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integrate over 2/, and use the Cauchy-Schwartz inequality. Once we have (458),
we can use

€ 1
ullwralullze < Slulffpe + 2*{_J_Ilu\lé (433)

and absorb the first term on the right-hand side into the first term of (457)
(at the cost replacing v with a smaller number). This finishes the proof of the
lemma.

Let | € X* and consider the problem
A(u,v) =1(v), ve X, (434)
corresponding to
Lu=f + boundary conditions, (435)

as discussed in the last lecture. Let Ao be such that the form A,, is coercive
and write (434) as

AAO(u,v):l(v)Jr/\o/uv, veX. (436)
Q
Let Gg be the solution operator of the form A),, defined in the last lecture. We

can re-write (436) as
u = Gol + A()GQ’U,, (437)

or
u — /\0G0’u = Gol . (438)

We have seen in the last lecture that the operator Gy can be considered as a
compact operator on L?(2), and hence (438) can be considered as a Fredholm
equation in L?(€2). Note that Gyl € X and Gov € X for each v € L*(2), so any
solution u € L?(£2) of (438) will automatically be in X. We apply the Fredholm
theorems to (438). We denote by G§ the L?-adjoint of Gy. As we have seen in
the last lecture, this is the solution operator associated with the form Af\o, or
the differential operator L* + Ao (with appropriate boundary conditions).

Let us first look at the question of unique solvability of (434). By Fredholm
theory we know that I — A\oGy is invertible (as an operator on L?(£2)) if and
only if the only solution u € L?(Q) of u — \gGou = 0 is u = 0. Tracing back
our definitions, we see that the condition u — \gGou = 0 for a u € L?(Q2) means
that v € X and

A(u,v) =0 veX. (439)

Hence we have
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Theorem
The problem
A(u,v) = 1(v), velX (440)

is uniquely solvable in X for eachl € X* if and only if the homogeneous problem
A(u,v) =0, veX (441)
has only the trivial solution u =0 in X.

Recall that [ can be of the form
ov
)= [ (fov+ fjai) + gu. (442)
Q Zj o0
and assume that X = W2(Q). Then the boundary problem corresponding
to (440) is
0 Ju ou 0

(bju)+cu  =fo—2L inQ, (443)

B, " dz; 7 ox;  Ox, Oz,
o .
aijfa;nﬁ (bjnj +v)u = g+ fin;  at 0.  (444)
J

The theorem above says that this boundary values problem is uniquely solvable
in W12(Q) for each fo, f1,..., fn € L*(Q2) and each g € L?(09Q) if and only if
the problem with fo = fi =--- = f,, = 0 and g = 0 has only the trivial solution
u=0.

It is important to note that our definition of the solution of (443), (444) is
exactly (440). At this stage we cannot tell if the solutions are smooth when all
the coefficients are smooth. In particular, even in the case of smooth coefficients,
to prove unique solvability of (440), we do not yet know if it is enough to verify
that the only smooth solution of (443), (444) is u = 0. The theorem above merely
says that we can conclude unique solvability if the variational formulation (441)
of the homogeneous problem has no other solution than u = 0. If we knew that
each such solution has to be smooth, it would be enough to look only at the
smooth solutions. We will see later that this is indeed the case, but we will have
to work some more to get to that conclusion.

As an example where the above issues are relevant, let us consider

I

_Au+bjax'
J

=f inQ, (445)
u=0 at 0. (446)

In this case we work with X = H}(€2). Assume the coefficient b; are smooth and
that Lax-Milgram form is not coercive.!'6 To decide the unique solvability'” we

116 A5 an exercise, find some b; where this would be the case.
H7assuming that A is not coercive
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should look at the case f = 0. We suspect, based on the maximum principle,'8

that the only solution of (445), (446) with f = 0 is w = 0. However, if we
wish to decide that using only the theorem above, we would have to show that
every Hg(€2)-solution of the problem with f = 0 is trivial. At the same time,
general functions in Hg (£2) do not have enough smoothness for our proof of the
maximum principle to work. We see that we have to develop the theory a little
further before we can take the full advantage of the above theorem.

Let us now go back to (438) and consider the situation when the the equation
v—AgGov = 0 does have non-trivial solutions. The Fredholm theory tells us the
following: consider the L?-adjoint G§ of Go, which — as we have seen last time —
can also be defined as the solution operator for the form A} (u,v) = Ay, (v, u).
Set

Y =ker(I — \G§) = {v € L*(Q), v - Ghv =0} C X C WH3(Q). (447)

The equation
u — )\0G0’u = G()l (448)

is solvable in L2(f2) if and only if Gl is perpendicular to the kernel Y

/(Gol)v =0 vey. (449)
Q
We have, by our definitions,

/Q’U(Gol) = A(G0’07 Gol) = Z(GS’U) . (450)

Remark

We have shown earlier, see (420), that G4~ is the L2-adjoint of G4. The same
proof shows (just as (450)) that 11 (Ga-l2) = 12(Galy) for 11,15 € X*. We can
also use the notation (I, v) = I(v). Then we can write (I, Gala) = (l2, Ga~l1).

For v € Y we have Gyv = )%Ov, and hence

/Q w(Gol) = Aioz@). (451)

We have arrived at an important generalization if the previous theorem:

118You can check which of our proofs of the maximum principle for harmonic functions
(lecture 6) work for this more general equation when all the involved functions are sufficiently
regular. At least one of them does!
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Theorem
Let A be a Lax-Milgram form (403) on X, not necessarily coercive, with a;;
satisfying the ellipticity condition (455). Then

A(u,v) = 1l(v), veX (452)

is solvable if and only if I(v) = 0 for each v which solves the homogeneous
adjoint problem
A(w,v) =0, weX. (453)

Moreover, the space of the solutions of the adjoint problem is finite-dimensional.
Proof: See above.

Example

Let X = Wh2(Q), let the form A be given by A(u,v) = [, VuVv, and let
1(v) = [ fo+ [5g gv for some f € L?(Q) and g € L*(99). This corresponds to
solving —Au = f in  and g—z = g at 9Q. The adjoint problem is A(w,v) =0
for each w € W12(Q), corresponding to Av = 0 in Q and % = 0. (In this case
the form is self-adjoint.) It is easy to see that the only solutions of the adjoint
problem are constant functions. Clearly these are solutions, and using w = v
in the definition of the adjoint problem we see that the solutions of the adjoint
problem must satisfy A(v,v) = 0. Our assumption is that € is connected, and
hence v must be constant.!'® By the theorem above the original problem will
be solvable if and only if I(v) = 0 for each constant function v. This is exactly
the condition fQ I+ 90 9 = 0, the necessity of which one can get by integrating
the original equation over §2.

An alternative set-up for this problem would be to use the space X = {u €
Wh2(Q), [,,u = 0}. Take A as above, and show that this time A is coercive
on X. Therefore the problem A(u,v) = I(v) for each v € X now has a unique
solution for each v € X. As an exercise, explain that this conclusion does not
contradict the previous one.

Yet another approach would be to minimize fQ(|Vu\2 — fu)— faﬂ gu directly on
the space W12(£2) /constants. Note that Jo fo+ faQ gu is well-defined on this
space if and only if [, f+ [,q9 = 0.

Of course, all the three approaches are just alternative ways of describing the
same.

119Note that we are using the result that if the Vu € L2 exist in the sense of distributions
and vanishes, then the function is constant.
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Lecture 32, 11/22/2010

We will discuss the meaning of the various terms in the equations conditions we
have looked at so far, together with the various boundary conditions. Let us
start with the equation

—Au=f in Q + boundary conditions (454)

We have see that this can describe the electric potential u. If the environment
in which the potential is considered is inhomogeneous, then A is replaced by
a%iaij (x)%, where a;; describe the properties of the material. The boundary
conditions can depend on how we model the material of the boundary. Rather
than going into the details we can refer the reader to the classical text “Elec-
trodynamics of Continuous Media” by Landau and Lifschitz.

Equation (454) can also describe steady distribution of temperature or density
of particles subject to diffusion, in an enviroment where the heat conductivity
or the diffusivity are constant in x. The right-hand side f describes the heat
sources or the particle sources respectively. The Dirichlet boundary condition
u = g at JQ means that the temperature (resp. particle density) is forced to
a given value g by some external devices (heating/cooling of the boundary or
adding/removing particles at the boundary). The Neumann boundary condition

% = 0 at 02 means that the boundary insulates the domain from external

influences. The inhomogeneous boundary condition g—z = g at 02 means that
a given steady flux of heat/particles (specified by g) is kept at the boundary
by external devices. The boundary condition g—z + vu = 0 means that the
boundary is partially insulating, with v = 0 corresponding to the insulating

case and v = +oo corresponding to the case with no insulation.

If the heat conductivity or the diffusivity of the environment is not constant, we
have to introduce variable coefficients into the laplacian. This has to be done
differently for the heat equation and the diffusion equations. In both cases the
properties of the environment are described by a matrix a;;(x) which locally
characterizes the relevant environment properties.

When describing heat conduction, with u being the temperature, the right equa-
tion for w is (in the absence of sources) is

0 ou _ 0 120

similar to what we have in electrostatics. This is a divergence form equation.
Note that u satisfies the maximum principle,'2! as one would heuristically ex-
pect: at a steady-state, the temperature cannot have a local maximum or min-
imum inside the domain if no sources are present. The Neumann boundary

1206 avoid ambiguity, we should perhaps write —%(aij (x)aaT“) =0.
i J

121You can check as an exercise that some proofs of the maximum principle we did for
harmonic functions work in this more general case.
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condition (describing an insulating boundary) will be a;j(z)2“n, = 0 at 99,
J

reflecting the fact that the heat flux, given by I; = aij%, cannot transport
J
heat across the insulating boundary.

For diffusion the correct equation is (in our simple situation) a special case of
the Fokker-Plank equation, also called the forward Kolmogorov equation. In our
special case it will be

62

_Y . _q 122
&Uiaxjau(x)u 0. (456)

Note that this equation will not satisfy the maximum principle.!?? This is
because particles can get stuck in areas where diffusion is small, and their con-
centration in such regions will be higher. The natural Neumann-type boundary
condition describing an insulating boundary will be nia%j(aij (x)u) = 0, which
is still a “natural boundary condition” for our theory, and it is covered by our
theorems, at least for sufficiently regular coefficients a;;.

Although (456) does not satisfy the maximum principle, the dual equation

2
aij(x)aza?;j =0 (457)
does satisfy it.'?* This is a non-divergence form equation. A natural interpre-
tation of w in (457) is not in terms of some densities, but in term of mean values
and probabilities. For example, for the non-homogeneous Dirichlet condition
u = g at 9Q, the value u(z) is [, g(z)p(z,y)dy, where y — p(x,y) is a func-
tion on 0f2, with fM p(z,y)dy being the probability that a particle starting at
x will hit the boundary for the first time at M. In other words, y — p(x,y) is
a probability density with which particles “launched” at x will be hitting the
boundary. With this interpretation the maximum principle is transparent. Note
also the similarity between p(z,y) and the Poisson kernel introduced earlier for
the Laplace equation.

You can check that our theory based on the Lax-Milgram lemma works very
well for the divergence form equations even in the case when a;; are merely
bounded and measurable. On the other hand, to cover the non-divergence form
equations, we need stronger assumptions on a;;. With the theorems we have
proved so far we need that a;; are Lipschitz. !2°

122Here also we should perhaps write #ﬁ)%(aij (z)u) = 0 to avoid ambiguity.

123Give an example in dimension 1.

124Ghow that at least one proof we did for the harmonic functions works also in this more
general case, at least when the coefficients are smooth.

125This can be extended to continuous coefficients a;; and slightly further, but not much,
if we wish to keep uniqueness. By contrast, we have seen that uniqueness is no problem for
divergence-form equations with bounded measurable coefficients.

Deeper properties (such as Holder continuity, or Harnack inequality) of solutions of
divergence-form equations with bounded measurable coefficients in arbitrary dimensions were
discovered in the 1950s and 1960s (by E. DeGiorgi, J. Nash, J. Moser, O. A. Ladyzhenskaya,
N. Uraltseva and others) For non-divergence form equations with measurable coefficients these
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Let us now turn to the terms bj% or %(bju). The diffusion interpretation
J J
provides a simple heuristics for the term %(bju). We imagine that the diffu-
J

sion takes place in a fluid (compressible or incompressible) which moves, and
the motion (often called a drift) is given by the vector field b. In addition to
the random motion, the particles are “carried with the fluid”. For the simple
diffusion given by the laplacian, the equation describing the stationary state of
this process is (in the absence of sources)

0
—Au+ T%(bju) =0, (458)

which is again a special case of the general Fokker-Planck equation (or forward
Kolmogorov equation). 126 The interpretation of the various boundary con-
ditions is similar to other examples. The Dirichlet boundary condition v = 0
at some part of the boundary means that particles disappear once they touch
the boundary. The condition that the boundary is impenetrable to the parti-
cles (but does not destroy them) is fg—z + bjnju = 0. Note that (458) does
not satisfy the maximum principle, as the particles can concentrate at places
where the drift is “focusing”. (This is not possible when the underlying flow b
is incompressible, i. e. satisfies divb = 0.) The adjoint equation to (458) is

Au-— bj% —0. (459)
J

As with (457), this equation does have the maximum principle. The natural
interpretation of u in (459) is in terms of probability and mean values (and
not some particle density), similar to (457). The boundary condition for an
“insulating boundary” is g—z =0.

The reader who is interested in these interpretations should consult a book on
stochastic processes.'?” In the stochastic interpretation, it is often easier to work
with the dual of the Fokker-Planck equation (often call the Kolmogorov backward
equation), as its solution can be directly written down in terms probabilities of
events for well-defined processes.

Finally, let us look at the term c¢(z)u in the equations. The interpretation of
this term is simple for the Fokker-Planck equation: adding c(x)u means that
the particles decay (if ¢ > 0). Roughly speaking, each particle moving near a
point x has a certain probability (proportional to c¢(x)) of disintegrating and
disappearing.

were only proved in the late 1970s (by N. Krylov and M. Safonov from our own department),
and the lack of uniqueness in this case was only shown in 1990s (by N. Nadirashvili). It turns
out that he regularity results obtained for these general classes of linear equations are crucial
for studying smooth non-linear equations.
2

126 _#a%_aij (@)u+ 52 (bju) + cu = f

127For example, the book “Stochastic Differential equations: An Introduction with Applica-
tions” by B.K.Oksendal provides a god introduction to these topics.
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If you are in doubt about the meaning of a particular term in the equation or a
specific boundary condition, it is usually helpful to consider simple examples in
dimension n = 1. Often these are good for obtaining some reasonable heuristics
for what happens with the solutions even in dimensions n > 2.
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Lecture 33, 11/24/2010

We now turn to regularity theory for the solutions we constructed by the Direct
Method. We will use the standard method based on L?-estimates of the higher
derivatives. The main idea can be illustrated on the example of the Laplace
equation. Suppose u € W12(Q) satisfies

/ VuVo =0, ve€ HL(RD). (460)
Q

We will prove that u has to be smooth in the following steps:

Step 1 (Caccioppoli’s inequality).!?8

For any concentric balls B, C Bg, C {2 we have
C
Vul? < 7/ ul?. 461
[, VS g [, W (161)

Step 2 (Formal application of (461) to higher derivatives).

At first (461) may not seem to a be very strong conclusion — we already know
that u € W12(Q). However it is stronger than it looks due to its local nature.
We note that any partial derivative of u satisfies again the Laplace equation, at
least formally, so we should be able to apply (461) successively to higher and
higher derivatives of u and obtain, for any concentric balls Br, C Bg, , - C
BRO c Q:

fBRk |vku|2 S (13,6_10733,6)2]13%71 |Vk_1u\2,
k—1,,2 Ck—1 E—2 |2
fBRk,l IV U| S meRsz |V u| s (462)
fBRl ‘VUP < (RoiilRl)szRO |u|2,
which implies (by choosing for example (R; — Rj—1 ~ 27771 (Ry — Ry))
Ck 9
VEul? < 7/ Ju| (463)
/BRk (RO - Rk:)zk Br,

for suitable constants Cj, (which can approach infinity as k — occ).129
Step 3 (Justification of the formal calculations in step 2).

In step 2 we were taking higher derivatives of the equations, but a priori we
do not know that these derivatives are integrable functions. We have to show
that this is indeed the case. This can be done by first replacing derivatives with

12850metimes also called “local energy inequality”

129The constants ¢ in (462) depend on k as the number of components of VFku increases
with k.
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difference quotients, such as D;lu(:r) = w, and checking that at each

step of establishing (462) we can first apply (461) to the difference quotient and
then pass to the limit. For that we will need a characterization of the condition
(%; € L? in terms of bounds on the difference quotients D;Lu in L? which are
uniform in h € (0, ho).

Step 4 (Sobolev Imbedding Theorem)

Steps 1-3 establish that u, in the sense of distributions, the derivatives of u
of any order belong locally to L?. We need to show that this implies that u
is smooth. The Sobolev Imbedding Theorem says that if a function has more
than n/2 derivatives in L2, it is continuous. This implies that in our situation
above, the function u is smooth.

Steps 1-4 establish the following version of the pointwise estimate for harmonic
functions (33) from lecture 4

sup |VFul? < C’(k,RO,Rl)/ u|? . (464)
Br, Br,

The factor C(k, Ry, R1) can be made more precise!3’, but (464) is sufficient for
our purposes at the moment.!3!

Estimate (464) is an example of a local interior estimate. Note that boundary
conditions play no role in it. There are two other types of estimates used in
the regularity theory: local boundary estimates and global estimates. We will
discuss those later.

The above proof of regularity looks more complicated than the method in lec-
ture 4 using the representation formulae, but it has a significant advantage:
it can be very easily generalized to equations with lower order terms, variable
coefficients, boundary regularity, etc. We will see that in such more general situ-
ations the proof remains essentially the same, except that we have to write more
terms in the calculations, and go through some additional steps when proving
boundary regularity. In fact, the method works for all equations we have been
studying so far when the coefficients are sufficiently regular. For boundary regu-
larity we also need that the boundary is sufficiently regular. The method used in
lecture 4 can also be generalized to cover this class of equations, but the general-
ization is more complicated. Regularity theory for equations with not-so-regular
coefficients (or in not-so-regular domains) requires additional ideas.

We will now proceed with a justification of steps 1 — 4 above.

Proof of (461)
Let n be a smooth cut-off function with n =1 in Bpg,, compactly supported in

Br,, and |V1| < =25 We use (460) with

130 i Cr
The optimal form would be (Ro—R,)2FFn -

131The more precise form can be useful for the proof of the Liouville theorem, for example.
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v = un? (465)

and obtain
€ 1
[ v = [ —2vaen <5 [ (vup+ o [ apPion?, o)
Q Q Q € Ja

where € > 0 can be chosen arbitrarily. Choosing ¢ = %, we obtain (461) with
C =32.

Difference quotients

We recall that ,
D) = & 2)_“@), (467)

where e; is the unit vector in the direction of the z; axis, h # 0, and x € Q)| =
{z € Q,dist(x,0Q) > |h|}.

Lemma
Let u € L?(2). The following conditions are equivalent

i) There exists w; € L2(Q) such that 2% = w; in Q in the sense of distribu-
J ox J
J
tions.

(ii) For some hg > 0 we have
/ |DI'ul? < C < +o0 (468)
Qp

uniformly for h € (0, hg).

Remark

It will be clear from the proof of the lemma that if one the equivalent conditions

is satisfied, than in fact D;‘u — g;_ as h — 0 strongly in L? on compact subsets
J

of ©, but we will not need this in what follows.

Proof of the lemma:
The implication (i) = (ii) is an easy consequence of the identity

1
Dlu(z) = / %(x + hejt) dt , x € Qp, (469)
! o 9z;

and the continuity properties of the translation operator on Lebesgue spaces.!32

1321t is a good exercise to go through all the details, there are several things working in the
background of this argument.
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To prove (ii) = (i), we note that for any compactly supported smooth function
(¢ we can write

Oy . —h : h
_ =1 —uD: =1 D" < . 4
A;u&% | —uDite hg&52]uw_Vmemm (470)

We see that the linear functional ¢ — fQ —u%‘; is continuous with respect to

the L2-norm, and hence can be represented by an L? function w; as

0
/Q—ua—j:/gwj@, (471)
J

which exactly says that 59712- = wj in the sense of distributions.

Remark

The above proof also shows that the following condition is also equivalent to
condition (i) and (ii) in the lemma:

(iif) liminfy o f |[Dlul? < +oo.
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Lecture 34, 11/29/2010

We start with discussion of step 4 — the Sobolev Imbedding Theorem — in the
scheme for establishing regularity we discussed in the last lecture. Imbedding
theorems are a large topic in the theory of function spaces, and at this point
we will only cover one particular result which we need for our regularity proofs.
We will return to this topic later and study it in a more systematic way.

For step 4 of out regularity theory we only need to establish, roughly speaking,
that a function v with sufficiently many derivatives in L? is continuous. Apply-
ing this to V¥u will also show that if k more derivatives are in L? the function
is C*k.

Let us consider some easy special cases.

Ezample

If u is a compactly supported function in R? with V?u € L2, then u is continu-
ous.

This is a direct consequence of the representation formula (25) from lecture 3.
Assume the support of w is in B and let Ggr = Gxp,,, where xp,, is the
characteristic function of the ball Bog. Assume first that u is smooth. Then for
x € Bp

u(r) = G(z — y)Au(y) dy = Gr(r — y)Au(y) dy < ||GR|[r2||Aul|p2 . (472)
For a continuous function v on R™ let us denote

lulle = sup fu(a)] (473)

Identity (472) shows that
lulle < CrlIV?ul|L2, (474)

where Cp is a constant depending on R. If u is not smooth, we can use (474) for
ue = ux¢. (where ¢, is a mollifier), and (474) shows that u. converge uniformly
to u, showing that u is continuous. 33

The reader can check that a similar result works also in dimension n = 2.

In dimension n = 4 a compactly supported function « with V2u € L? may no
longer be continuous.!* On the other hand, if u is supported in Bg, V3u € L?
(and n = 4), u will be continuous. This can be seen from the representation
formula

u=GxGxA%*y = G jxGxAuj = (G j*G)xAu; = Qj*xAuj = (Q;XByr) ¥ AUj ,
(475)

133Gtrictly speaking, if we wish our terminology to be completely accurate, we should not
say that w is continuous, but rather that u has a continuous representative. This is be-
cause originally our function w is only defined as an element of some Lebesgue space, and its
point-wise values are defined only almost everywhere. Our proof above then shows that the
class of measurable functions which are equal to u almost everywhere contains a continuous
representative. Once it exists, such representative is of course unique.

134Hint: consider u(x) = f(|z|) for a suitable f: (0,00) — R.
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where G(z) = W, we use the notation f; for 88712_, and Q; = G ; *G. The

function Q;Xp,, is easily checked to be in L2. (It is O(1;) at the origin.)

|]
The above proof also work in dimension n = 5, with G = W
In dimension n = 6 it is not enough to have V3u in L? to get continuity.'?®
However, if we have V4u € L2, u will be continuous. This is again seen from
1

_ 2 _ _
u=Gx*xGx*Au, G_(n—2)|5"—1||x|"—2’ n==0 (476)

and
G*Gxp,, € L*. (477)

Continuing this pattern we arrive at the following conclusion: if u € L?(R") is

compactly supported and V™u € L? for m > 5, then u is continuous.

If u is not compactly supported, we can multiply it by a suitable cut-off function
¢ so that gu is compactly supported. If Viu € L2(Q) for j =0,1,...,m and ¢
is supported in (2, then we can extend gu by 0 outside  and V™ (pu) € L*(R").
Hence we have shown

IfQ C R" and u € L} (Q) with Viu € L% () for j = 1,...,m for some

loc
m > n/2, then u is continuous in .13

Proof: See above.

We now obtain a generalization of this result by using Fourier Transforma-
tion. 137
Let S = S(R™) be the space of complex-valued smooth functions f in R™ satis-
fying

IVEf(2)|(1+ [z[*)™? < Crym R (478)
The space S is called the Schwartz class (after L. Schwartz). For f € S we
define f: R™ — C, the Fourier transform of f, by

for = | faeedr. (479)

Note that the integral is convergent and that f is a smooth function of &.
Integration by parts gives

I
aTj(f) =& f(£), (480)

and of
—iz; f = a—fj (481)

135Hint: consider u(z) = f(]z|) for suitable f.

136 As we already discussed, the precise statement is that u has a continuous representative.

137Expressing functions via their Fourier Transformation can also be thought of as a repre-
sentation formula, and it makes certain properties of functions very transparent.
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These two formulae show that when f € S, then f eS.

A simple application of the Fubini theorem shows that for f,g € S we have

[ 1= s (152)
n R'ﬂ.
We can calculate explicitly

) n —le?

e"7 = (2m)ze 2 . (483)

We also have, for g € S and € > 0
glex) =e"g9(=). (484)

Using (482) with g(z) = g.(x) = 5= and letting € — 0, we obtain, for any
f € S the formula:

1 .
= dg . 4
10) = G [ Fe)de (185)
Combining (485) with the obvious formula
fle+a) = e f(8) (486)
we obtain, for any f € S the crucial inversion formula
_ 1 £ ix
@) = oy [ FOeeae. (187)

It can be though of as a kind of representation formula for f. It expresses f as
a “linear combination” of the simple functions z — e%*.

Letting f*(x) = f(—x), where the bar denotes conjugation of complex numbers,
we check easily

=7 (488)

An easy calculation shows that the product fg for f,g € S transforms to con-

volution )
Rt (489)

and the convolution f x g transform to the product:

fg =

Frg="fq. (490)

Finally, applying the inversion formula (487) to f % g* (for f,g € S), we obtain
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1

f9= s | f3, (491)
0T @
called Parserval’s formula. Taking f = g in it, we obtain
IR (492)
Rn 2m)™ Jgn ’

called the Plancherel’s formula.

We can now define the spaces H® = H?®(R™). We first note that that for a
non-negative integer k and f € S we have

[ P19 4 1947) = (199)

— e L QIR I PO de ~ (194)
~ L 2\k| F 2

o [ AR, (495)

where ~ means that the ratio of the two quantities involved is bounded both
from above and below.
It is therefore natural to define for any s € R the following norm for a function

fes: .
1V = gy [, L+ IRV e (496)

The Sobolev space H*(R"™) is defined as the completion of § in the norm ||-||g-.

Theorem (Sobolev Imbedding Theorem)!38
If s > %, then all functions in H® are continuous with f(z) — 0 as x — oo, and

flle < ClIflae - (497)

Proof: It is enough to prove (497) for f € S. This is not hard:

()] < 1)7,/ F(€)esr) de = (498)

o L A+ AR+ 67 de < (499)

(2717)"</Rn(1+|£|)|f |2d§> (/ 1+|£‘ £>é

138 This terminology is often used also for more general imbedding results.

/—\

/\

IN

ClIf - -(500)
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It is useful to have also the following result

If f € L?(R") together with all distributional derivatives of order k, then
f € HE(R™).

Remark

The space of functions with all distributional derivatives up to order k in L2
is usually denoted by W*2(R™). The above statement can be re-written as
HF(R™) = Wk2(R").

Proof: Take a smooth compactly supported function ¢ on R™ which is = 1 in
a neighborhood of 0, and set ¢.(z) = ¢(ex). The functions ¢.u are compactly
supported and can be approximated in H® by smooth compactly supported
functions. Moreover, it is easy to check that as ¢ — 0, the functions ¢.u form
a Cauchy sequence in H* with V7 (¢.u) — V/u in L?(R") for j =0,1,2,...k.
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Lecture 35, 12/1/2010

In preparation for dealing with boundary regularity, we also prove imbedding
version of the Sobolev Imbedding Theorem for bounded domains. Let Q be a
bounded domain. For smooth functions in {2 we define the norm

e :/Q(|u|2+|w2+...+\vku|2) dz. (501)

Let £(£2) be the space of functions in {2 which are obtained as restrictions to §2
of smooth functions defined in a some neighborhood of Q. We define the space
H"(Q) as the closure of £(12) in the H*-norm. We also define the space W#2(Q)
is the space of L?-functions in € for which all distributional derivatives up to
order k are in L?(£2). The norm in W*:2(Q) is defined by the expression on the
right-hand side of (501). In lecture 23 we showed that H!(Q) = W2(Q) for
Lipschitz domains 2. By inspecting the proof, we see that it in fact works for
any k=1,2,.... Hence we have

For any bounded Lipschitz domain ) C R™ we have

H*Q) =Wk2(Q). (502)

One way to prove continuity of the functions in H*((2) is to extend them to the
whole space R™ with some control of the norm of the extension: we can apply
the Sobolev Imbedding Theorem in R™ we proved last time to the extended
function, showing the continuity up to the boundary of the original function in
Q. Our next topic is the construction of such an extension.

If u € H*(Q), can it be extended to @ € H*(R™) with
@] g ey < Cllull ) » (503)

then we can conclude that for k > n/2 all functions in H*(€2) will be continuous
in Q up to the boundary (which is the same as having a continuous extension
to Q).

We are now going to construct an extension operator. Let us first note that we
can localize by using partition of unity: if u = u¢1+- - -+u¢p,, and we can extend
each u¢; in a controlled way, we can clearly extend v in a controlled way. For
the functions u¢; which are compactly supported in {2 there is nothing to prove,
they can be trivially considered as functions in R” without changing their H*
norm. Therefore the only issue is to extend functions which are supported in
small balls near the boundary. Letting 2’ = (x1,...,2,_1), as usual, we assume
the boundary by

T, = a(z’) (504)
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where a is a function with Lipschitz (k — 1)-st derivative. (This is class of
functions is usually denoted by C*~11 or W) The domain {z, > a(z’)
can be transformed to the upper half-space by (¢, z,) — (2/, z,, — a(2’)). This
transformation has enough regularity to map our situation into the equivalent
situation in the half-space {z,, > 0}. When working with C*~1! domains,
our extension problem for H*(Q) therefore reduces to the problem of extending
a function from R = {z, > 0} to all R", with good control of Viu, j =
1,...,k. We note that functions which are restrictions of smooth functions
in the neighborhood of ) are dense, and hence it is enough to construct the
extension operator for these functions. Note that such functions are already
defined in a neighborhood of 2 and therefore it is simple to extend them to R™
if we do not worry about controlling the norm of the extension. The main point
of the extension we construct below'3? is that we have a good control the norm
of the extension.

When extending a function from R’} to R", it is natural to try to extend it along
each line 2’ = a’ € R""!. In other words, we take the function z,, — u(z’, x,)
for each 2/, and we want to find a good extension of these functions, originally
defined for z,, > 0, to z,, € R.

Let f:[0,00) — R be a smooth function and let us consider the following
formula which extends it to R:

k
f(m)zZajﬂ—ja:), z<0,  fl@)=f(x), >0,  (505)

where the coefficients are to be chosen. Differentiating (505), we see that if we
wish f to have continuous derivatives up to order k — 1, the coefficients must
satisfy

k
> ey =(-1),  1=0,... k—1. (506)
j=1
The matrix of this linear system of equations for a1, ..., a; is the Vandermonde
matrix
1 1 o1
/\1 /\2 ce. )\k
A2 A3 DY (507)
e e
PUEEEED D L
with A; = j, and therefore is non-singular and a.,...,a; are uniquely deter-

mined by (506). The distributional derivativef*) of f of order k is given for
x < 0 by the expected formula (from differentiation of (505). At z = 0 the
derivative f*) may not be well-defined (the left and right derivatives of fk=1)
may not coincide at x = 0), but the important point is that the distributional

1390riginally due to S. M. Nikolskii
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derivative of the (continuous) function f*=1 is a bounded function given by
the expected formulae everywhere except perhaps at = 0. 140 If we wish that
the extended function has continuous derivatives up to order k we simply do
the above construction with %k replaced by k + 1.

Returning to functions in the upper half-space R, we consider a smooth func-
tion wu: M — R with bounded support and for each z’ = (z1,...,2,_1) We
apply the one-dimensional construction above to the function x,, — u(a’,z,),
obtaining an extension @: R™ — R. It is now easy to verify that @ will also have
bounded support, and % € W*2(R") = H*(R") with

%] grx (mmy < C\|U||Hk(R1) ) (508)
with C independent of u.14!

Summarizing the above considerations, we see that we have proved the following
result:

Theorem

Let Q be a bounded domain with C*~%1 boundary. Then we can define an
extension operator u — @ on from W*2(Q) to H*(R") such that all functions
1 are supported in a fixed compact set and for some C' > 0 we have

HfLHHk(Rn) < CH'UJ”W’C’?(Q) ) u € Wk’2(9)~ (509)

Corollary
If Q) is as in the theorem, then each function in W*-2(Q) is continuous in 2 up
to the boundary, and

HuHc(ﬁ) < CH“”W“(Q)» u € Wk’2(9) . (510)

Let us now return to the proof of regularity and look in more detail at some of the
steps outlines in lecture 33. We start with interior regularity and Caccippoli’s
inequality for the equation

0 au_%

140Note that in general this will not be the case for f(k+1), due to the possible discontinuity
of f(F) ate £ = 0. If you have not come across similar consideration before, I recommend
that you go through this is detail. It is enough to check to understand what happens with
the derivatives of the function g(z) = |z| on the real line. We do have g'(z) = sign (x) in the
sense of distributions. However, it is not the case that ¢g”’ = 0 in the sense of distributions. It
is important to understand this example completely.

M1Note that if we use the extension (505) with a given k, than the extended function @ may
not be in W*+1,2(R"). That is a disadvantage of this particular extension technique: it works
only up to a given finite order k. We can choose k in advance, but near x,, = 0 the extended
functions will typically be of the class C¥~1:1 = W% and no better. In particular, the
method does not give a C* extension of C'*° functions.
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We recall that we really weak with the weak formulations, so that this equations

really is
Ou Ov 1
/Qa () 9z, oo, / fJ@ , vEHHQ). (512)

Since we are looking at the interior regularity at the moment, we do not worry
about the boundary conditions, and that is why we take the space Hj () for
the test functions v in (512). Later when we deal with boundary regularity, we
the choice of the test functions v will depend on the boundary conditions.

Repeating the arguments (465), (466) in the proof of (461) from lecture 33, we

obtain c
Vul? < 7/ u2+C/ 1%, 513
L, S g [, e 1 (513)

where the constants C, C; now depend on the constant v in the ellipticity con-
ditiOH aijfjfi 2 l/|§|2.
We now take the derivative of equation (511) in a given direction, say 3%1, and

denote v’ = 8‘9—;‘1. At this stage this is formal, we just wish to check what we

would get if we could proceed that way. For the rigorous proof we will replace
the derivative by the difference quotient D;? defined in lecture 33, see (467).
The calculation with the difference quotients will be almost the same as with
the derivative. After differentiation, (511) becomes

0 ou’ 0 ou
_%aij(x)%j = %j(fj + agj(x)gj). (514)

It is of the same form as before, except the right-hand side has an additional
term coming from the differentiation of a;;. Assuming that a;j are Lipschitz,
we can again apply Caccippoli’s inequality to the solution v’ and the new right-
hand side. (If the equation has more terms with variable coefficients, the terms
with the derivatives of those coefficients would also appear on the right-hand
side. (Assuming that all the coefficients are Lipschitz, the extra terms from the
lower order terms would be “weaker”, the term coming from a;;(x) is the “most
dangerous” term.)

C
|Vu'|? < 7/ |u’|2—|—Cl/ If'1? + |as: Vul?) . (515)
L, ], [ 7 ey vu)
We do this for v’ = 5%7 ji=1,...,n.

Assuming we can justify this so far formal procedure, it is clear how we continue:
we take a derivative of (514) in each direction, and repeat the procedure. Then
we take the next derivative, etc, eventually obtaining (under the assumption
that the derivatives of order k — 1 of a;; are bounded)

|l o1 By < CL(R, Ro)llullz2(Bg,) + Co(R, Rl fllmw(Bry) (516)
for R < Ry. (We choose Ry > Ry > ...R; = R, so that we get to radius

R in step k.) This is a local interior regularity estimate. It shows that at the
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level of H* spaces, the solution is as good as it can be. (It is clear from (511)
that the solution w cannot gain more than one derivative over f.) Also note
that both terms in on right-hand side of the estimate are important. The first
term is necessary to get control of the non-trivial solutions with f = 0, and the
importance of the second term is self-evident.

The dependence of the constants C7,Cy on R, Ry, and the bounds of the
derivatives of a;; can be made more explicit, if necessary, but the form (516) is
often sufficient.

It remain to justify the procedure of taking derivatives. The key is the last
lemma in lecture 33. At each step we first replace the derivative with the
difference quotient, and obtain estimates for the difference quotient first. Then
we take h — 0 in the difference quotient and use the lemma to establish the
existence of the derivative. The only issue we have to deal with in this process is
that the Leibnitz rule we used in differentiating the equation has to be slightly
modified for the difference quotient. Namely, for any two functions f, g we have

D}(fg) = Dy (f)(mng) + f(D}g), (517)

where 7,9(x) = g(x + h). Tt is easy to see that this modification of the Leibnitz
rule makes no difference in the proofs, and hence the proof of the local interior
estimate (516) is finished.
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Lecture 36, 12/3/2010

Today we will consider local boundary regularity. The scheme is quite similar
to the local interior regularity, with some adjustments. Our set-up is the same
as in lecture 30. We will proceed in the following steps:

Step 1 (Caccioppoli’s inequality near the boundary)

It is similar to the interior case. Let us assume for simplicity that the weak
form of the equation is

ou Ov v
(@) = f== : X, 518
/Qaj(x)axj Ox; +/897UU /ijal'j +/6ng Ve (518)

where the space X with H}(Q) € X C W12(Q) is chosen according to the
boundary condition. We will work in a ball centered at the boundary. We as-
sume that the boundary has already been (locally) straightened up by a suitable
coordinate change. (Note that the form (518) of the equation is invariant under
diffeomorphisms.) We will use the notation

Bf ={z,|z| <R, z, > 0}. (519)

Assume that in the area we are interested in the boundary 0f2 is given by z,, = 0,
and assume BEO is contained in €. Consider R; < Ry. We consider a cut-off
function 7 defined in BEO , obtained as a restriction to BEO of a function which
is = 1 in Bf; and is compactly supported in Bf , with [Vn| < 2/(Ry — Ry).
We will assume that the space X has the property v € X = un® € X, not
only for n, but also for the restriction to B;O of any other smooth function
7: BEO — R compactly supported in Bpg,, i. e. 7 € D(Bg,). In particular,
these test functions may not vanish at the flat part of the boundary of BEO.
The condition is satisfied for example for X = W12(Q) (corresponding to the
Neumann or mixed boundary conditions), but it is not satisfied in Examples 2
and 3 in lecture 3. In each case there is an easy “fix”. In Example 2 we subtract
from u a smooth function with the same boundary condition as u (which adds a
new smooth term to the right-hand side). For Example 3 we use the alternative
formulation presented at the end of lecture 31.

We now use (518) with v = un? and can proceed as in (465), (466), except we

get the boundary terms
/ yun?, / gun® . (520)
o0 a0

These can be dealt with in the same way as in the proof of the coercivity of the
from Ay for large A in lecture 31. There we used (458) to prove (403), and the
same method will work again in the situation at hand. For example, we have,
assuming that v is bounded,

/ < Ol oo fun] g2 unl w2 < / e[Vul?r?+C(e. Ro, Ru. ) / ul?.
o0 B, BY

(521)
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The second integral in (520) is estimated similarly. The end result of our calcu-
lation is is the boundary version of the Caccioppoli inequality:

C
Vu22<7/ u2+C/ 2+C/ %, (522
/B+O| S g WG [ G [ o

R, Ro

where the constants depend on v and ||y||L=, and 0’ BEO denotes the flat part
of the boundary of B}, .

Step 2 (Taking higher derivatives)

In principle one can take derivatives of the equation and the boundary conditions
as in the case of the interior estimates, but one has to be slightly more careful.
First of all, it is natural to take derivatives in the directions z1, ..., z,_1 at first,
as this does not interfere with the boundary condition. Let us denote by ' the
derivative %. It is best to go to higher derivatives directly from the variational
formulation (518). For that we take as a test function in (518) the function

v=—('n?), (523)

where 7 is a cut-off function adapted to the balls B;;l and BEQ. Strictly speak-
ing, we should replace the expression for v by

v=—Dy"((Dyw)n?) (524)

obtain estimates for D}Vu, and then let h — 0. Note also that the expression
with the difference quotients belongs to X under quite general assumptions (and
certainly in the case of the homogeneous Dirichlet, Neumann, or the mixed
conditions). The reason for using Dy " in (524) is to get good expressions after
an integration by parts we will do. We will work directly with the derivative
to obtain formal estimates first, and we will see that the calculation with the
difference quotient is similar.

Substituting (524) into (518) and integrating by parts, we obtain

/(aiju,j)'(u/nz),ﬂr/ (yu)u'n® Z/f]‘ufj772+/ gu'n?. (525)
Q o0 Q o0

which is the same as

Jasts s [ e = [ (= dgug+ [ (o —rou,
Q a0 Q a0

(526)
This is what we used to get (522), except wu, f;,g are replaced by o/, f/ —
aj;uj, 9" —'u respectively. We control the last three quantities by assump-
tions on f/,¢’, v 42 and estimate (522) from the first step.

121t is natural to assume f’ € LQ(BEO)y g € LQ(B}J,S0 N o) and v € LOO(BIJ.E0 N ofN) at
this step.
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Therefore we have estimated

/ V' 2. (527)
B+

Ry

We can continue this procedure, by taking in the k' step the test function

v= (=1 ®p?)®, (528)
where () denotes the k—the derivative generated by ’.
We can do this in all tangential directions z1,...,z,_1, and this gives an esti-
mate of

| v, (520)
By,

To estimate the full gradient V**1u, we can use the equation. We already know
that in the interior of € the solution is as smooth as the coefficients allow, and
therefore we can use the equation freely. In particular, denoting w ;;,u; the

. . . 2
partial derivatives #a“rj, %, we have

ApnUnn = —A45;U 5 + fj,j - Z AijU5j - (530)

(i,5)#(n,n)
The ellipticity condition a;;&;¢; > v|¢|* implies that a,,, > v. Therefore (530)
shows that the number of derivatives % in any expression 2 (V’)'u can be

oxm
lowered as long as m > 2, at the expense of bringing in linear combinations of

the tangential derivatives. The end result of this procedure of lowering of the
degree of 52— will be expressions estimated by (529) and

/ (V) (531)
B

+
Ry
In the end we obtain the following estimate
HUHHkH(B;) < Cl”fHHk(B;O) + C2||9||Hk(a'Bj;0) + C3||u||L2(B;%0) . (532)

where the constants C7,C5,C5 depend on k, Ry, R,v and the bounds on the
coefficients of the equation and their derivatives up to order k.

Step 3 (Difference quotients)

As we already indicated, to obtain the bound of (530), one should start at each
step with a difference quotient of the preceding derivative, obtain estimates
for the difference quotient, and then pass to the limit using the last lemma in
lecture 33. This presents no difficulty, and the details are left to the reader.

Step 4 (Sobolev Imbedding Theorem)
We have already proved the Sobolev Imbedding theorem “up to the boundary”
in lecture 34, so we know that estimate (??) implies the continuity of (V)'u up
to the boundary whenever [ +n/2 < k.
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This completes our proof of boundary regularity. We did not work with the most
general Lax-Milgram form (403), but the form we considered contains the most
difficult terms, and covers many boundary conditions encountered in practice.
The terms in the forms (403) which we did not include in the regularity proof
easier to handle that those we did, and hence we can say that we proved the
local boundary estimate (532) for the general Lax-Milgram form and for the
boundary conditions which allow our construction of the test functions (529).
This includes the Dirichlet and Neumann boundary conditions, together with
the “mixed” boundary condition a;;u ;jn; +yu = g.
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Lecture 37, 12/6/2010

We have established local interior estimates and local boundary estimates for
the problem (436) with the Lax-Milgram form (403). We emphasize that these
estimates are valid regardless of the coercivity of the form A(u,v), as long as
the leading coefficients are elliptic. If we combine the local estimates with the
Fredholm alternative results obtained in lecture 31, we can easily obtain the
global estimates mentioned in lecture 31. In what follows we assume that the
coefficient of the equation are as regular as necessary for the estimates we will
consider.

We consider global estimates of the form

[l grrr ) < Crllfllax @) + Callgllaka0) (533)

for the problem
ov
Awv) =10 == [ gt [ g, vex (534)
o 0z; o0

where A is given by (403) and X is a subspace of W#2(Q) depending on the
boundary conditions. We assume that X contains H}(2) and satisfies the con-
ditions needed for the construction of test functions in the last lecture. For
example, when X = W12(Q), then the conditions are satisfied.

We should point out that there are simple situations when (534) is not satisfied
for k > 1. A typical case is when we “switch” from Neumann to Dirichlet
boundary conditions in the middle of a connected component of the boundary.
Consider the following example. Let Q be the unit disc {|z| < 1} in R?, and
let Ty = 09N {x; > 0} and Ty = 90 N {z1 < 0}. Let us consider the space
X = {u e Wh(Q), ulp, = 0} and the Lax-Milgram form A(u,v) = [, VuVo.
Consider (534) with g = 0. Our boundary value problem then is

—Au = 915 in €, (535)
3a:j
ulp, =0, (536)
ou
%'Fz =0. (537)

We do not expect that the local boundary estimate (521) will be satisfied near
points a = (0,1) and b = (0, —1) for & > 1, as we are passing from one boundary
condition to a completely different one at those points.'43

For our global estimate (533) our problem must admit local estimates in a
neighborhood of any interior point and also any boundary point, so we must
avoid situations similar to the example above.

143The problem of investigating the exact regularity of solutions at such points is interesting.
To see that it can be non-trivial, try to decide if all solutions with smooth f are continuous
at the points a and b.
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Theorem
The following conditions are equivalent

(i) When f = 0 and g = 0, the problem (534) only has the trivial solution
u = 0, and all solutions satisfy the local interior and boundary estimates
near each point of ).

(ii) The problem is uniquely solvable for each f € L*(Q),g € L*(0Q) and the
global estimates (533) are satisfied.

Proof:

The implication (ii)==(i) is trivial. To prove (i) = (ii), it is enough to prove
the global estimate. Assuming the global estimate fails, for some k > 0, we
can produce a sequence of functions u™, f™, ¢ solving the problem such that
[[W™|grs1) = 1 and [[f™|gr@) — 0, [|9"|ar@0) — 0. We can assume
without loss of generality that u™ converge weakly in H*+1(2) to some func-
tion w € H**t1(Q). This implies that the gradients Vu™ converge weakly in
L?(Q) to Vu and the functions u™ converge strongly in L?(Q) to u (by Rellich’s
compactness theorem). Now the local estimates imply

™ || mws1) < Cllf™ ar ) + C2llg™ | aro0) + Callu™ || L2(@) » (538)

for suitable constants C1, Ca, C3 > 0. This gives a non-trivial bound from below
of ||u™||z2, and hence the limit function u cannot vanish. On the other hand,
one sees easily that u satisfies (534) with f =0 and g = 0. This contradicts the
uniqueness assumption in (i), and the proof is finished.!44

We now discuss the assumptions under which we derived the regularity of the
solutions. So far we have measured the regularity of our solutions only in one
way: we check how many derivatives of the solution are in L?. To derive that
k + 1 derivatives of u are in L?, we need to to assume that we can take k
derivatives of the equation, and that the derivatives of the coefficients a;;, b;,b;, ¢
which produce new terms in the derived equations are bounded. Let us look at
some simple examples:

Example 1 (divergence-form equation)

0 ou
—a;i(x)7— = 539
axi al] (x) 8$] ( )
If we only assume that a,; are bounded measurable (and satisfy the ellipticity
condition, of course), the only information we have about the solution from our
theory is u € Hg(2). Even in dimension n = 2 this does not give continuity of

144\We note that the global estimate is non-trivial even for & = 0, as we do not assume the
Lax-Milgram from is coercive. In fact, the technique of local estimates can be used for an
alternative approach to the Fredholm theory in lecture 31.
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w145 To prove continuity by the method we have used so far, we need to take k
derivatives of the equation, with k 4+ 1 > n/2, and Vkaij has to be bounded. If
we wish to prove that the solution is once continuously differentiable, we need
to take k > n/2 and V**1a;; should be bounded. These requirements are way
stronger than what is really necessary. For example, it can be shown that for
bounded measurable a;; satisfying the ellipticity assumptions the solutions are
always Holder continuous. This is a famous result of E. De Giorgi and J. Nash
proved in 1950s. The proof is not easy and we will probably not cover it in
this course. In the special case of dimension n = 2 the proof is much easier,
and we will at least show how to prove the continuity of the solutions in that
situation in one of the next lectures. It is clear that the proof cannot rely on
taking derivatives of the equation and a different idea has to be used.

Let us now assume that a;; are Holder continuous.!*® What can we say about
the regularity of the solution? The method of taking derivatives we have used
so far cannot be applied, as the coefficients a;; still may not be differentiated.
One can get a hint from the easy case of dimension n = 1. In this case the
equation is

(a(x)u’) =0. (541)

The general solution of this ODE is

A
u(z) = / a@ dz + B, (542)
where A, B are constants. We see that if a is Holder continuous, than the first
derivatives of u are Holder continuous (with the same Holder exponent), but in
general we do not have any additional regularity for the second derivatives.

In higher dimension the situation is the same, although the proof is more diffi-
cult. For equation

0 ou of;
_ 9 O 0 543
81’1‘& ](l‘) E)xj (%cj ( )
We have a local estimate (for R < Ry)
[ullcr.a(Br)y < CillfllcoeBr,) + CollullLz(Bg,) (544)

145We will see later that in this two-dimension case the continuity of u can be proved by a
simple argument, which nevertheless requires a new idea.
146\We recall that the Holder norm || f||zo0,« of a function on  is usually defined for a € (0,1)

by
fllcoe =  sup L@ = SO

e el (540)
z,yeQ, vy T—Y Q

The Hoélder norm C*® can be defined as the sum of the Holder norms of derivatives up
to order k. (There various equivalent definitions, depending on which lower-order terms we
include.) The definition makes sense also for @ = 1, in which case we are dealing with
Lipschitz functions. However, estimates with C%1 usually fail in the context of PDEs we are
considering.
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where Cy,C5 depend on Ry, R, v, the dimension n and the C%* Hélder norm
of the coefficients in Brg. The dependence can be made more explicit, if neces-
sary.'47 If the coefficients are in C*®, one has

ullgr+riasr) < Cillfllora(Bg,) + CollullL2(Bay) - (545)

where the constants will now also depend on k.

There are several techniques for establishing (543), but none of them is an
obvious generalization of the “energy estimates” technique which we used in
the previous lectures. Sometimes such estimates are called Schauder estimates,
although some authors may use the term in the slightly different situation of
the non-divergence form equations, which we are going to consider next.

The non-divergence form equations are usually written as

aij(a:)u7ij = f (546)

This equation is covered by our “direct method” only if a;; are Lipschitz, or,
equivalently, if Va;; is bounded. (This could be relaxed to Va;; € L™, but not
much more.) The reason for this regularity requirement is that the Lax-Milgram

form is Bu 8 5
u Qv u

Alu,v) = | aji=——=— +a;;;=—0. 547
( ) /Q Y ij 8951 o 8£Ej ( )
On the other hand, the natural classes of coeflicients a;; for which the solutions
of (546) should be considered (and are well-behaved) include the case when a;;
are merely Holder continuous, without any assumptions on their derivatives.
Such situation is not covered by our techniques so far. We will probably cover
it later, but for now we should at least mention the Schauder estimate for (546).
When a;; are in C%®, one has for any solution of (546) the local interior estimate

lullez.e(r) < Chllfllco.e g, + Collulle(sry) » (548)

where || - ||¢ denoted the usual sup-norm in the space of continuous functions.
Using the one-dimensional example

auv” = f, (549)

one sees easily that estimate (548) is more or less optimal. The techniques
used to prove the Schauder estimate (549) are quite different from the energy
techniques we have been using. One way to establish (548) is to return the the
representation of solutions via potential we used in the beginning of the course.
Another approach can be found in the book “Lectures on Elliptic and Parabolic
Equations in Holder Spaces” by Professor N. Krylov of our own department.

147See for example the paper “The inverse function theorem of Nash and Moser” by
R. Hamilton, Bulletin AMS, Vol. 7, No. 1, July 1982, Section 3.3, p. 155.
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Homework assignment 3
due December 22, 2010

Let Q@ C R™ be a bounded smooth domain and let b = (by,...,b,) be a bounded
smooth vector field in 2. Let us consider the boundary value problem

—Au—l—a%j(bju) = 0 inQ,

550
—%—l—bjnju = 0 atoN. (550)

Show that the problem has at least one non-trivial solution. (Hint: use Fredholm
theory.)

Additional optional problems:

1. Show that the space of solutions of (550) is one-dimensional.

2. Show that if b = V¢ for some smooth function ¢, then u is given by u = Ce?.
3. Show that the solutions of (550) do not change sign.

4. Study the same problems for the equation #{;jaij (z)u =0 in Q, with the

boundary condition ni%(aiju) =0.
J
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Lecture 38, 12/8/2010

In our proofs of regularity so far we have been measuring regularity of functions
in a particular way: we were looking at how many derivatives are in the space
L?. This leads to the hierarchy of spaces H*, k =0,1,.... These spaces work
quite well in some situations, but when we work with coefficients with limited
regularity, these spaces are often not a good match with the problem at hand.
We have seen examples of this last time, when we introduced another hierarchy
of spaces - the Holder spaces C*®. There is still another scale of spaces, which is
a generalization of the H"-scale, which gives us yet more flexibility when dealing
with regularity. These are the spaces W¥*P, which measure the regularity of
functions in terms of how many derivatives are in LP. In comparison with the
H* = W*?2 scale, we have an additional parameter p to play with. Let us
illustrate how this can be used on a simple example. Consider the equation

Au+b(z)Vu =0, (551)

where bVu = b;ju ; and the vector field b = (b1, ..., b,) is in L*°, but not better.
Assume that u € W12(Q) is a solution. We note that the term bVu belongs to
L?(€2). Considering the term as the right-hand side in

Auy=—bVu = f (552)
we see that we can take one derivative of the equation. Writing v’ = 5971;, we
have of

Au' = 2| 553
W= g (553)

which can be used to estimate Vu' in L2, see lecture 35, (515). Therefore we
can conclude that V2u € L2, 148

If we only use the H*-estimates, this is as far as we can get. We cannot take
any more derivatives of the equation, and if we only work with L2-type spaces,
there is not much more we can do. However, the situation becomes different
if we use LP spaces for general p to measure the regularity of the derivatives.
In other words, we measure the regularity of a function w by the quantities
[|Vi||z», p > 1,1 = 0,1,... This gives us more flexibility: instead of taking
higher derivatives, we can try to increase p. We define the spaces W¥*?(2) in the
same way as the spaces W*?2 except that the condition u, Vu, ..., VFu € L%(Q)

1481n general, we expect that for the operators L of the form (458) with smooth coefficients,
the second derivatives V2u of the solutions of Lu = f should have the same regularity as f,
i. e. we should have V2u € L? in the case at hand. We did not formulate our regularity
estimates in a way which would directly directly estimate V2u in terms of f, because in the
general case %aM% = f with f € L? we cannot conclude that V2u € L? unless we have

K ) J
additional regularity for the coefficients. It is therefore more natural to have the right-hand-
side in the divergence form, i. e. % rather then f, if we work irregular coefficients. However,
J

if the coefficients have some regularity, it is also natural to consider estimates comparing V?u
with f. In our setting we can obtain these by taking one derivative of the equation.
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is replaced by u, Vu, ..., VFu € LP(Q). The corresponding norm is denoted by
Il - [lvww.r-

The Sobolev Imbedding Theorem and the H* estimates can be generalized as
follows.

(i) Imbedding Theorems for W*? spaces. We will discuss these in some detail
later in the course. Roughly speaking, there are two fundamental results
(for sufficiently regular bounded domains © and p € [1,00)) also called
Sobolev Imbedding Theorems:

> 0 and

1
n

— o
=2 <.

Sl g

(@) llullpa) < Cllullwrp(qy for

[ Q=

(b) [fullco.e() < Cllullwrrq) for

(ii) LP—estimates for elliptic operators. In the simplest case of the laplacian
the estimates roughly says that if Au = f with f € LP, then the second
gradient V?u will also be in LP.'49 (Later we will formulate this result
more precisely.) In the general, the regularity requirements on the leading
coefficients a;;(z) are stronger than for the H* estimates, but if the leading
term in the equation is the laplacian, we do not have to worry about this
point.

Let illustrate how one can apply these results to (551). We have already seen
that V2u is in L2. By the imbedding theorem this means that Vu is in L? with
1/q¢ = 1/2 — 1/n. This means that the right-hand side in (552) is in L7, and
by the LP estimates this implies that V2w is in L9. This still further improves
the regularity of Vu, and we can run the argument again.'®® After a few steps
we will obtain that Vu is Holder continuous. In this case (552) gives that V2u
is in L? for any p > 1 and Vu is in C%? for each a € (0, 1), which is more or
less optimal regularity for (551) with bounded measurable b(z). (Clearly VZu
cannot be better than L>°, as the Au may be discontinuous if b is. Elliptic
estimates typically do not work in L> (and in L'). Instead of L™ we get L?
for each p < 00.)

Remark

We should note that in the above argument one does not really have to use the
LP estimates (item (ii) above), as one can directly look at what (552) implies
for Vu. This is more or less equivalent to item (i) above. So one does not
need the LP estimates to get optimal regularity for (551). Moreover, one does
not need the optimal imbedding theorem in (i) either: we can run the whole
argument if we get some gain at each step, it does not have to be the optimal
gain. For example, proving (i)(a) with 1/p — 1/n > 1/q is much easier than
with 1/p — 1/n = 1/q, and can be done with using only Young’s inequality for
convolutions. So the whole argument that the solutions of (551) are C1* can
be quite elementary. However, one does have to go beyond H* estimates.

49However, these estimates cannot be accomplished by a simple integration by parts which
works well for the L2-estimates.
150This is known as “bootstrapping”.

147



We have introduced the main spaces used in elliptic PDEs - the spaces W#»
and C**. The regularity proofs using these spaces - such as our simple ex-
ample (551)- often use only the fact that inverting elliptic operator of order m
gains m derivatives in these spaces. If a proof is based on this result, it usually
works well not only for scalar equations of second order, but also for general
systems of equations, the method is quite robust.

Some of the deepest results about scalar elliptic equations of the second order
use additional properties of solutions of these equations, such as those related
to the maximum principle. The proof of the famous result of De Giorgi and
Nash that the solutions of (539) with measurable a;; are Holder continuous is a
good example. It uses in a crucial way properties of solutions of scalar second
order equations. It cannot be generalized to system of equations, because the
result simply fails for systems. We will not cover the proof of the DeGiorgi -
Nash result at this point, but we will illustrate in a simpler situation how the
maximum principle can be used in regularity theory.

Let us consider the equation

0 ou

2 J

in dimension n = 2. We assume that the coefficients a;; are bounded measurable
and satisfy the ellipticity condition a;;(z)&¢; > v|€[2. We assume that u €
Wh2(Q) is a weak solution of (554), i. e. we have

Ou Ov 1
/Qa” Bz, 07 0, v e Hy(). (555)
The solutions of this equation satisfy a maximum principle. As general functions
in W12(Q) are not defined point-wise, we have to be somewhat careful in the
formulation of the maximum principle. We will use the following notation:
7, = max(x,0). An important property of W2(Q) functions is that if u €
Wh2(Q), a € R, then the function # — (u(x) — a)4, which will be denoted by
(u — a)4 again belongs to W2(Q). The proof of this statement is left to the
reader as an exercise.!® We will say that a function u € W12(Q) satisfies a
maximum principle, if it has the following property: for any open set O C )
and any a € R, if (u —a); € HE(O), then (u —a); = 0 in O. We note that if
O is a ball B, compactly contained in €2, the condition is equivalent to saying
u|an < aa.e. implies u < a a. e. in B, ;. Note that ulg, _ is well-defined in
L?(dB,.), by the Trace theorem we proved in lecture 24.

We will say that u is monotone'®? if both u and —u satisfy the maximum
principle. We aim to show the following:

(1) The solutions of (555) are monotone.

(2) In dimension n = 2, monotone functions in W2 are continuous.!?3

1511t is a good exercise, I recommend that you do it.
15250metimes the term monotone in the sense of Lebesgue is used.
153This statement is sometimes called the Lebesgue-Courant lemma.
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Lecture 39, 12/10/2010

We continue with investigating the monotonicity in (the sense of Lebesgue) of
equation (555) and its consequences. Let us first prove that any weak solution is
monotone. This is quite easy: Let O C Q be open. Assuming (u—a); € H}(O),
we have, by definition

ou O(u—a)y
/O o g =0, (556)
Hence
Ou O(u—a)y / Ou—a)y O(u—a)y / 9
0 /@ i 6],‘]‘ 63:1 o i 8.23]' 63:1 =V o |V(U a)+| ’

(557)
and we see that (u — a)y must vanish in O. The same argument applies to —u,
and we see that u is monotone (in the sense of Lebesgue).

Our next goes is to show the following result, often called the Lebesgue-Courant
lemma:

Theorem
In dimension n = 2, a function u € W2(Q) which is monotone (in the sense of
Lebesgue) is continuous.

As preparation for the proof of the theorem, let us start with looking more
closely at properties of general functions in W12(Q). For simplicity we assume
that Q is the cube [0, 1]™. Let us denote x = (2, z,,). Consider any u € W12(Q).
The values of the function u(z) are not defined at all points. In fact, except
in dimension n = 2, the function x,, — u(a’, x,) is not well-defined for all 2.
However, even with merely assuming u € L?(Q) this function is well defined, as
an element of L?(0, 1), for almost every 2’ € Q" = [0,1]" L.

Lemma
For any u € WY2(Q) the function x, — u(z',z,) belongs to W2((0,1)) for
almost every ©' € Q'. Moreover,

/ (', M 0.0y 42" < 1ol Bz - (558)
Proof:

For h > 0 consider the difference quotient Dfu(z) = “Ethen)—u(@) = gey

1-h
Fi(2') = / |Dru(a! 2, |? dec,. (559)
0
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We have (see lecture 33, (469))

2

Fu(a) da’ < / Ou e (560)
/Q/ Q al’n
Let

F(2') =liminf F(2") . (561)

hHO+
By Fatou’s lemma
2
P(a)de’ < / O e (562)
Q' Q axn

If x, — u(a’,2,) is well-defined as an L? function and F(2') < 400, we can
see from the proof of the last lemma in lecture 33 ((470) and (471) with lim
replaced by liminf) that u(z',-) € W2((0,1)) and |[u(a’,-)|[Z1.. < F(2'). This
finishes the proof of the lemma.

A similar proof and a simple (local) change of coordinates gives the following:
If u € WH2(Q) and B, ,, C Q, then ulpp,, € WH23(8B,,,) for almost every
re (0, ’I"o).

If n =2 and u € W%(dB,,), then by a simple application of the Cauchy-
Schwartz inequality we have, for each y,z € 0B, ;,

1
2

|u<y>—u<z>|s</83 wP) () (563)

(Strictly speaking, we should say that u has a representative for which it is true,
as the functions in W12 are well-defined only module a set of measure 0.)

Let us denote by

oscx u = sup |u(z) —u(y). (564)
z,yeX

and also (for a measurable set X)

essoscx v = inf{e > 0, |u(z) —u(y)| <e for almost every z,y € X}. (565)

We aim to show that under the assumptions of the theorem we have

essoscp, , u — 0 r—04, €. (566)

This implies that « has a continuous representative.'%4

Let, for a given x € Q with B, ,, C Q and r € (0,79)

w(r) = essoscp, , U. (567)

1541t is a good exercise to work out the details of this claim.
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We note that €2 is a non-decreasing function of r. For a u which is monotone
(in the sense of Lebesgue) we clearly have

w(r) = essoscop, . U . (568)
(Note that by the theorem about traces in lecture 24 the function u|sp, , is

defined for every r € (0,79).)

By (563) we have
w?(r)

r

< w/ |Vul?. (569)
an,’F

Integrating (569) between over (r1,70), and using that w is non-decreasing, we
obtain
w2(r1)logr—0 < 77/ |Vul?. (570)
1 Ba,rg
We see that w(r) — 0 as r — 0, uniformly on compact subsets of €2, with the
rate depending only on fQ |Vu|?. This finishes the proof of the theorem.

We next turn to the maximum principle for the equation

0 ou ou

ii = i— =0. 571
3371’ @i 3a:j J ij ( )
It is still possible to prove the following result, which is also called the weak
mazximum principle.

Theorem Any weak solution of (571) is monotone (in the sense of Lebesgue).

This is true without any smoothness assumptions on a;j, b; (we only assume that
ai;,b; are bounded measurable and a;; satisfy the ellipticity condition a;;§;§; >
v|€[?), however it is not as easy to prove as in the case when (by,...,b,) = 0.
Let us first give the classical proof in the case when the coefficients are smooth.
Then the solution is also smooth, and we can use derivatives freely. Assume that
for some domain O C Q the maximum of the solution u over O is attained at
zo € O, with (u—a)4 € Hg(O) for some a < u(zg). At the point z( the gradient
Vu vanishes. Our differential operator can be written as —a;ju ;; +b;u, ;, where
l;j =bj —asj,. As u;; = uj;, we can assume a;; = a;; without loss of generality
(as long as we allow general b;). We can choose coordinates so that ag; (o) is
diagonal, with A\; > 0,...,\, > 0 on the diagonal. At zo we will have

—)\17.14’11(%0) — s — )\nu,nn(xo) = 0 (572)

As ui1(zo) < 0,...,upp(xo) < 0, this is close to a contradiction, but the
equation can still be satisfied if V2u(xg) = 0. We use a trick which we already
mentioned in the proof of the maximum principle for harmonic functions. If we

had some strictly negative number on the right-hand side of (572), we would have
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a contradiction at the point of the maximum zy. We can achieve this situation
(with xg slightly shifted) by adding to u a function ev where v satisfies

0 ov v
———aj— +bj— <0. 573

8xia]8xi + J&vj ( )
and € > 0 is small. This will clearly give a real contradiction (for small ¢).
The only remaining issue to construct a v satisfying (573). Such a v can be
written down explicitly. For example, v(x) = e#*t work well, if we take p > 0
sufficiently large. This finished the proof when the coefficients are smooth.

When the coefficients are not smooth, the proof is more difficult. One way to
proceed is as follows. We can use (u — a)4 in the weak formulation as a test
function, and we obtain

[ sl = )11+ by ) = 0. (574)
O

This gives
/@ V(0 — )42 < Cl(u— a) 4%, (575)

This inequality, used for a close to the maximum of u, leads to a contradiction.
We will not complete the proof at this point, as it would lead us in a different
direction, 155 but it is hoped that this example illustrates well some of the
issues which arise in connection with our equations when the coefficients are
not smooth.

155Nevertheless, it is probably worth mentioning the main idea of the proof. One can proceed
for example as follows. Let Eq, = {x € O,u > a}, and let 1/p = 1/2 — 1/n for n > 3, and
p > 2 for n = 2. Using imbeddings mentioned in lecture 38, we have

/@Hﬁ < {/(U, a)? Y27 B2/ < 01/|V(ufa>+\2\Ea|1—2/p <

CQ\Ea|172/p/(u — a)2+.

This shows that u is bounded. Let M = ess supp u. If |Eq] — 0 as a — M_ (which is
the same as |Eps| = 0), we see from the above inequality that M = 0. If |Eps| > 0 we let
va = (u—a)4+ /(M — a). The functions v, again satisfy (575), and hence they are bounded in
W12 and stay in a compact subset of L2((0). We can assume that v, — v weakly in W12
as a — M_. It is not hard to see that v must be the characteristic function of Ej;, which
however cannot be in W12 when |Ejs| > 0. We see that M < 0.
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Lecture 40, 12/13/2010

We would like to explain some of the motivation behind studying the problems
with low-regularity coefficients. One reason is “intrinsic”: the class of equations
which can be treated by our existence theory includes equations with bounded
measurable coefficients in such a natural way that one could be compelled to try
extend as many “smooth case” results as possible to this case. Historically, one
of the main reasons for the study of the case of low-regularity coefficients was
their appearance in connection with regularity theory for nonlinear equations.
The regularity theory for non-linear equations goes back to Hilbert’s problems
no. XIX and XX, formulated around 1900. Let us look at a special case of
these problems. Let Q C R™ be a smooth bounded open set. We have seen in
lecture 21 that the solution of the problem

Au=0 in €,
u|89 =9 at aQa

can be obtained by minimizing the functional
/ |Vu|? (576)
Q

over the set W, *(Q) = {u € W'3(Q), uloq = g}
Assume now that (576) is replaced by

I(u):/ﬂf(Vu(:v))dm (577)

for some function f: R™ — R in the above problem. Can we minimize [ in
W,2(Q)? Historically, one of the first cases people looked at for n = 2 is

FE&) =vi+IgP. (578)

In this case the functional I(u) gives the area of the graph of u, and the problem
of minimization of I over W;-?(Q) arises if we wish to find minimal surfaces with
the boundary curve given by the graph of the function g. It turns out that the
functional I with (579) is quite difficult to handle in general, as the minimal
surfaces can sometimes prefer not to be graphs of functions. In terms of f this
can be seen as a result of the slow growth and lack of uniform convexity as
& — 00. Let us consider an easier problem when the function f has bounded
second derivatives and is uniformly convex:

62.]0(5) - n
‘8&% <C EeR", (579)
and -
O cei> g2, EeRM¢eRr. (580)

0&;0¢
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Can we then minimize I over ng’2 (©) and if so, what is the smoothness of the

minimizing functions? This is an important special case of Hilbert’s XIX*" and
XX problems.

The proof of existence and uniqueness of the minimizer is quite similar to the
quadratic case (576), and does not present a difficulty, once the theory of W12-
spaces is developed. One has to find a suitable replacement for the explicit
expressions we used when I was quadratic, so one cannot copy the proof line-
by-line but it is a good exercise to show that — similarly to the quadratic case
we treated in lecture 21 — any minimizing sequence is Cauchy in W12?(Q) and
the problem has a unique minimizer. (These are consequences of the uniform
convexity of f and the geometric picture is the same as in the quadratic case.)

At the minimizer u, the derivative of I in any direction v € H}(Q) will vanish:
I (u)o = / Fe(Vu) v, =0, ve HNQ), (581)
Q

where f¢, = g—g. This is the weak form of the Fuler-Lagrange equation for the
functional I: 5

BJZZ‘
The vector field f¢,(Vu) can be thought of as a flux induced by the gradient Vu,
but the dependence is now non-linear.
It is not hard to see that the minimizers u have to be monotone (in the sense
of Lebesgue). Therefore in dimension n = 2 we know right away that the
minimizers are continuous, based on the result of last lecture.'®®

Je,(Vu) = 0. (582)

The hard part of Hilbert’s problem is the following question:
Are the minimizers smooth?

Recall that f is assumed to be smooth. At the boundary the minimizer u can
be only as smooth as allowed by the boundary condition g, of course.

The problem was solved (with positive answer) in dimension n = 2 in 1930s by
Ch. B. Morrey, and in general dimension in 1956 by DeGiorgi and Nash. The
general case [, f(z,u, Vu) was solved by Ladyzhenskaya and Uraltseva a few
years later.!®”

Let us now explain how linear equations with low regularity coeflicients appear
in these problems. A simple observation is that (582) can be written as

0 .
%aij (.T)’U,’j =0 (583)

1561n fact, it is easy to see that the minimizing sequence can be taken to be monotone (in
the sense of Lebesgue). In dimension n = 2 such minimizing sequences converge uniformly.

157Many of these developments are explained in the book “Linear and Quasilinear Elliptic
Equations” by Ladyzhenskaya and Uraltseva.
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with
() = | Jee, (tVu(o) de. (584)
0

In other words u solves a linear elliptic equation with low-regularity coefficients.
Another linear equation one formally has is

aij(@)u; =0 aij(x) = fee,(Vu(z)), (585)

but it has the disadvantage of not being well-defined for u € W12,

Although (584) or (585) can be sometimes of interest, they do not get us very
far with the regularity problem. The key idea leading to regularity results is
to take derivatives of the Euler-Lagrange equation (582). Let us first do that
formally, postponing the justification of the calculation till later. Let us set

u = g—;l and take 6%1 of (582). We obtain

—aixiaij(x)ufj =0, aij(z) = fe,e,(Vu(z)). (586)
The assumptions on f guarantee that the coefficients a;;(x) are bounded, and
satisfy the ellipticity condition a;;&;&; > v|¢|?. It is also clear that we cannot
say much about the smoothness of the coefficients at this point, as we only
know that Vu € L2 Therefore we have to treat a;j(x) as general L> functions
(satisfying the ellipticity conditions), until we obtain more information about
Vu.

We now recall Caccioppoli’s inequality from lecture 33, and see that (586) gives
us a new estimate for wu:

C
Vu’2<7/ u)?. 587
/BR| *< o f,, (587)

The right-hand side is controlled by the known quantity [, |Vu|?. In this calcu-
lation «’ can be the derivative in any direction, and therefore we have obtained
an L2-estimate for V2w in L?. It remains to justify the formal calculation.
However, this is not hard to do by using the difference quotients technique. To
apply it in the non-linear case, one can use the formula

% (fe.(Vu(z + her)) — fe,(Vu(z))) = afy(x)(u") 5, (588)
where 1
ol (x) = /0 feoe, (EVu(x + ) + (1 — £)Vu(x)) dt (589)
and
ul(x) = Dhu(z). (590)

We do the calculation with a;; and u replaced by a?j and u”, respectively, and
obtain and estimate for Vu" in Bg which is uniform in h. We can then take the
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limit A — 0 using the last lemma in lecture 33 to obtain Vu' € L?(Bg). This
also justifies (586).

We have proved in the last lecture that in dimension n = 2 the solutions of (586)
are continuous. Therefore we can conclude (still for n = 2) that u’ is continuous.
The same is true for any other partial derivative, and we see that Vu is con-
tinuous. We used the linear equation satisfied by a quantity from a non-linear
equation to improve our information about the regularity of the solution. Now
that we know that Vu is continuous, we see that the coefficients a;; in (586)
are continuous. This enables us still further increase the regularity of u’, which
further increases the regularity of the coefficients, which still further increases
the regularity of u’, etc. The optimal argument (which is technically slightly
different even in the two-dimensional case from what we used so far) works as
follows:

1. Prove that any solution ' of (586) is Holder continuous. This is true in
any dimension for any solution of (586) if a;; are bounded, measurable,
and satisfy the ellipticity condition a;;&;¢; > v[€]2. The proof of this
statement is the most difficult step, completed by DeGiorgi and Nash in
1956 for general n. In dimension n = 2 it is easier to show. (We have
seen that when n = 2 we get relatively easily that the coefficients a;; are
continuous, which simplifies things substantially.)

2. If Vu is of class C** for some k (including k = 0), then a;;(z) are of
class C*, Using linear regularity for (586), we obtain that Vu is of class
CHk+1le This way we increase the regularity of u step-by-step, going up by
one derivative in each step. This procedure is often called “bootstrapping”.

We see that practically every step in the proof is based on some quite precise
estimates for linear equations, which is what we aimed to illustrate in this
lecture. In the theory of PDE this is is quite common, it is not limited to the
type of equations we have been studying.!®®

1580n the other hand, not all important estimates are “linear” (although this was the case
in our example). One can encounter important estimates which are of non-linear nature.
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Lecture 41, 12/15/2010

Today we will consider the strong mazimum principle for the solutions of the
equations

0
—gaiju,j + bjud- =0. (591)
7
Let us first start by making a few remarks about the weak maximum principle we
considered in lecture 39. There we showed that solutions of (591) are monotone
(in the sense of Lebesgue). The same proof can be used to show that the
solutions of

0
~ g, Mt Tbju; <0, (592)
K3
satisfy the maximum principle (as defined in lecture 39), and non-negative so-
lutions of

0
—%aiju’j + bju,j +cu < 0, (593)
7
with ¢ = ¢(z) > 0 satisfy the maximum principle.'®® These generalizations are
simple, but they can be useful.

The weak maximum principle says, roughly speaking, that u cannot attain a
strict local maximum at a compact set contained in the interior of a domain.®°
The strong maximum principle describes what happens when we leave out the
condition that the maximum be “strict”. Clearly, constant functions solve (591)
and do attain a (non-strict) maximum at interior points. The strong maximum
principle says that these constant solutions are the only case when this can
happen. More precisely, we have the following results

Theorem (Strong Maximum Principle)
Let u be a solution of (591) in a domain ) and assume that for some xg € )
u < u(zp) in Q. Then u = u(zp) in Q.

Remarks:

1. We did not explicitly state any smoothness assumptions on the coefficients.
This is because the result is true for general L> coefficients, as long as a;; satisfy
the ellipticity condition a;;(x)&¢&; > v|€[>. However, we will do the proof only
when the coefficients are “sufficiently regular”. Essentially we need that the
weak maximum principle is true and that the solution w is differentiable at each
point. This will certainly be the case of the coefficients are smooth. If we use

1590ur proof based in the evaluation of the second derivatives needs that u is of class C2,
which dictates some assumptions about ¢. However, the statement is true for any bounded
measurable ¢ (and the boundedness can be replaced by still weaker assumptions, if necessary).

160Typically we think of the set where the local maximum is attained as a point, but in
principle it could be for example a curve, or a more complicated object.
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some of the facts mentioned in lectures 37 and 38, we see that our proof will
work when a;; are Lipschitz and b; are bounded. The proof for the general L
coefficients requires more advanced techniques.

2. Tt is easy to see that the statement remains true for inequality (592) (i. e.
when u is a subsolution rather than a solution), and also for inequality (593)
under the assumptions that ¢ > 0 and u > 0.

3. If we replace the assumption that u < u(zg) in by the weaker condition
that u < u(zg) in a neighborhood of xy, we have by the above that u is constant
in a neighborhood of xg. If the leading coefficients a;; are Lipschitz, the theory
of unique continuation implies that u has to be constant in 2. However, this
result is quite subtle and requires new techniques. For harmonic functions we
can obtain it by using analyticity of the solutions. When the coefficients of the
equations are analytic, it can be shown that the solutions are also analytic, and
the same argument as for the harmonic functions can be used. If the coeflicients
are not analytic, another argument is needed.

The proof of the strong maximum principle in the case of sufficiently regular
coefficients is traditionally based on the following lemma of E. Hopf, which is
of independent interest.

Hopf’s Lemma

Assume that the coefficients in (591) are sufficiently regular'®! and let u be a
solution with in the ball Br, with u € C'(Bg). Let xo € OBg be such that
u(x) < u(xo) for each x € Bgr. Let v(xg) = (v1(x0), - - .,Vn(x0)) be the outward
unit normal to Bg at xg. Then

= (w0) > 0. (594)

Proof:

We note that on 0Bp/ we have u < u(xo) — ¢ for some § > 0. Assume that
we construct a smooth function v in the closure of the set O = B \ Br/2 such
that

(i> U‘OBR = u(l‘o), U‘OBR/Q = u(xo) -9,
(ii) _a%iaijvd +bjv; >0in O, and
(ifi) 92 (o) > 0.

By the weak maximum principle we than have v < v in O, and since u(xg) =
v(xo) we see from (iii) that %(wo) > 0.
We will seek v in the form

|=|2

v(z) = —ece N2 fo, (595)

1610ur proof will require Lipschitz a;; and bounded b;
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where A > 0, € > 0 and ¢ € R are chosen so that boundary conditions (i) are
satisfied.

z|2
It is now enough to verify that for w = e~*%= with a suitable A > 0 we have
0 .
=B, G +bjw,; <0, inO. (596)
K]

If a;; are Lipschitz and b; are bounded, we only need to look at
—aijwij + bjw, (597)
with some bounded b;. We calculate
w,; = —ATiw, W = )\Qﬂcixjw — Ajw, (598)

and substituting this into the expression (597) it is not hard to see that the
expression (597) is <0 a. e. in O when A is large enough, as (597) will be

“Nagjzizy + My(z) < —A20|R/2? + AM, (599)

where y(z) is an L function in O, M = ess supy 7, and v > 0 is the constant in
the ellipticity condition a;;&;&; > v|¢|*. 152 The proof of the lemma is finished.

It is now easy to prove the theorem. Let K = {x € Q, u(z) = u(xo)} and
assume that both K and O = Q\ K are non-empty. As Q is connected by our
assumptions, this means that 00 N Q # (). Let us take z; € 9O N Q. Set ry =
dist(x1, 0Q), and choose x5 € O with |z —xz2| < r1/2. Let R = dist(z2,90) and
let x3 € 0B,, r N K. By Hopf’s lemma, g%(xg) > 0, which is in contradiction
with the condition that u < u(x3) = u(xg) in Q. This finishes the proof of the
theorem.

162We also use v for the normal, but hopefully there is no danger of confusion here.
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Lecture 42, 1/19/2011

Last semester our focus was on elliptic equations. This semester we will study
more general classes of linear equations, including parabolic equations and (ex-
amples of) dispersive and hyperbolic equations. We will start with an intro-
duction into the theory of distributions, which can be considered as an ideal
language for formulating many results about linear differential operators and
Fourier transformation. To introduce this language, we will need to go through
a certain number of definitions. As we will see, the flexibility the language of
the distribution provides is well worth the modest effort needed to introduce it.

We will denote by 2(2) the space of all smooth, compactly supported complex-
valued functions in an open set Q@ C R™. For p € 2(Q) and a = (a1,...,an)

3\0490

where o are non-negative integers, we will denote by 9% the derivative ST T -
1 e n

(We use the usual notation |a| = ag + -+ + ay,.)
For p € 2(Q) we set

[[ollm = sup [0%(x)] . (600)

z€Q, |a|<m

Each || - || obviously is a norm on 2(£2). We note that 2(2) is not complete
in those norms.1%3

Let K C Q be a compact set. We define Zk(Q2) as the set of all functions in
2(2) which are supported in K. On the space Pk (£2) we consider the topology
given by the following notion of convergence: ¢; — ¢ when for each m we have
[lo; — @llm — 0 as j — oo. This topology is defined by a metric, which can be
taken for example as

: —m_ o1 = p2llm
dist(p1, pp) = S 2-m_1PLT P2llm 601
Coren) =2 2 T o ol (601)

The space Pk (Q) is easily seen to be complete in this metric. In the terminology
used in Functional Analysis, the space Pk (Q2) is a Fréchet space. Fréchet spaces
are a natural generalization of Banach spaces to the situation where convergence
is defined not just by one norm, but by a countable family norm (or semi-norms),
and the resulting metric space is complete. Many classical consequences of
completeness known in the theory of Banach spaces!'®* can be more or less
directly generalized to Fréchet spaces.'®®

The following result, despite its elementary nature, is very useful. Its main point
is that although the definition of convergence in Zx (€2) involves the derivatives

163 A5 an exercise you can characterize the completion of 2(£) in the norm || - ||m.

1645uch as the Open Mapping Theorem, Closed Graph Theorem, Uniform Boundedness
Principle (Banach-Steinhaus Theorem)

165 A good reference for these results is for example W. Rudin’s textbook Functional Analysis.

160



of arbitrary high orders, the values of any given continuous linear functional
on Pk () converge on sequences {¢;} where only finitely many derivatives are
convergent.

Lemma
A linear functional | on Pk () is continuous if and only we have

L) <Cllellm, ¢ € 2x() (602)

for some C' > 0 and some non-negative integer m.
We leave the proof to the reader as an exercise.

We now define convergence in 2(2) in the following way. By definition, a
sequence @; € () converges to p € 2(2) when

(a) There exists a compact K C 2 such that all functions ¢, are supported
in K.

(b) ¢; = ¢ in Dx(Q), i. e. 0%p; converges uniformly to 0%p for each multi-
index a.

The above convergence in 2(2) defines a topology on 2(2), which however is
not metrizable. As we will see, this does not cause problems, since one can
always work with the simple definition of convergence.

By definition, a distribution in Q is a linear functional on 2(2) which is contin-
uous with respect to the above defined convergence. The set of all distributions
in £ is denoted by 2'(Q). For v € 2'(Q2) and ¢ € 2(N2) we will denote by (u, ¢)
or u(p) the value of u at the function ¢.

Examples

1. Each locally integrable function u in Q defines a distribution by

(u, p) = /Q up. (603)

2. Given u € 2'(2), we define its derivatives 0%u € 2'(Q) by
(0%, ) = (u, (~1)1*10%p). (604)

The verification that 0%u € 2'() is straightforward and is left to the reader
as an easy exercise. For u represented by a sufficiently regular function u the
derivative 9%u of the distribution wu is represented by the usual derivative 0%u,
as one can see from the integration by parts. In general, the derivatives 0%u
may not be representable in terms of locally integrable functions.

3. For a € Q we define the distribution J, (also called the Dirac mass) by

(00, p) = p(a). (605)
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The derivatives of J, are given by

(064, ¢) = (—1)*10%p(a) . (606)

As a consequence of the above lemma, one can see easily the following statement:

A linear functional on 2(R) is a distribution if and only if for each compact
set K C € there exist a non-negative integer m = m(K,u) and a constant
C = C(K,u) > 0 such that

l(u, )] <Cllellm, v € PZk(Q). (607)

We say that a distribution v € 2'(Q) vanishes in an open subset O C Q if
(u,p) =0 for each p € 2(0).

The support of a distribution u € 2(Q) is defined as the complement of the
union of all open sets on which u vanishes. The support of v will be denoted by
suppu. If suppu C K for some compact set K C {2, we say that u is supported
at K. If u is given by a locally integrable function then the definition coincides
with the usual definition. To prove that, one needs the following statement:

If u is a locally integrable function in an open set O and [up = 0, for each
p € 2(0), then u(x) = 0 for almost every z € O.

This is a standard (non-trivial) fact from the theory of Lebesgue integration,
which can be seen from u * ¢. — u (locally in L') as ¢ — 0, where ¢, is the
standard mollifier introduced in lecture 2, see (21).

The support of the distributions 0%, introduced above is the one-point set
{a}. The following result is important in that it shows that our definition of
distributions does not allow any unexpected “parasitic” objects.

Proposition
Let a € Q and assume that v € 2'(Q)) is supported at a. Then there exists a
non-negative integer m such that

u= > a0, (608)

la|<m

for some coefficients ¢, € C.
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Lecture 43, 1/20/2011

We proceed with the proof of the last proposition in the previous lecture. We
can assume without loss of generality that a = 0, and that a closed ball K =
{z,|z| < ri} is contained in . By the first lemma in the last lecture, see (602),
we know that for some C' > 0 and a non-negative integer m we have

(u,0) <Cllellm , v € Zx(9). (609)
We claim that
(u,) =0 whenever ¢ € 2() and 9%p(0) = 0 for |a] < m. (610)

To prove the claim, let us consider a smooth function 1) supported in the unit
ball of R" with ¢ = 1 in {x, |z| < 1} and for € > 0 let us set

). (611)

For each ¢ € 2(Q) the value (u,p).) is independent of . To see this, we
note that for each 0 < g1 < g2 and each ¢ € Z(Q) the support of the function
Ve, — @i, is contained in Q \ {0}, and by the assumption suppu C {0} we
must have (u, ptp., — ptbe,) = 0. In view of (609), the proof of (610) will be
finished if we show that

lir&_ [love||lm =0 whenever p € 2(Q) and 0%p(0) =0 for || < m. (612)
E—

Assuming 0%¢(0) = 0 for |a| < m, let us estimate the derivatives 9% (. ) for
|a] < m. By Leibnitz rule, these derivatives are a linear combination of the
terms

(0%0)(@¢c), 1B+l <m. (613)
Under our assumptions on ¢ we have
|07 p(x)| = O(ja| ™17y, 2 =0 (614)
and c
07 < % insupp e € B = {o, Jo] < e). (615)

We see that for |8| 4+ |v] < m we have
((0°9)(07¢),0) = O(e), €—0 inQ, (616)

which implies (612) and hence also (610) (due to (609)).
With (610) established, it is easy to finish the proof. Let N be the number of
multi-indices o with || < m, and let

T 2(Q) —» CN (617)
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be the map defined by
Y — {aa@(o)}\alﬁm . (618)
We have established that

m(p) =0= (u,p) =0. (619)

In other words, the kernel of the linear map 7 is contained in the kernel of the
linear map w. This means that the map ¢ — (u, ) can be factored through .
That is, there exists a linear map [: CY — C such that

(u,0) = U(m()) - (620)
Every map [ o m as above is clearly of the form
o= > cad¥p(0), (621)
la|<m

and the proof of the proposition is finished.

If we replace the one-point {a} in the proposition by a compact set K C 2, the
following result can be obtained.

Let u € 2'(Q) and suppu C K, where K C Q) is compact. Then there exists a
non-negative integer m and L?(Q)-functions g, |a| < m, such that

<u,<p>=/Q Z Go(x)0%(z) dx . (622)

Note that it is not claimed that the functions g, are supported in K. However,
once the existence of g, is known, they can be easily modified so that they have
support in any given neighborhood of K.

For general compact sets K it is not always possible to achieve a representation
(u, ) = [ > jaj<m 0%@ dpta, Where pq are (signed) measures supported in
K.166

166Gee for example the book “The Analysis of Linear Partial Differential Operators I’ by
L. Hérmander, Section 2.3.
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Lecture 44, 1/24/2011

We prove the representation (622) from the last statement of the previous lec-
ture. Let ¢ € Z(Q) be a function which is = 1 in a neighborhood of K. Since
suppu C K, we have (u, ) = (u, o) for each ¢ € 2(Q). In view of the first
lemma in lecture 42, see (602), we have for some C > 0 and a non-negative
integer m

(w,0) < Cllptllm € 2(Q). (623)

As 1 is fixed, we can write (after possibly changing C')

(u, ) < Cllpl|m - (624)

From lecture 34 we recall the definition of the Sobolev spaces H*(R™) and the
Sobolev Imbedding Theorem, see (497). We note that Z(2) can be obviously
considered as a subspace of H*(R"™). In view of (497), when s > m + n/2 we
can write

(u,0) < Cllellms, @€ P2(Q) (625)

for some C' > 0. Let us take s to be an integer and let N be the number of
multi-indices o with || < s. We consider the mapping

L 2(Q) — [L2(Q))N (626)
defined by

() = {0%P}al<s - (627)

The image of 2(£2) under the map ¢ is some linear subspace Y of [L2(2)]". The
map ¢ — {(u, ) defines a linear functional { on Y by

I: {0%0}aj<s — (u, p) . (628)

By (625) this map is continuous on Y (taken with the [L?(Q)]¥-norm). We
can now extend the linear functional [ to the whole space [L?(2)]" so that the
extension (still denoted by 1) satisfies

I(w) < Clllre@y s v ={va}ja<s € [L*Q)V. (629)

To construct the extension, we can either directly apply the Hahn-Banach
Theorem, or extend by I(v) = I(Pv), where P is the orthogonal projection
onto Y. By the Riesz representation theorem for linear functionals on Hilbert
spaces, there exist function g, € L?(f2), || < s such that

(v) = / S Gatas 0= {Vatacs € [L2Q). (630)
@ al<s

In particular,

W= [ Y a0te.  veo®), (631)

al<s
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which finishes the proof.

Remarks

1. Using (u, ) = (u, p1b) where ¢ is as above, we see that the functions g, can
be taken so that their support is in any given neighborhood of K.

2. By the construction, the regularity of the functions g, is not very high -
they are just L?—functions. However, we can increase the regularity of the
representing functions g, at the cost of taking a higher s in the following way.
Let G = A~! be the inversion of the Laplace operator by the Newton potential
we studied in lecture 2. We can write

/Q G0d°p = /Q 029(A07 ) = /Q (Gga) A0 . (632)

This improves the regularity of the functions g, although for the new functions
a does not refer to the index in 9%y in the integral (631). We can be repeat this
step as many time as we wish. In some sense, the procedure moves regularity
from ¢ (where regularity is always “available”) to gq.

3. Any distribution u € 2’(Q2) can be written as a locally finite sum of compactly
supported distributions. For this we can consider a suitable partition of unity
¢1+ ¢2+--- = 11in Q, where ¢; € Z2(Q) and only finitely many functions
are non-zero in any compact subset of . We define (uj, p) = (u, ¢;¢). Then
u=>y Uy in 2, and each u; has a representation as in the above proved theorem
(with m = m; now depending on j, and possibly approaching co as j — o).
Moreover, the construction can be done so in such a way that at most finitely
many representing functions g; . are non-zero on any given compact subset of
Q. The details are left to the reader as an exercise.

It is easy to construct examples of u in which the “degree” m; of the localized
distributions u; in the above construction (i. e. the minimal possible number m
in (624)) is unbounded as j — oco. For example one can take Z]Oil cj0%d,,,
where a; € ) is a sequence with no accumulation points in @, ¢; # 0, and
laj| = o0 as j — oo.

We now investigate convergence of distributions. Let u; € 2'(Q2), j=1,2,....
We say that u; converge to u € 2(Q) if

(uj, ) = (u,0), @€ 2(Q). (633)

If uj — uwin 2'(Q), then clearly for each ¢ € Z(Q) the sequence (uj, ) is
bounded. We prove the following result.

Theorem

For any sequence of distributions u; € %2'(§)) with the property that the se-
quence (uj, ) is bounded for each ¢ € Z(2), we can choose a subsequence u;,
which converges in 9'()) to some u € 2'(Q).
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The theorem can be thought of as a certain compactness property of suitable
subsets of 2'(f2).

The theorem is a consequence of two important principles of Functional Analy-
sis: the Uniform Boundedness Principle!®” and the Cantor diagonal argument.

Recall that in the context of Banach spaces the Banach-Steinhaus Theorem says
the following: If X is a Banach space, and M C X* is a subset of its dual space
such that the set {l(z),l € M} is bounded for each z € X (with the bound
possibly dependent on z), then M is bounded in norm in X*, i. e. the bound
on the sets {l(x),l € M} can be taken to be independent of x. The statement
is one of the classical consequences of completeness of X. The standard proof
works also for Fréchet spaces, without much change.!%® Applying this result in
our situation (using that Zx(Q2) are Fréchet spaces), we obtain the following
statement:

(S) If M C 2'(Q) is a set of distributions such that {{u, ), u € M} is bounded
for each ¢ € 2(2), then M is uniformly bounded in the following sense: for
each compact K C (Q there exists C' > 0 and a non-negative integer m such that

[(w, )| < Cllgllm, ¢ € Zx(Q),ue M. (634)

With the statement (S) the proof of the theorem is easy: first, under the as-
sumptions of the theorem we see from (S) that the sequence {u;} 3, is uniformly
bounded in 2’(2) in the sense of (634). Second, we choose a countable dense
subset X is 2(Q) and use the Cantor diagonal argument to produce a subse-
quence u;, such that (u;,, ) converges to a finite limit for each ¢ € X. From
the bound (634) (applied with M = {u;}) we conclude that (u;,, ) converges
to a finite () limit for each ¢ € Z(Q), with the bound (634) still satisfied for
@ = l(p). Hence I(¢) = (u, @) for some u € 2'(Q).

We remark that the above proof also shows the following results.

If uj is a sequence of distributions such that l(¢) = lim;_,(u;, ¢) exists and is
finite for each ¢ € 2(2), then ! defines a distribution, i. e. there exists u € 2'(2)
such that () = (u, ) for each p € 2(Q).

167In the context of Banach spaces it is also known as the Banach-Steinhaus Theorem.
168Gee for example W.Rudin’s “Functional Analysis”, Section 2.3.
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Lecture 45, 1/26/2011

In lecture 2 we introduced mollification as a procedure to approximate a given
locally integrable function by a smooth function. Let ¢. = 8%¢(§) be mollifiers
as in lecture 2. For ¢ > 0 we will denote by 2. the set {z € Q, dist(x, 0Q) > e}.
For a locally integrable function in €2 the function u * ¢. (defined in Q) can be
interpreted as a “linear combination” of shifts of u. More precisely, let us define
the shift of u by y € R™ by

Tyu(r) = u(x —y). (635)

Then
U* ¢ = /Tyu o (y)dy in Q.. (636)

Formula (636) can be naturally applied to distributions. For v € 2'(Q) and
y € R" we define 7 u by

(ryu, ) = (u,7—yp), when 7_yp € Z(QV). (637)

For u € 2'(Q2) and € > 0 we define

U = U * Qe = /Tyu o (y) dy . (638)

We have u. € 2'(Q) and

(t1e, ) = / (s 7y )P (1) (639)

Denoting ¢. (y) = ¢<(—y), we can write

<u€, 90> = <u, ® * ¢§6> . (640)
We can also write

(ue, @) = /<ua Ty0e)p(y) dy (641)

which shows that the distribution u. is given by the function

ua(x) = <uv7_w¢;5> > (642)

which can be also formally obtained as u.(z) = (ue, ;) . 19 From the definitions
it is easy to see that the function x — wu.(x) is smooth in . and u. — u as
e — 04 in 2'(Qc,) for every e; > 0. Although we do not have u. € 2'(Q),
we notice that for any given ¢ € 2(Q), the value (u.,p) is well defined for
sufficiently small €.

169 The expression (u, §5) is of course not defined for general distributions u. It can be defined
as the limit of (u, ¢;) where ¢; — d, gives an approximation of the Dirac mass d,. if the limit
exists in a suitable sense.
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With the definitions above the usual formulae
O%(ux @) = (0%u) * e = ux (0%P¢) (643)
are valid, as can be easily checked.

The convolution u*v can in fact be defined when both « and v are distributions,
provided some natural conditions concerning supports of u,v are satisfied.!”®
For now we will not study this aspect in more detail, but we may return to it
in the future.

As an application of the approximation procedure, we give a prove of the impor-
tant result that any distribution with vanishing derivatives has to be constant.
We use the following notation: for u € 2() we denote by Vu the n—tuple of
distributions (O1u,...,0,u). Also, we will say that a distribution u € 2(Q) is
constant if it is given by (u, ) = [, cp for some ¢ € C.

Theorem
Assume Q is connected and v € 2'(Y) with Vu = 0. Then u is constant in €.

Proof: Consider the approximating distributions u. = u * ¢.. By (643) we see
that Vu, = 0 in Q.. Therefore u. is a locally constant function is € For any
given ¢ € Z(Q) the function u. will be constant on the support of ¢ when &
is sufficiently small. Let ¢, be the value of the constant. As (u.,pp) converges
when ¢ — 0, we see that the constants c. have to converge as ¢ — 0 to some
c € C. It remains to show that ¢ is independent of the choices made in this
process, and that u = ¢ in ). We leave this to the reader as an easy exercise.

Remarks

1. The above theorem is important in that it shows that we have the right def-
inition of the derivative. The result that a function with zero derivative should
be constant is a good test whether a given generalized notion of a derivative is
reasonable. If we could have non-constant functions with vanishing generalized
derivative, then the definition of the generalized derivative would not be suitable
for PDE purposes.

2. The above proof of the theorem via approximations may not look like the most
elegant proof of the result. Probably the most natural proof is the following:
if ¢ € 2(Q) with [, = 0, then there exist functions 1,...¢, € Z() such
that ¢ = 9;1¢; (summation convention is understood). When u € 2'(Q) with
Vu =0, then by definition (u,d;¢;) = 0, and hence (u,¢) = 0 for each ¢ €
2(Q) with [, = 0. This shows that (u,p) = ¢ [, ¢ for each ¢ € Z(Q).
However, the proof of the existence of ¢; requires some work. If we look at the
proof via approximations which we used above in more detailed, we see that it

1708ee for example the book “The Analysis of Linear Partial Differential Operators I’ by
L. Hérmander.
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is not so far away from the proof just mentioned, and to some degree it also
suggests how to construct the ;.

Examples

1. For n = 1 we consider the distribution w given by the characteristic function
of the interval (0, c0),

wer= [ . (644)

This distribution (often called the Heaviside function) is sometimes denoted by
H and also 6. The derivative of u is given by

W) = () = [ = = 0l0) = ). (645)
where, as usual, § denotes the Dirac mass at 0. In short,
u=4. (646)

In spite of its simplicity, this example is important in that it shows a difference
between the point-wise notions of the derivative and the distributional deriva-
tive. In this case the distributional derivative is a measure.

2. Let us consider the characteristic function u of the half-space {z, 1 > 0} is
R"™. It can be identified with the distribution

() = /{ N2 (647)

Let dx; be the natural surface measure on the hyperplane ¥ = {z, ; = 0}. As
an exercise show that
8111 = 62 (648)

and

du=0, j>2. (649)

3. Let u be the characteristic function of the set {x € R™";2; > 0, j =
1,2,...,n}. As an exercise you can show that

The calculation consist of repeating n times the calculation from example 1.

4. Let us consider the distribution given in R? by the locally integrable function

1

- 1
Il (651)

u(x) =
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introduced in lecture 2, where we showed that
Aluxp) = v e P(R"). (652)

Show that this is equivalent to
Au=19. (653)

If K is the kernel of the Newton potential in general dimension n (see lecture
11), we have
AK =9§ (654)

in distributions.
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Lecture 46, 1/28/2011

We will continue with some more examples of distributions. Let ¢ € Z(R™). In
lecture 14 we defined the integral

o,
p.V./R . dz . (655)

The functional v in 2(R™) defined by

(u,p) = p.v./]R @ dx (656)

is clearly linear. We show that it in fact defines a distribution, e. i. u € 2'(R).
Note first that |(u, )| < C(a)||p|l1 for ¢ with ¢(0) = 0 and supp¢ C [—a,al,
where a > 0. For general ¢ write ¢ = ¢ —¢(0)1) + ¢(0)¢), where ¢ € 2(R) with
1 = 1 in a neighborhood (—h, h) of z = 0. Note that {(u,?) = fR\(fh’h) @ dz.
Note that when 1) is even, the last integral vanishes and in this case we have for

any ¢ € 2'(R) with supp ¢ Usupp® C [—a,al

[(u, )] < Cla)lle — (0)¥]l1 < Cla)llellr + Cla)|[¥]]1lello- (657)

We can also keep 1 “general” not necessarily even,'” and add an additional
term Cy||p||o to (657).

Another way to establish that u € 2’'(R) is to show that

d
= 71
U -~ log |z, (658)

where we differentiate in the sense of distributions. The function log |z| is locally
integrable, and hence its derivative is well-defined as a distribution. We need to
check (658), which is an easy calculation left to the reader as an exercise. (Note
that the main issue is to show that (658) is valid across 0.)

Heuristically we expect that the distribution u satisfies
zu=1. (659)
To make this more precise we first define formally the multiplication
Yv (660)

for any v € 2(2) and any ¢ € &(£2), where &(£2) denote the space of all smooth
functions in Q.12 The definition of course is

W% (P> - <’U, 1/)50> ) (661)

1718till with ¢ = 1 in a neighborhood of 0, of course.
172Note that the functions in &(Q) can become unbounded and oscillatory as we approach
the boundary of €. This is not dangerous as the functions in 2’(Q) have compact support.
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and the reader can easily check that with this definition we have v € 2'(Q)
for each v € 2’(Q) and each 1 € £(Q). With these definition the relation (659)
is easily verified.

The equation (659) can be thought of as an equation for an unknown u € 2'(R).
When (659) is considered in distributions, it is somewhat more complicated
than when it is considered only as an equations for functions, although the
difficulties are only at x = 0. In general, if we have the equation Yu = v
where ¢ € £(Q),v € 2'(Q) and u € 2'(Q) is the unknown, one can check
easily from the definitions that in any open set where ¥ does not have zeros we
have u = ¢~ 1v. (In particular, it is clear that any solution of (659) is given
by v = 1/x away from the origin.) So the equation determines u uniquely in
regions where ¥ does not have zeroes. This is no longer case across the zeroes
of 9. For example, equation (659) does not determine u uniquely. It determines
u only up to the solutions of

zv=0, (662)
where v € 2’'(R). To determine the solutions of (662), we first note that
suppv C {0} (663)
for any solution. Therefore .
v = Z c;076, (664)
3=0

and the reader can check that the only distribution of this form satisfying (662)
is

v=2cd. (665)
We can also check what happens with the equation
fu=1, (666)

where k is a non-negative integer and the unknown w is a distribution. The
solution is again uniquely determined in the set {z # 0} by u = z~*. It is easy
to check that the solutions of

v =0 (667)

in Z'(R) are exactly the distributions
k—1
v=Y ;050 (668)
§=0
Therefore the solutions of (666) in 2’'(R) are not unique, and are determined

only modulo distributions of the form (668).
Does (666) has solutions for general positive integer k? One can guess that the

distribution (1) kel gh—1
—1)k-L gk— 1
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is a solution, and the reader can check this as an exercise.

Let us look in more detail at the distribution wus, which is given away from
the origin by the function x% First we note that for functions ¢ € 2(R) with
©(0) = 0 and ¢’(0) = 0 we have

(uz, ) = / L) 4 (670)

R T2

As above, let ¢ € Z(R) be a function which is = 1 in a neighborhood of the
origin. We can write a general ¢ € Z(R) as

p(x) = ¢(x) + (0)1h(x) + ¢’ (0)2¢p(2) , (671)
with

¢(x) = o(x) — p(0)ih(x) — @' (0)atp(z) . (672)
The value (uz, @) is well-defined as in (670), so we only need to calculate (uz, )
and (ug, 1) . Using the definitions, we check that

1/}()

(ug, / Vi dm (ug, xY) = p.v. (673)
Note that the second integral vanishes if ¢ is even, and the first integral tends
to zero if we take replace ¢ by ¥.(x) = ¢(ex) and take ¢ — 0. Therefore,
in some sense we can set (ug,1) = 0 and (ug,z) = 0. The evaluation of the
integral fR which formally defines us can then be seen as simply subtracting
the infinite value [, 25 dz and formally taking [, 1 dz = 0. The distributions
uj can be interpreted in a similar way for any positive integer k.

It is interesting to see what happens when we try to approximate the distribu-
tions uy, by the distributions uy . defined by the functions (z +ig)~*, & — 04,
i e.

p(x)
= dx. 674
<uk,6a§0> /R (m +i€)k x ( )
For example, one has
lim wy . =wu; —ind. (675)

e—04

This formula is related to formula (164) from lecture 14, and the reader can
verify it as an exercise. The limits ug o, = lim.o, uy. are easily seen to
satisfy xkuk,m =1, but they differ from uy, as already seen in (675) for k = 1.
For general k we can infer from (669)

—1)k-1 gkt (—1)k- 15(’“ b

U,k70+ = WWULOJr = U — Zﬂﬁ (676)
Another interesting family of distributions in R is
vt
= 677
(@) = oy (677)



where a is a complex number, x4 = (|z| + 2)/2 and T is the standard gamma
function of Euler. This family of distributions naturally extends the family

k

(@) = % (678)

defined for positive integers k, which are important due to the identity

dk

ka = 5, (679)
which the reader can easily verify. The distributions v, are transparently well-
defined for a € C with Rea > —1. However, using the relation

d
—5 Vg — Ug—1, 680
dg o~ Vet (680)
the definition can be extended to all a € C. The dependence a — v, is analytic
in C, in the sense that a — (v, ¢) is analytic in a for each ¢ € Z(R). The reader
can check L. Hérmander’s book “The Analysis of Linear Partial Differential
Operators I”, section 3.2, for further details.
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Lecture 47, 1/31/2011

In lecture 34 we introduced the Fourier transformation and some of the basic
results concerning it, see (479) and (487). The Fourier transform is one of the
most effective tools for studying linear PDEs (and their also some of their non-
linear perturbations). One reason for this is the following. Recall that for each
y € R™ we have the translation operator 7, on L?(R™) given by

Ty f(z) = flz —y). (681)

Partial derivatives are related to “infinitesimal translations” 7(;,y (where (dy) €
R™ is “infinitesimally small”) by

_9f
83%

oy f(x) = (2)(0y); - (682)
The operators 7, y € R", are clearly unitary and commute with each other.
Therefore, by general principles of the Spectral Theory, they should be simul-
taneously diagonalizable. The Fourier Transformation accomplishes this diago-
nalization. In view of (682), it should also diagonalize the operators f — g l{fi,
and this is indeed the case, as one can see from (480).

The integrals
f&) = . flz)e " da . (683)

and
1

_ £ ifx

F@) = g | FlEe de. (634)
are both well-defined in the usual sense of the Lebesgue theory if both f and
f are in LY(R™). This condition is too restrictive for many applications. One
try to circumvent this difficulty by working with integrals which are not abso-
lutely convergent, introducing various regularizations, etc. However, the most
effective way to overcome the difficulty seems to be to extend the definition of
the Fourier transformation to a certain class of distributions, called “tempered
distributions” which will be introduced below. The idea is due to L. Schwartz.

The motivation for the definition of @ for distributions comes from formula (482),
which we reproduce here for convenience:

[ ri=][ i (65)
R’V‘L R’Vl
By analogy with (685), we define 4 for a suitable class of distributions by

(@, o) = (u, @) - (686)

If the map ¢ — ¢ was continuous from Z(R") to 2(R"), formula (686) would
define 4 as a distribution. However, we note that for ¢ € Z(R") the function
@ is never in Z(R™), unless ¢ = 0. This can be seen from the fact that for
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any f € L'(R") which is compactly supported, the function f is analytic. The
analyticity is clear from (683), as the formula can be clearly used not only
for £ € R™, but also for ( € C™, and the resulting f(() satisfies the Cauchy-
Riemann conditions in C™. We now recall that an analytic in function in R™
cannot vanish on any open subset of R™ unless it vanishes identically.

The function ¢ is still quite nice at co: any derivative of 8?95(5) approaches
zero faster than any inverse power of |£| as & — oo. This can be seen from
formulae (480) and (481). This motivates the definition of the Schwartz class

L (R™) = {p: R" = R; ¢ is smooth and
|z|™|0%p(z)| — 0 as x — oo for any m > 0 and any a}.

(687)
Note in particular that there is no condition on the support of ¢. The space
Z(R™) can be equipped with a natural countable family of norms which turns

it into a Fréchet space:
lelle = sup (14 [2*)*|0%p(x)] (688)

TER™ || <2k

As an exercise the reader can prove that the space Z(R") is dense in .7 (R").173

Using (683), (684), (480), and (481), it is not hard to show that the Fourier
transformation ¢ — @ is a bijection of .#(R™), continuous in both directions.
In other words, the map ¢ — ¢ is an isomorphism of the Fréchet space .7 (R").
We note that ¢; — ¢ in Z(R™) can be easily seen to imply ¢; — ¢ in . (R"),
while the opposite implication fails.

We will denote by ./ (R™) the space of linear continuous functionals on .#(R").
By the previous remark we see that .#/(R™) C 2'(R™). The distributions in
' (R™) are called tempered distributions.

Examples
Consider uy,us,us € 2'(R) defined by

Uy = Z 2k5;€, Uy = Zakék, us = Z 61+1/2+»--+1/k (689)
k k k

As an exercise, you can show that all u; are well defined distributions in 2'(R"),
but they do not belong to .#/(R™). On the other hand, every function « which
is locally integrable and has at most polynomial growth defines an element of
' (R™) by the usual integration

(u, ) = / ugp. (690)

The formula (686) can now be used to define Fourier transformation for each
u € ' (R™). As we shall see, this definition removes most of the difficulties
related to the non-convergent integrals one has to face when dealing with the
“point-wise” formulae (683) and (684).

173In other words, for each ¢ € .7(R™) there exists a sequence ¢; € Z(R™) such that
[lej — @k — 0 for each k when j — occ.
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Lecture 48, 2/1/2011

We start with a few elementary examples illustrating some of the features of
the Fourier transformation.

Example 1.

Consider @ > 0 and let u = u, = X(—q,q) be the characteristic function of the
interval (—a,a). The function is in L!(R), and therefore we can calculate the
Fourier transform directly:

a(e) = /_ e dy = 2812“5. (691)

We note the following simple facts:

(i) The function @(£) is smooth and, in fact, it is an analytic function of ¢,
defined globally for £ € C. We can see that already from the fact that u
has compact support. The integral (691) transparently defines a holomorphic
function of £ € C.

(ii) The decay of @(§) as & — oo is relatively slow. In particular, @ is not in
L'(R). This can also be inferred from general principles, without calculating
@ explicitly: if @ were in L'(R), the inversion formula (684) would imply that
u is continuous, which is not the case. One can also see without calculation
that a jump discontinuity should produce some O(1/|¢]) behavior of the Fourier
transform at infinity: the decay of 4(§) as & — oo is due to the cancelations
in the integral (691), resulting from the oscillations of ¢*¢. However, with the
jump discontinuity present, the “remainder” of the cancelation process can be
of the order of the period of the function e**¢, which is of order 1/¢.

(iii) The function # is in L2(R). This can again be seen without calculation: it is
a consequence of the obvious fact that u € L?(R) and Plancherel’s equality (493).

(iv) In the limit @ — oo the distributions u, converge to a distribution given by
the constant function 1, and hence @, must converge to 1 in distributions. We
will determine 1 momentarily, however we can see from (691) that @, — 0 in
distributions in any open set not containing 0. Hence we expect that 1 will be
supported at 0.

(v) The functions 4= converge to 0 in distributions as a — 0. The functions 72‘—;

converge locally uniformly to 1 as a — 0. Therefore we have 6= 1, which can
also be seen directly from (686).

(vi) The inversion formula formally is
2si i
g () = / %age”f de . (692)
R

If we do not wish to resort to (686) in interpreting this formula, we can “reg-
ularize” the integral in (692) (which is not of course absolutely convergent) in
various ways. For example, we can try to calculate

2sinaf , . —lec?
28IaE iwe <2 e (693)

lim
e—0 R
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As e — 0, the distributions given by the integrant of in (693) clearly converge
to the distribution given by the integrant of (692), so the limit in (693) should
exist in some sense. In fact, the integrands also converge in L?(R) and hence
their Fourier transforms must also converge in L?(R), by (491). In general, from
the convergence in distributions (or even the L? convergence) one cannot really
infer the existence of the “point-wise” limit (693), but in our example the point-
wise limit happens to exist. The integrals can be in fact calculated explicitly in
various ways, for example by using formulae (483), (484), and (490). We set

1 =le]?
gg(.'lf) = m@ 2¢e2 (694)
and use (483), (484) to infer
GO = (695)

. . ; ee)?
By f * g = fg, we see that %e 5= is the Fourier transform of Ug * Ge, and

hence o4 )
/ T % o6 e ™ F i — (10 % 92)(a) (696)
R

From this we see that the limit (693) exists point-wise (for each ), and is equal
to u,(x) except at = ta, where it is equal to 1/2.

Instead of (693), we could use the regularization

L .
/ 2sinag ive g (697)
£

and let L — oo. Integral (697) can also be evaluated explicitly, by a similar
method as above. We write it as

2sina ,,
| 2 e de (69)
R &
and note that x(_r ) is the Fourier transformation of
1 2sin Lz
grle) = - (699)

thanks to inversion formula (692). Therefore, formally at least, the function
ZS}L“&X(,L’L) (&) is the Fourier transformation of the function u, * g1, which

is also an approximation of u,, but of a different nature: it oscillates'™ much

more and has slow decay at infinity. At the same time, by (481) the functions
Uq * g7, Must converge to u, in L? as L — oo, and in fact the convergence is
point-wise (with limit 1/2 at « = £a). The slow decay at co is unavoidable,
due to the discontinuities of %X(fL,L)(f)}?S

174The oscillations will be most pronounced at the points of discontinuity of u,, where their
appearance is often referred to as the Gibbs phenomenon.

175Note that for some exceptional values of L the function will be continuous, but for a
typical L it will be discontinuous at x = £L.
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As you could notice, in the calculations above we benefited from knowing what
the result should be. In situations where we do not know what to expect the
calculations may not be so easy, but the above examples still give a good idea
about certain effects which we may encounter.

Example 2

The function u(x) = 1 represents a tempered distribution. The direct calcula-
tion of @ from definition (686) is straightforward:

() = (u, §) = / 8 = (2m)" 9(0) (700)

R

where we have used the inversion formula (684). One can arrive at the same

—|ex|?
result from approximating 1 by e=7" and using (483), (484):

1_;%6 ’ _z;ll—rf(l) (27T) (271'52)”/2

L35~ an)ms (701)

It is easy to check that formulae (480) and (481) remain true for distributions.
(The multiplication of a tempered distribution u by a function ¢ is defined as
expected: (Yu, ) = (u,1pp). The function ) has to satisfy some assumptions
so that the map ¢ — ¢ is a continuous map from .7 (R") to #(R™). The
assumptions are trivially satisfied by any polynomial.) Hence we have

Ziz; = (2m)" 3%5 (702)
J
and hence also 9
P(—iz) = (2m)" P(a—g) 0 (703)

for any polynomial P.
Similarly, we can take take derivatives of the equation

b=1 (704)
to obtain -
0 .
P(5,)0 = P(i€) (705)
Example 3

It is also interesting to take derivatives in the formula

—
|

z|2 —1¢12
e 2

= (2m)%e "2 . (706)

If we take derivatives of order m on the left-hand side, we get a function of the

form
—lxz|?

P(z)e 2 . (707)



From (480) we see that Fourier transform of such function is of the same form.
Therefore functions of the form (707) with degree of P at most m form a sub-
space invariant under the map ¢ — @

If we use formula (686) with ¢ = g. defined by (694) and assume that u € L*(R),
we can let € — 0 to recover the classical definition (683) for £ = 0. The general
£ is then obtained by suitably using the shift operators. We leave the details to
the reader as an exercise.
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Lecture 49, 2/4/2011

We continue with some more examples.
Example

Let u = X[0,00) be the Heaviside function from lecture 45, see (644). The Fourier
transform of u can be calculated for example as follows: we approximate u by

us(x) = X[0,00)€ °, e—=04. (708)

The distributions u. clearly converge to u in ./(R) as ¢ — 0.
We calculate

e (§) = /0C>C pirE—er _

where we have used (675).

1
— —1 p.V. — ) —0 709
e zpvg—&—w, 5 T, (709)

Using the last calculation together with (701) we see that

1 1 1
u=35 =3 signz = —i p.v.g . (710)

The last identity can be used to calculate the Fourier transform of p.v. % For
that it is useful to introduce notation for the inverse Fourier transform. For
f € LYR) we let

. 1 .
f(x) = - (&)e™e de . (711)
(271—) Rn
For (tempered) distributions we set
(0,) = (v, ). (712)
It is clear that for functions we have
F&) =@m"f(-¢). (713)

The same formula applied to distributions, with the understanding that we
define, with a slight abuse of notation,

(v(=2),90) = (v, 0(=2)), (714)

A more formal notation would be to define the operator v — vo (—1I) of #'(R"™)
by (vo(—I),p) = (v,po(—I)), with —I denoting the map x — —z. As we have

¢

=v, (715)

we see from (714) that
0= (2m)"v(—x). (716)
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Applying this to (710), we get

1
p.v. — = —misigné. (717)
T
Letting
1
Kr) = —, (718)
T
we see that R
K = —isign€. (719)

This formula is important in connection with the Hilbert transformation we
discussed in lecture 14, see (163). Formula (163) can be rewritten as

Hg=K=xg. (720)
Recalling the formula m = f g, we see that

Hg(€) = —i(sign&) g(€). (721)

We see that the Fourier transformation “diagonalizes” the Hilbert transforma-
tion (and, in fact, any other convolution operator f — K x f). It is also trans-
parent from (721) and the Plancherel formula (493) that the Hilbert transform
is an L? isometry. 176

We now give examples of how the Fourier transform can be used for solving
PDEs. We start with a simple 1d example. Assume we wish to find a solution
of the equation

dk

dak "
where ¢ is, as usual, the Dirac mass at x = 0. In other words, we wish to
determine a fundamental solution of the operator d*/dz*. We have already
come across a solution of (??)15 in lecture 46, see (679), but this time we will
look at things from the Fourier transformation angle.

g, (722)

After taking the Fourier transformation of (722), we obtain
(i€)*a=1. (723)

As we have seen in lecture 16, equation (723) does not determine u uniquely.
This is to be expected, as the same it true for (722): it only determines « up to
a polynomial of order £ — 1. We choose a solution by setting

1
fL+ = lim

e—0, (’Lg + E)k ’ (724)

176 A number of properties of the Hilbert transform are made transparent by (721). We
encourage the reader to revisit lecture 14 and take a look at some of the formulae there from
the Fourier transform perspective.
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We have seen in lecture 46 that 4 is a well-defined distribution. We need to
calculate its inverse Fourier transform. Formally we have
eif;c

L.
uy(z) = Py E1_1>r(r)1+ et oF de. (725)

The last limit can be easily evaluated via the residue theorem. For simplicity we
will assume that k > 2. (The case k =1 is in fact covered by our first example
today.) Let us first assume that > 0. The integral in (725) is well-defined
for any € > 0. We note the the integrand decays exponentially as we move £
to complex numbers with large positive imaginary part. (Here the assumption
x > 0 is crucial.) The integrand has a single pole in the upper half-plane, at
& =ie. By standard application of the residue theorem we see that the integral
is equal to the 27i multiple of the residue of the integrand at £ = ie. In the limit
of € = 0, we obtain the 27i multiple of the residue of the function €% /(i¢)*
at £ = 0. Evaluating the residue, we obtain

l,kfl

ug(x) = =k x> 0. (726)

For x < 0 the exponential decays exponentially in the lower half-plane, while
the residue stays in the upper half-plane and we see from the residue theorem
(or the basic Cauchy formula) that u4(z) = 0.

It remains to justify the somewhat formal calculation. We note that the integral
in (688) gives a well-defined function w,.(z) for each € > 0. We have shown that
for x # 0 the point-wise limit of these functions is given by u (x). We wish to
check that in fact u. — v, in tempered distributions.!”” This can be done for
example by estimating the residua we get at £ = ie for € > 0 and using these
bounds to get suitable uniform estimates for u..!"®

L77We could al also skip this step and check directly that u solves (722).

178n more detail, the situation is as follows: Let us denote be v the distribution (i€ 4+ €)%
and by vt its limit for € — 04. The limit exists in ./(R). This can be easily checked by
using (675) and (676). Our distributions us and w4 are inverse Fourier transforms of v. and
v4, respectively. The inverse Fourier transform is continuous, and therefore ue — w4 in
.#'(R). We have shown above by a direct calculation that the functions u(z) converge point-
wise (except possibly for £ = 0, where we have not investigated the limit) to the expression
in (726), which we somewhat prematurely identified with uy. It looks very likely that the
point-wise limit will be the same as the distributional limit, but, strictly speaking, it is not
completely automatic. We should justify the identification of the limits. In many books such
technicalities are usually left to the reader and only the formal calculation is made. Often the
correctness of the formal calculation is justified by the fact that the result of our calculation
transparently solves our problem, as it is also the case in our example above.
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Lecture 50, 2/7/2011

When we calculate the Fourier transforms, the use of symmetries can simplify
the calculations. Let us first look at the orthogonal symmetries. We will work
with the group full orthogonal group O(n). For n > 2 we can replace O(n) with
SO(n) in all the results below. For a transformation R in the orthogonal group
O(n) and a function f: R™ — C we let

(R- f)(x) = f(R™"2) (727)

We can write

R-F(6) = fan f(R™ ' w)e " do = ()
Jan F(2)e € D) dy = [ f(2)e B O dy = R f(€).

If f is invariant under O(n), i. e. R - f = f for each R € O(n), we see that f is
also invariant under O(n) and vice versa.

When dealing with distributions, we need to let the symmetries act on the test
functions. For u € 2'(R") we define R - u by

(R-u,9) = (u,R™"- ). (729)
We check easily from the definitions that
Ru=R-q. (730)

In particular, the Fourier transformation of a tempered distribution invariant
under O(n) will again be a tempered distribution invariant under O(n).

Scaling symmetries can also provide useful simplifications. We recall that a
function f: R™ — C is a—homogeneous if f(Azx) = A\*f(x). We can extend the
definition to distributions by setting

(u()\x), 90> = <u7 /\_"w()\_lm» ) (731)

where we slightly abuse notation by writing u(Az) not for the point-wise value of
u at the point Az, but for the whole scaled distribution. Hopefully such notation
will not cause any problems. The distribution u(Az) will also be denoted by
(u)x. In this notation the a—homogeneity of v means

(u)x = A"u. (732)
The operation u — (u) is defined not only on 2'(R™), but also on 2'(R™\{0}).

Lemma 1
Ifu € 2'(R™\ {0}) is invariant under O(n) and a—homogeneous, it is given by
a multiple of the function |z|*. In other words,

wo)= [ daPele)ds, e @A) (13
Rr\{0}

for some c € C.
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Proof

The statement is obvious if we already know that u is represented by a smooth
function. The only non-trivial step is to show that u is indeed represented by a
smooth function. This can be seen for example as follows. For R € O(n) and
A > 0 we set

R- [)\_a(u))\] = UR,N - (734)

By our assumptions
URN = U ReO(n), A>0. (735)

Let ¢ = ¢(A) be a smooth function on (0,00) which is supported in a small
neighborhood of A = 1 and satisfies

/ b d(N)dA =1. (736)
0

We can use the notation vg » also for a general v € 2'(R™\ {0}), with the same
definition. For such a general v consider the distribution

@:/Oo/ vra dR d(N\)dA. (737)
0 O(n)

Where dR denotes the invariant measure on O(n). In some sense, T is obtained
from v by averaging over all possible orthogonal transformations and certain
scalings.!™ We claim that ¥ is represented by a smooth function invariant
under O(n). Heuristically this should be more or less clear. For a formal proof
we can write

<5’ <,0> = <’U, 95> ) (738)
where

H(z) = /0 /O o AR 0) (A ) dR $(N) d. (739)

If we take formally ¢ = d,,, the Dirac mass at y € R™ \ {0}, the function ¢ will
be smooth. More precisely, of ¢; are smooth function approximating d,, then
@, converge smoothly to a smooth function v, which is invariant under O(n).
The distribution ¥ is given by the function

o(y) = lim (v, ;) = (v, ), (740)

j—o0

1791f you do not know much about the invariant measure on O(n), it is enough to look at
the averaging over O(n) heuristically, as a natural procedure to obtain invariant objects. In
dimensions n = 1 and n = 2 it is easy to write the averaging explicitly. The integral over
A should be thought of as a convolution with a smooth function (and hence a smoothing
operator), except that we are using the multiplication in the group Ry instead of the addition
in R. In the usual convolution we average over certain translations of a given function. Here
we average over certain scalings of a given function. If we make a substitution A = eV,
our new convolution will become the usual convolution. In this substitution the measure dy
corresponds to Q, which is why the integral (737) is often written with % rather than just
d)X. The normalization condition (736) must then be changed accordingly.
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and it is not hard to see that this is a smooth function of y. The smoothness of
u now follows from the obvious identity

u=u, (741)
which is a consequence of the invariance of u. This finishes the proof of Lemma 1.

Lemma 1 is no longer valid in full generality if we replace R™ \ {0} by R™. For
example, the Dirac distribution ¢ is (—n)-homogeneous, but is not of the form
clx|~™. The derivatives 90%9 are (—|a| — n)-homogeneous.

However, for a > —n the lemma remains valid in R".

Lemma 2 Any a— homogeneous distribution invariant under O(n) in R™ with
a > —n is given by a multiple of |z|®.

This follows easily from Lemma 1. If u is a—homogeneous, we can use the lemma
to subtract a multiple of |z|® from u so that v = u—c|x|* is supported at 0. Since
the only distributions supported at {0} are the finite linear combinations of the
Dirac mass and its derivatives and a > —n, any a—homogeneous distribution
supported at {0} must vanish.

Lemma 3
Let u € ' (R™) be a—homogeneous. Then @ is (—n — a)-homogeneous.

Proof

(@A), ) = (@(€), A (A1) = (u, A" (A19)) = (u(a), (¢) \a)) =
ATMu(A ), @) = AT, ) = AT a, )
(742)
A simple consequence of Lemmas 1,2,3 is the following statement
Let a € (0,n). Then
[ = c(n, a)|¢| 7T (743)

The constant ¢(n, a) can be evaluated in terms of Euler’s Gamma function from
the formula

(@, ¢) = (u, ) (744)

122
applied with v = |z|7* and p = e el Recalling that

F(s):/ ¥ le 0 ds, (745)
0
we can write
2 oo 2
(i) = clnsa) [ el e F dg = na) [ 17 e e
R" 0
(746)
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where |S™~!| represents the (n — 1)—dimensional volume of the sphere S™~1.
Using the substitution g =t, we see that

(i, ¢) = c(n,a)|S™ ! /()W(Qt)“zQet dt = c(n,a)\snflp%”r(g) . (747)

Recalling that for our choice of ¢ we have ¢ = (27)% ¢, we obtain by a similar
calculation

(u,0) = |S" 12 = I( ) (748)

We see that

(749)

We can use the above formulae to calculate the fundamental solution of the
laplacian A. We will consider the equation in the form

—Au=9¢ (750)

We seek u in tempered distributions. After taking the Fourier transformation,
we obtain

€2a(e) = 1. (751)
For n > 3 this equation has an obvious solution
N 1
(é) = 3 (752)
€]
Applying the inverse Fourier transform, (743) and (748), we obtain
c(n,2) r("3%)
= = 753
u(@) @m)r|zn=2  4p2|z|n2 (753)
In lecture 11 we saw that
1
(754)

"= Gy

Comparing the two expression, keeping in mind that sI'(s) = I'(s+1), we recover
a well-known formula

23 273
15" = 4z = Ty (755)
( 22)F(HT_2) (%)
which can of course be derived more directly.
We note that the solutions of (751) are not unique, as the equation
€Pa=0 (756)
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has non-trivial solutions in .#/(R™). For example, the Dirac mass ¢ and its first
derivatives are the obvious solutions, but there are many more solutions (all of
them supported at & = 0, of course), reflecting the existence of many harmonic
polynomials. Since all solutions of (756) are clearly supported at & = 0, we can
use the last proposition in lecture 42, see (608), to prove the following version
of the Liouville theorem.

Any tempered distribution u in R™ satisfying Au = 0 is a harmonic polynomial.

The proof is easy: the Fourier transform « of v must be supported at the origin
by (756). Hence 4 is a finite linear combination of the Dirac mass at £ = 0 and
its derivatives. This means that v is a polynomial.

The above calculations do not immediately give the solution of (751) in dimen-
sion n = 2. This can be calculated for example as follows. We assume n = 2.
For € > 0 we let

1
ve(§) = € (757)
and
y r __IG) (758)

ue(x) = Ve (x) = .
o(2) = t(2) I'(1—¢/2) 4n|z|®
This does not have a good limit when € — 0, but we note that for the calculation
of the fundamental solution we can change u. be a constant, or — equivalently
— we can add a suitable multiple of the Dirac mass at £ = 0 to v.. The Fourier

transformation V. of

2 @), .
Ue(z) = T(1—:/2) an (Jz[7° = 1) (759)
still solves the equation
[EPeVe =1. (760)

The I' function has a pole at s = 0 with residue 1, and hence we have

1 a1

Ue(x) ~ 21 € ’

e— 0, . (761)
Taking the limit as ¢ — 04, we obtain a solution of (750) for n = 2 in the form
(%) = —— loglal 762)

u(z) = 5 log z, (

which we have of course seen before.

The interesting detail to note in the above calculation is that the limit of the
distributions V. for ¢ — 0., let us call it V solves the equation |£|?V(£) =
1, but is not —2-homogeneous. In fact, the equation does not have a —2-
homogeneous solution in tempered distributions. We refer the reader to the
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book “The Analysis of Linear Partial Differential Operators I” by L. Hérmander,
Chapter 3.2, for a general discussion of related topics.

There is another way to overcome the complications with solving (751) in di-
mension n = 2. We know that the derivatives of u should satisfy

Bu= 2, (763)
€12
which is of course a locally integrable function, and its inverse Fourier transform
is also a —1-homogeneous function. We can calculate it by taking derivatives in
the inverse Fourier transform version of (743) for a small positive a and then
letting @ — 04. We know what the result should be: the derivatives of the
function (762). The details are left to the reader.
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Lecture 51, 2/9/2011

Today we will do some calculations for the heat equation
ug — Au=0. (764)

The unknown function w is a function of x = (z1,...,2,) € @ C R"™ and
t € (t1,t2). Typically also needs some boundary conditions, which will be
discussed later.

The equation was first studies by J. Fourier around 1812. It models the propa-
gation of heat in a homogeneous body (occupying the region §2). It is perhaps
useful to recall a simple derivation of the equation. The quantity u(z,t) can be
thought of as the temperature of the body at site = and time ¢.

The amount of energy due to heat contained in a domain O C 2 at time t is
fo cu(w,t) dx, where c is the specific heat per unit volume of the material.*8°
We assume that the heat “flows” from the areas of high temperature to the
areas of low temperature. Mathematically we model this by introducing the
heat flux ¢ = (q1,---,qn) = (@1(z,t),...,qn(x,t)). If O C Q is a domain
with smooth boundary, v the outward unit normal at dO, then the quantity
(Joo @j(x, t)vj(x) dx) dt gives the amount of heat which left O during the in-
finitesimal time interval dt. If there are no sources of heat in the body, we
clearly must have

%/@ cu(z,t)dr + /ao gj(z, t)vj(x)de =0 (765)

for any (sufficiently smooth) domain O C . Assuming c is independent of
t, using the Divergence Theorem'®! and the fact that O can be arbitrary, we
obtain

cur +divg =0. (766)

To close the system, we need to express ¢ in terms of u. This is done by assuming
(following Fourier)
qg=—-kVu, (767)

which is known as Fourier’s law. Substituting (767) into (766) we obtain, when
K is constant

w— SAu=0. (768)
c
Changing the units of time so that ’% becomes the “new time”, we obtain (764).

To determine u(x,t) from this equation for x € Q and t € (¢1,t2), we need to
know the field u(x,t) at ¢ = ¢; (the initial condition), and the conditions satisfied
by u at 0€2. These are similar to the elliptic case: we can consider for example
the Dirichlet boundary conditions (in which the values of u(x,t) are prescribed

180Tn principle ¢ can be considered as depending on = and even on t, but for now we will
consider it to be constant.

181fo divg= [y5q-v
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for x € 9Q and ¢ € (t1,t2); the Neumann boundary conditions 2%(z,t) = 0 for
x € Q and t € (t1,t2) (expressing that the boundary is isolated and no heat
flows through it); the condition % +yu =0 for x € 9N and t € (t1,t2); we can
impose different conditions on different parts of the boundary, etc.

We will often consider the case €2 = R™ when no boundary is present, but we
have to make some assumptions about the behavior of u at oo (e. g. that u is
bounded.82)

Let us first look at the symmetries of the equation. We have the transla-
tional symmetries u(x,t) — u(x — xo,t — tp) and the rotational symmetries
u(x,t) — u(R™1z,t), where R is an orthogonal transformation. In addition to
these obvious symmetries, we have the scaling symmetry

u(z,t) = u(dz, \%t), (769)

where A > 0. This symmetry confirms the important practical observation that
hot large bodies take a long time to cool.'®3

We now consider the non-homogeneous equation
up — Au = f(xz, 1), (770)

where f is a given function of x and ¢. This equation is obtained by adding a
source term of the form [, f(x,t) dx to the balance law (765). This term models
“pumping heat” into our substance at a rate given locally by the function f(z,t).
(In areas where f < 0 this of course means cooling.)

Let us consider the following situation: we wish to determine v from the equa-
tion (770) in R™ x R under the assumption that f is compactly supported in
R™ x R and wu vanishes for large negative times. Heuristically it seems that
in this situation u should be determined by f. This is true if we know that
u cannot have a very fast growth as x — oo, but it may fail if no additional
conditions are imposed on u - we will return to this point later. We will now
consider the special case when f(z,t) = 6(x,t), the Dirac mass at (z,t) = (0,0).
We wish to solve

up — Au = §(x, t) (771)

under the assumptions that u vanishes for ¢ < 0 and behaves “reasonably” at the
the spatial infinity for all ¢. For example, the assumption that v is a tempered
distribution is sufficient.'® The interpretation of u is clear. Assume the whole
space is filled with a heat-conducting material. We observe it over the time
interval (—oo0,00). Nothing happens for ¢ < 0, the temperature is identically
zero. Then at time ¢ = 0 suddenly a unit amount of heat is injected at the
origin. After that the system is left of its own, and the solution describes the
propagation of the injected heat in the material.

1821n fact, a much weaker assumption is sufficient.

I831f q(x, t) describes the cooling process of a body 2, than a similar cooling process for A
is described by u(x/X,t/A2?). If the cooling took T time units for body Q, it will take A\2T
time units for body AQ2.

1841t can be relaxed, but that is our concern at the moment.
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We will apply the Fourier transformation in the space-time (in both z and t).
The “Fourier variable” dual to x will be denoted by £ and the Fourier variable
dual to t will be denoted by 7. We obtain

(i + €)= 1 (772)

Formally this gives
. 1
W, 7)) = ——5 .
0= e

We have seen that one has to be careful when interpreting such expressions, but
in this case there are no difficulties, as the function given by (772) is locally
integrable, and decays to 0 as (§,7) — oo. Therefore 4(€,7) is a well defined
tempered distribution solving (772). It is clear that any other solution of (772)
can differ from (773) only by a distribution supported at (¢,7) = (0,0). This
means that the tempered distribution solutions of (771) is uniquely determined
modulo polynomials solving the homogeneous heat equation. Such polynomials
are called “heat polynomials” or “caloric polynomials”. Their theory is quite
analogous to the theory of harmonic polynomials. If we add the requirement
that the solution vanishes for ¢ < 0, we see that the solution is unique (as
any polynomial vanishing on an open set must vanish identically). the Fourier
inversion of (¢, 7) given by (773) can be formally written as

ESNY U 774
e = o [ 3 i O e (774)

The integral is not absolutely convergent, which does not surprise us, since we
do not expect u to be continuous at the origin (z,t) = (0,0). The integral over
T can be evaluated by the residue theorem, but we do not really need to do the
calculation, as we see from (709) that the inverse Fourier transform of

(773)

1
) iT+[E]?
in 7 i x(0,00)(t)e 6. We have already seen (see e. g. (483), (484) what the
inverse Fourier transform in £ of this function is. We obtain

w(z,t) = @ore >0 (775)
0 t<0

Although our calculation was completely rigorous (we used Fubini’s theorem for
a function which is not in L', and had implicitly chosen a certain regularization
of the integral over 7 which is not absolutely convergent), one can verify that
u(z,t) is the required solution in several ways. For example, we note that u
satisfies the heat equation away from (z,t) = (0,0) and that the functions
x — u(z,t) converge to 0(x) as — 0y. Hence for any smooth, compactly
supported ¢ = p(z,t) we have

J [z, t)(—pr — Ap) dudt = .
limg, 0, Jpn w(@, t1)e(@, 1) d + [, [(ue — Au)pdtda.

The last integral on the right-hand side vanishes as u; — Au = 0 for ¢ > ¢1, and
the first integral on the right-hand side converges to ¢(0,0) as t; — 0+.

(776)
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If we prefer to do the justification in the Fourier picture, we can verify that u
given by (775) satisfies (773) for example as follows. We note that for e > 0
the function u.(z,t) = u(x,t)e =" is in L'(R®). We can calculate its Fourier
transform directly by integrating first over # and then over ¢. We obtain

e (&, 1) = m (777)

This is not surprising, as u. satisfies
Ut — AUug +cu, =0. (778)
It is easy to see that u. — u in ./(R™) and that @. converges to ﬁ in

&' (R"™) as ¢ — 04. This shows that the Fourier transform of the tempered
distribution u given by (775) is given by the formula (773), which means that
the Fourier inversion of (773) must be (775), as our formal calculation suggested.

We note that the behavior of u(z,t) is largely what one would expect it to be
from our intuitive picture of the heat conduction, except for the fact that the
disturbance at (0,0) has an effect everywhere in z for any ¢ > 0. The effect
is very, very small for large x and small ¢, but it is not zero, and we have to
conclude that in this model the disturbances propagate infinitely fast.

Another interesting feature of u(x,t) is that it is smooth everywhere except at
(0,0), but it is not analytic in ¢ at any point (z,0).

Finally, we note that if we replace (764) by
ug +Au =0, (779)

which is the backward heat equation, obtained by reversing the direction of the
heat flux ¢, the problem
uy + Au = §(z,t) (780)

will not have any solution in tempered distributions vanishing for ¢ < 0, while it
will have the solution —u(z, —t) (with u given by (775)) which vanishes for ¢ > 0.
Similarly, problem (771) does not have any solutions in tempered distributions
which vanish for ¢ > 0. We will return to this when we discuss issues related to
well-posedness.
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Lecture 52, 2/11/2011

The fundamental solution of the heat equations we calculated last time is often
denoted by I'(z,t). We recall that

P(w,6)={ @t >0 (781)
0 t<O0.

It is worth pointing out some similarities of this solution with the fundamental
solution of the Laplace equation, we studied in the last semester, see e. g. (11).
(There are of course also significant differences, but at the moment we focus
on the similarities.) To highlight the similarities, it is useful to use parabolic
scaling. We already saw the parabolic scaling in the last lecture:

u(z,t) = u(dz, \°t). (782)

With the scaling (z,t) — (Az, \%t) = (2/,t') the volume element dV = dz; ......
scales as
dV' =dx} ...dxldt’ = \"T2dV . (783)

Based on this scaling we can also consider the parabolic mollification: if ¢ =
@(x,t) is a smooth compactly supported function in R” xR with [ ¢(z,t) dae dt =
1 and € > 0, we can let

ez, t) = 5n1+2 d(Az, A%t) . (784)

If f: R xR — C is a continuous function, then obviously ¢ * f — f uniformly
on compact sets. Also, if f € LP(R™ x R), then ¢ * f — f in LP as e — 0. 18
If f is locally integrable in R™ x R, then (¢, * f)(x,t) — f(x,t) for almost every
(x,t) ase — 0.

Because of the scalings (782) and (783), it is sometimes useful to think about
the underlying space (z,t) of the heat equation as a space of dimension (n+ 2),
although of course the topological dimension of the space is still (n + 1).1%6

In what follows we will write z = (x,t) for space-time points, and we will also
write for z = (z,t) € R™ x [0, 00)

|2]par = V|22 + t. (785)

Let m = n + 2 be the parabolic “dimension” of the variable z. Then we have
the following:

185Here and in what follows we assume & > 0. We should perhaps write & — 04, but we’ll
just write € — 0, there is no danger of confusion here.

186There is also another dimension counting in which the variable ¢ is considered as po-
tentially infinite-dimensional, see the famous paper of G.Perelman arXiv:math/0211159, Sec-
tion 6. We may look at this counting in more detail later.
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e ' is —(m — 2)-homogeneous with respect to the parabolic scaling.

e For any non-negative integers k, [ the function VEO!T'(2) is —(m — 2 + k + 21)
-homogeneous and
c(m, k,1)

IVEOIL(2)] <
|2]

par

We note that these properties are quite analogous to the corresponding prop-
erties of the fundamental solution of the laplacian G(z) = W Of
course, the important difference is that I is not as isotropic as G.

Some of the considerations we did for the laplacian apply to the heat operator
(and, in fact, to a broader class of operators) without much change. Let us
illustrate this by re-proving in the context of the heat operator some of the
results we obtained for the laplacian in the first few lectures.

Let us first consider the proof of the inversion formulae (25) for the laplacian.
We already implicitly derived the analogous formulae for the heat operator by
means of Fourier transformation, but it is useful to look at the situation from a
different point of view.

Let K be an smooth function in R™ x R supported in {¢ > 0} such that the
support of I' — K is compact. We note that

/ (00— A)VK (2, ) du dt — 1157 (787)
We set 1 ;
X

We note that the function (9; — A) K. can be considered as a parabolic mollifier.

Assume now that f is a compactly supported integrable function in R™ x R and
set u=K % f, u. = K. x f. Clearly

(Or — A)ue = (0 — A) (K- + f) = [(0r — A)K ]+ f — f (789)
as € — 0. At the same time, u, — u as € — 0, and therefore
(O —A)u=f. (790)

We see that the operator f — I' % f inverts the heat operator, in the sense of

the formulae (25) from lecture 2 We could again repeat the whole discussion

187Hint: Note that we can integrate fOT IR” ...dxdt as I'— K is compactly supported and the
heat operator vanishes on I' away from (z,t) = (0,0). The integral [, AK(z,t)dz vanishes

for each t. Now we use [5, fOT O K(x,t)dtde = [, K(2,T)de = [z, ['(z,T)dz =1 when T
is “above the support” of I' — K.
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from the beginning of lecture 3 addressing the question in which sense is (790)
satisfied.

We should note that at this stage we have more technical tools available than we
had in lecture 2, and therefore the above calculations can be replaced by referring
to general principles of dealing with distributions. We know that (9; — A)T' =0
in distributions, and hence we can just write

(O = D)(Tx f) = [(0r — A)L] 5 f =6 f = f.15° (791)

The differentiation is taken in the sense of distributions.

Strictly speaking, so far we only defined the convolution v * w for distributions
in the case when one of the distributions is a compactly supported smooth func-
tion'8? so we should really extend our definition of convolution to cover (791)
fully even when, say, f is a compactly supported distribution. This is not hard
and we will return to this point later'®°.

For now we will look at the consequences of the formula
u="Tx%[(0: — A)xu] (792)

for compactly supported functions u. Here we can follow the reasoning used for
the laplacian in lecture 4, with only minor changes

Let u be a solution of the heat equation in an open domain @ C R™ x R and
let ¢ be a smooth, compactly supported function in O. Using the formula

(0r — A)(pu) = ul(pr + Ap) — 2div(Veu) , (793)
and (792), we obtain
pu =T [u(pr+Ap)|+T*[-2V(pu)] = T'x[u(p1+Ap)] = 2T, * (pu)s, . (794)
For z = (z,t) and R > 0 we define
Q:r = Byg x (t — R*,t), Qr = Q,0),R - (795)

These sets are sometimes called parabolic balls. We consider z as the “parabolic
center” of ), r. The “parabolic boundary” of Q). g is defined by

OparQ2.r = Bup x {t — R*YU OB, g x [t — R?,1] (796)

Heuristically, for the solution of the heat equation u; — Au = 0 the value u(z) is
uniquely determined by the values of u at Opar@ ., r. We note that the parabolic
center z of ), r is not in the topological interior of @), ,. The position of the

188This is of course the main point behind our interest in the solution of us — Au = 4.

18911(791) this would have to be the function f.

190The reader can also consult Section 4.2 in “The Analysis of Linear Partial Differential
Operators I” by L. Hérmander
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parabolic center is natural if we think about how wu(z) is determined from the
boundary values for the solutions of u; — Au = 0, a topic which we will discuss
in some detail later. However, even at this point we can see from (794) and the
fact that the fundamental solution I' is supported in {t > 0} that u(z) depends
only on the values of u in Q. g\ Q. g for any R’ < R. To see that it is enough
to take in (794) a function ¢ which is = 1 in @, g and vanishes near Opar @, r-
Also, if we think about the propagation of heat, it should be heuristically clear
that u(z) should depend only on the values of u at Opar@ r if no sources of
heat are present in @, g.'%"

Let us consider a smooth cut-off function ¢ in the ball Qo which is =1 in @ 3
and vanishes near OpayQ2. Let

x i
B

Using (794) with papg in the ball Q2R together with (786), we obtain the fol-
lowing analogues of estimates (33). We will use the term caloric functions for
the solutions of the heat homogeneous heat equation u; — Au = 0.

or(z,t) = P( (797)

Let u be a caloric function in the parabolic ball Qs i of radius 2R. Then for any
non-negative integers k,l we have the following estimate for v in the ball Qg:

Ch,

VEObu(a, £)] < ni/ e, 6)| dzdt,  (e.6) € Qr.  (T98)
! Ryt2tk2l Q2r\QR

where C},; are constants independent of u and R.

The proof of this statement can be obtained by following the proof of (33) in
lecture 4 line-by-line, with obvious adjustments to the parabolic situation.

An obvious consequence of (??)16 is the following:

For caloric functions in (Qor we have

Chr
VEolu| < =20 799
SCI;JI?:)| x tu‘ — Rk+2[ ZI;I; |U|, ( )

where the constants Cj,; are independent of u and R.
Mimicking the proof of the Liouville theorem for harmonic functions in lec-

ture 4, we obtain the following analogue of the Liouville theorem for harmonic
functions:

191 Appealing to the physical meaning of the equation is usually helpful, but one has to be
somewhat cautious, as the equation may not capture the physical phenomena exactly. For
example, we note that the heat equation predicts that heat will propagate with infinite speed,
which of course cannot really be true. This wrong prediction is caused by certain idealizations
in the model of heat propagation which the heat equation presents. For the propagation of
heat in macroscopic bodies the effects of the idealizations are negligible and the heat equation
can be used without worries, but the situation is different if we go to the atomic scales.
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Liouville Theorem for the heat equation
Let u be a bounded caloric function in R™ X (—o00,0). Then u is constant.

As an exercise, the reader can formulate and proof an analogue of the Liouville
theorem, version 2 from lecture 4.

We also have an analogy of the Weyl’s lemma we proved in lecture 4 for harmonic
functions:

Weyl’s lemma for caloric functions
A weakly caloric function is smooth and caloric.

If we wish to follow the proof of the corresponding statement for harmonic
functions from lecture 4, we should define a weakly caloric function as a locally
integrable function satisfying the heat equation in the sense of distributions, in
analogy to the definition we gave in lecture 4 for harmonic functions.

However, in the context of the theory of distributions, the more natural defini-
tion would be that a weakly caloric function is any distribution which satisfies
the heat equation in the sense of distributions. Weyl’s lemma remains true (for
caloric functions, harmonic functions, and, in fact, much more general classes
of PDE solutions) in this form, but the proof via the representation formulas
we used has to be slightly adjusted. The adjustment is not hard: we know that
every distribution is locally represented by derivatives of an integrable function
and in (794) or in (32) we can move these derivatives on the kernel T' or G
respectively.

In fact, the fact that any distribution satisfying Au = 0 in By is smooth can
be seen easily from the fact that for a radial mollifier ¢. we have ¢. * u = u in
Bpr_., as one can see from the discussion at the end of lecture 5.

From the two examples of harmonic functions and caloric functions one can
expect that the proof of Weyl’s lemma via the representation formulae obtained
from a fundamental solution should be adaptable to any PDE operator with
constant coefficients with a fundamental solution which is smooth away from the
origin. This is indeed the case, although one has to work somewhat harder, as for
general operators the formulae are not so explicit. The same is be true about the
“Harnack theorem” for harmonic function (not to be confused with the Harnack
inequality!) which states that a sequence of harmonic functions converging is
some weak sense actually converges uniformly with all derivatives. (This is of
course a consequence of the estimates on the derivatives.) This statement is also
true for the caloric functions, as we also have good estimates on the derivatives,
and it is in fact also true for all equations with constant coefficients and a smooth
fundamental solution. At the moment we will not pursue these generalizations
further, the interested reader can consult for example the book “The Analysis
of Linear Partial Differential Operators I” by L. Hormander, Section 4.4. for
more details.
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As we mentioned the Harnack inequality, we should say that its generalization
to the caloric function is a more subtle issue, and one finds that the if we literally
translate the elliptic statement into the parabolic language, it will not be true.
It has to be adjusted - we will return to this point later. If we go to even more
general operators (e. g. higher order operators, or operators for vector-valued
functions), one may not have an analogue of the Harnack inequality.
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Lecture 53, 2/14/2011

Last time we have considered the problem
us — Au = f(z,1t) (800)

in R™ x R with some compactly supported f. The requirement that f be com-
pactly supported can be significantly relaxed, but that is not our concern for
now. We have see that the requirement that w vanishes for large negative ¢
together with the equation (800) and the “growth condition” u € ./(R™ x R)
(which is satisfied when u is bounded, or has at most polynomial growth) de-
termine w uniquely. This set-up models the situation when we have a heat
conducting material filling the whole space, for all times before a certain time
t1 “nothing is going on” and the temperature is 0. After time ¢; heat sources
of density f(x,t) are “activated”, and the temperature starts changing. We can
assume without loss of generality that ¢; = 0. The history for ¢ < 0 is trivial -
nothing was ever going on, so we can just as well disregard it and consider only
the problem

u — Au=f(x,t), (z,t) € R™ x (0,00),

u(z,0)= 0, x €R™. (801)

The solution is given by u = I' * f. To evaluate the convolution we do not need
to know f for ¢ < 0, as the function I is supported in {t > 0}. If we write out
the convolution in detail, we have

u(x,t) :/0 /n T(x—y,t—3)f(y,s)dyds. (802)

Let us now look at the problem

u—Au= 0, (z,t) € R™ x (0,00),

u(x,0) = wp(x), r € R" (803)

It is instructive to solve it by a slightly different application of the Fourier
transformation than the one we used in lecture 51 to calculate I'(z,¢). This
time we only perform the Fourier Transform in the variable xz. This approach
is somewhat similar to the classical approach to solving an ODE system

i+ Az =0 (804)

by diagonalizing the matrix A. When A is diagonal in some coordinates (as
it is the case with symmetric matrices, for example), the system (804) is easy
to solve, and we can then return to the original coordinates to get a formula
for our solution. Applying the Fourier transform in = to (803) is an analogous
procedure. After taking the Fourier transform in x the problem becomes

i+ |¢*Pa= 0, (&,t) € R™ x (0,00),

w(§,0) = ao(§), eR", (805)
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which can be solved explicitly:

(g, 1) = dp(€)e 1" (806)

To find the inverse Fourier transform, we recall formula (490) for the Fourier
transform of convolution, and evaluate the inverse Fourier transform of (&)
and e~t€1*, The former is obviously ug(x), and the latter is'°? again the heat
kernel I'(z, t) given by (781). Taking into account the convolution formula, we
obtain

u(e.t) = [ Tl =y Ouoly)dy. (07)
Sometimes this formula is written as
u(t) =T(t) * uo , (808)

where ¢ — u(t) means the mapping which takes ¢ into the function z — u(z,t).
This notation emphasized the distinguished role of the {—variable and the func-
tion u is viewed as a function from a time interval to a space of functions of
x. Similarly for I'. The convolution in (808) is the spatial convolution in R",
in contrast with the formula v = I" x f after (801), where the convolution was
taken in space-time.

We see that the fundamental solution I'(z, ¢) can also be considered as a solution
of the problem

uy—Au= 0, (x,t) € R™ x (0,00),

u(z,0) = 6(x), zeR" (809)

which at first looks somewhat different than (771). The fact that these two
problems have the same solution is a special case of the Duhamel’s principle.
The principle says, loosely speaking, that the solution of an evolution equation

us = Lu+ f(x,t) (810)

9193

can be built as a “linear combination of the solutions of initial-value prob-

lems
ug = Lu, t>s

u(s) = uf. (811)

The simplest illustration of the principle can be seen already in ODEs. Let us
consider a linear ODE of the form

T4ar= f(), t>0
2(0)= 0, (812)
together with the initial-value problems
i = >
T+ ax 0, t>s, (813)

z(s)= 1.

192hy (483) and (484)
193more precisely, an integral
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Let us denote the solution of the last problem (with the convention that it
vanishes for ¢t < s) by 2°(¢). Then the solution of (812) is given by

x(t):/o 2*(t)f(s)ds. (814)

—a(t—s)

When a is a constant independent of ¢, then z°(t) = e and we obtain the

classical formula .
x(t):/ e =5 £ () ds (815)
0

for the solution of (812). The case a = 0, in spite of its simplicity, is already
instructive'®, and contains the basic idea behind Duhamel’s principle.

We have shown how to go from (813) to (812). If we wish to go in the opposite
direction, we take f(t) = d(t — s).

returning back to the heat equation, the shifted fundamental solution I'(¢t — s)
should be thought of as the function z*(t) = e¢*(*=*) in the ODE example. The
analogue of the formula (815) will be the formula

u(t) = /0 I(t —s)* f(s)ds, (816)

where * denotes the convolution in R™. Tt is nothing but formula (802), written
in a different notation. Note that we can also write

u(t) = / (= 8)  f(s) ds, (817)

— 00

as we assume that f(s) = 0 for s < 0. (If we do not make this assumption,
then (817) is actually the right formula for the solution of the problem considered
in the beginning of the lecture, in which time ¢t = 0 does not play a distinguished
role.) Using (somewhat formally) (817) with f(z,t) = wo(x)d(t), we recover
formula (807).

Let us look a closer look at formula (808). We recall the notation

6ele) = 6(%) (315)

we used for mollifiers in the first semester (see lecture 2, (21). Letting ¢ = I'(1),
we see that

NOETNS (819)

and formula (808) can be thought of in terms of mollification of the initial data
uo(x). The situation is quite similar to the one we studied in lecture 9 for the
Poisson kernel, see (72).

194You can notice that it is just another form of the Fundamental Theorem of Calculus.
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The solution of the general Cauchy problem

ut_AUZ f(xvt)a (xat)eRnX(Ovoo)v
u(z,0) = wup(z), x € R" (820)
can be written as a combination of (808) and (816):
¢
u(t) =TD(t) *up + / L(t—s)* f(s)ds. (821)
0

Strictly speaking, we should say “a solution” and not “the solution”, since we
do not know that the solutions are unique. The representation formula (821)
represents our common sense heuristics about how the solution should look like,
and we do not expect that there is any other “reasonable” solution.

Due to the linearity of the problem (820), questions about the uniqueness of its
solution can be reduced to questions about the uniqueness of the homogeneous
equation with the homogeneous boundary conditions, i. e. that case when ug
and f in (820) vanish. We can see easily that solutions of

u—Au= 0, (z,t) € R™ x (0,00),

u(z,0) = 0, reR” (822)

with at most polynomial growth at infinity must vanish. For this we extend u
as u = 0 to negative times and note that the extended function (still denoted
by u) is a tempered distribution satisfying u; — Au = 0 in R™ x R in the sense of
distributions. Taking the Fourier transform, we see that (i7+|£]?)@ = 0, and we
see that & must be supported at the origin. This means that u is a polynomial.
A polynomial vanishing for ¢ < 0 must vanish identically, and this finishes the
proof.

The proof may be instructive as an application of the Fourier transformation,
but it is not optimal. For example, note that it is “global in time”, whereas a
uniqueness statement for an evolution equation should really be local in time in
the following sense: if we have a solution on [0,7) which vanishes at 0, it should
vanish in [0,7). (This is the case when the equation is of the first order in t.
If it is of order m in t, the assumption that u vanishes at 0 should of course
include also derivatives of order < (m —1).) Also, the growth conditions can be
much relaxed.

The optimal uniqueness proof is based on the representation of the solution via
the fundamental solution. It is not hard and the method is quite general, and
therefore we outline the main idea, which is also useful in other situations.

In general if we have a linear PDE operator L in a domain (2, we can consider

its L? adjoint defined by
/ Luv = / uL*v (823)
Q Q

for smooth functions u,v compactly supported in 2. For this definition the
operator L can be a quite general linear operator, not necessarily with constant

204



coefficients. If the functions u, v are not compactly supported, we can write

/ (uL*v — Luv) = boundary terms . (824)
Q 19}

Assume now that Lu = 0 and L*v = §,,, the Dirac mass at x¢. Using (824) for
these u, v, we obtain a representation formula

u(o) = /8 o) (825)

where b(z, [u], [v]) is a bi-linear form, and the notation [u], [v] indicates that u
and v may also appear with derivatives.

We can also replace u by @u, where ¢ is a cut-off function, and replace the
integral over the boundary by an integral over the area where V¢ does not
vanish.

Let us now apply this to the heat operator L = 9;—A and the domain R™x (0, 7)),
under the assumption that the decay of u in x is such that we can integrate by

parts in x without any boundary terms coming from oco. The adjoint operator
is L*v = —0; — Av and the formula (824) becomes

[ e an o [ el e

Let us consider (xq,t9) € R" x (0,7'). The solution of —v; — Av = §(5 ¢,)(z, 1)
is
v(x,t) =T(xg —x,to — 1) . (827)

Using (826) with this choice of v, we obtain
(o, to) = / w(z, 0 (w0 — 2, 1) da . (828)

which is the same as (808). To see under which assumptions on u the integration
by parts over x in this calculation produces no extra terms so that the above
calculation is legitimate, we can either integrate over Br x (0,7) and take
R — oo, or multiply v(z,t) = I'(zo—=x, to—t) by a suitable cut-off function. Note
that v as well as its derivatives have very fast decay as x — oo, and therefore u
can grow quite fast. It is easy to check that for example the condition

|z|?

lu(z,t)| < CesT (829)

for some C > 0 is sufficient.

When our aim is to show uniqueness, we assume that u(z,0) = 0 and under
the assumption (829) we obtain that v = 0 in R™ x (0,7). Now we note that
T can be taken small, because the conclusion ©v = 0 can be “propagated” in

small steps in ¢. Therefore we obtain the following uniqueness theorem (due to
Tikhonov)
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If a solution of

ug—Au= 0, (z,t) € R™ x (0,00),
u(z,0) = 0, zeR" (830)
satisfies the growth condition
lu(z,t)| < CeClol’ (831)

for some C' > 0, then it has to vanish identically.
Proof: See above.

In his well-known paper on the topic, Tikhonov also constructed and example
that uniqueness can fail if we do not impose restriction on the growth of the
function u. The main idea of the counter-example the following. Take a non-
trivial smooth function F which is compactly supported in (¢1,¢2) for some
0 < t1 < ty and consider the series

> ka
u(x,t) = ];)F(k)(t) Tk (832)

where F(*) denotes the k—th derivative. It is easy to check that this function
formally satisfies the heat equation, and gives a counter-example to uniqueness
of (830). The only issue is to establish the convergence of the series (832). This
needs some work. Note that the Taylor series of F' cannot be convergent at

each point, as the function F' cannot be analytic. However, the terms % have

better decay than the term % of the usual Taylor series. For details we refer the
reader to the original 1935 paper by Tikhonov, which can be found online.%?

1958ee the link on http://en.wikipedia.org/wiki/Andrey_Nikolayevich_Tychonoff
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Lecture 54, 2/16/2011

We derived the heat equation as a model for heat conduction, but it arises in
other situations. Today we mention one of them — random walks. Consider the
following process: we consider a particle moving in the real line according to
the following rules. At time ¢ = 0 the particle is at x = 0. We toss a coin and
at time ¢ = 1 we move the particle by 1 to the right if we get heads, and to the
left if we get tails. So the position of the particle at t = 1 is either x = 1 or
x = —1, both with equal probability % Now we repeat the procedure: we toss
a coin and we move the particle at time ¢ = 2 according to the same rule. So at
time ¢ = 2 the particle can be at © = —2 (with probability 1/4), at = 0 (with
probability 1/2), and at = = 2 (with probability 1/4). We repeat the procedure
again. After taking m steps, at time t = m, the particle can be at x = —m with
probability 27™  at x = —m + 2 with probability ("11)2*7", at = —m + 4 with
probability (7;)2””, etc. In general, the probability of the particle being at the
position x = k after m steps is non-zero only if m + k is even, —m < k < m,
and for such (k,m) the probability is, by elementary combinatorics,

m m!
p(k,m) = <m2+k> 27 = W 27™ (833)

In addition to this explicit expression, there is also a “local rule” satisfied by
the probabilities p(k, m).

1 1
plk,m+1) = ép(k —1,m)+ gp(k +1,m). (834)

The justification is immediate from our rules for moving the particle, without
using (833). In terms of (833), equation (834) is just the well known identity
between the binomial coefficients:

m—+1 m m
(") () (0 5
Equation (834) can be made look like a PDE with derivatives replaced by dif-

ference quotients. Subtracting p(k, m) from both sides we get

1

which looks as a finite difference version of
1
bt = ipzx . (837)

However, we must remember that the particle can appear in the space-time
points with coordinates (k,m) with k+m even. The space-time points involved
in (836) cannot all satisfy this parity condition. This is easy to fix: instead
of (836), we consider

1 1 1
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which is an easy consequence of (838). The sums of the coordinates in the
arguments of all the terms in (838) all have the same parity. Subtracting p(k,m)
from both sides of (838) and dividing by 2, we obtain

p(k,m + 2) _p(kam) _ 1 (p(k _ 2am) — 2p(k,m) +p(k + 27m)
2 2

0 ) . (839)

which again is a finite-difference version of (837) (with the time step = 2 and
the space step also = 2. Equation (839) is satisfied for all (k,m) with k + m
even and m > 0. If we remove the condition m > 0, still considering only m + k
even, we get

p(kam + 2) B p(ka m) _ 1 <p(k _ 27m) B 2p(kvm) +p(k + 2a m) _ b(k,m) ,
2 2 4
(840)
where f is given by
b(ov _2) = i )
b(—1,-1) =b(1,~1) = 1. (841)
b(k,m)= 0 elsewhere.

Our goal is to show that in a suitable scaling limit equation (840) will approach

up — %um =d(x,1). (842)

Since we have an explicit solution (833) to (840), we should have another method
for calculating the fundamental solution. It is not the simplest method to arrive
at the formula, but it is quite illuminating.

Note that the speed of propagation of our random walk on the grid is finite: after
m steps we the position k of the particle cannot be outside [—m,m]. On the
other hand, for (842) disturbances propagate at infinite speed. This is reconciled
by taking the scaling limit.

For the scaling it is useful to consider p(k, m) as some object defined on R x R,
rather than on a grid. This can be done in many ways. For example, one can
consider a piece-wise constant function @(x,t) defined to have value 1p(k,m)
fork—1<z<kand m<t<m+1 We will proceed in a slightly different
way: define a distribution v in R x R as

U(iﬁ,t) = Z p(kam) 5k,m(:r’at) 5 (843)
k.m
m >0
k+m even

where 0y, , is the Dirac mass located at (z,t) = (k,m). Let us also define

1 1 1
f(l‘,t) = 5(50’,2(3?,15) + 1(5717,1(.’13,15) + 161,,1(.1',” (844)
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We write equation (840) in terms of u, f and suitable shift operators. The
operators are
u(x,t + 2h?%) — u(x,t)

Opru(x,t) = 57,2 ) (845)
N u(z, t — 2h2%) —u(x,t
Oppu(z,t) = ( 2h3 (1) (846)
u(x — 2h,t) — 2u(x,t) + u(x + 2h,t

Apu(z,t) = ( ) 4(h2 ) & ul ) ) (847)

1
L = Ohe = 54, (848)

and 1
Ly = Op = 58, (849)

where h > 0. We have written these operators in the notation usually used
for functions, but as we have seen in lecture 45, the shifts are also defined for
distributions in a natural way.

Equation (840) can be written in terms of the distributions u, f as an equation
in distributions in the following way:

Liu=f, (850)

which is the same as
/ uLip dedt = [ dxdt, peE IR xR). (851)
RxR RxR

If we would prefer to work with the piece-wise functions mentioned above, rather
than the linear combinations of Dirac masses, we can replace the distribution
u defined by (843) by wu * x, where Y is the characteristic function of a suitable
rectangle. (Other approximation schemes can be expressed in terms of different

X-)

The key point now is to introduce the following scaling: for h > 0 we set
1 z 1

e =351 (7)) - (353)

Again, we use the notation for functions, but we have seen in lecture 50 how to
make the definitions for distributions, see (731)

If we think of w as some probability density associated to the random walk with

step size 1 in ¢t and 1 in z, then u; represents the probability density associated
with random walk with step size h? in t and h in x. For example, the density
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x — uﬁ(m,t) (which can be thought of as as a finite combination of Dirac

masses in x), represents the probability density obtained by m random steps of

size (/- starting at the origin.

Note that we do not have to talk about random walks at all, and take wu; simply
as a function defined on a grid of space step h and time step h?, which solves a
specific finite difference scheme on the grid. Formula (833) can then be viewed
as an explicit solution of the difference scheme.

The function wuy, is easily seen to satisfy
Lhuh :ifh, (854)

in distribution, or

/ up Ly dedt = fre dxdt v € Z2(RxR). (855)
RxR RxR

Since uy describe some probability densities, we have a simple a-priori bound
for uy, which is independent of A > 0. Heuristically we expect something like

/ up(z,t)dx =1 (856)
i

but due to the discrete nature of the distribution wuy this is not quite true
(and in fact, the integral is formally not really well-defined without additional
explanations). It is easier to consider the following bound: for each smooth
function ¢ = p(x,t) compactly supported in R x (¢1,t2) we have

| un(x, t)p(x, t) dv di| < M(ty,t2)sup |g], (857)
RxR

where M (t1,t2) is an upper bound on h2-multiple of the number of “grid points”
{mh?}2°_, contained in the interval (t;,t2). When h? is small in comparison
with (t2 — t1) we obviously can take M (t1,t2) ~ (ta — t1).

By the last statement in lecture 44, we can choose a subsequence h; — 0+ so
that the distributions uj converge to a distribution w along the subsequence.
The distribution 7 will satisfy bound (857) with M (t1,ts) = to — ¢1. In partic-
ular, in will be a tempered distribution. We claim that

Ty i = 8(,1) (858)

in the sense of distributions. To prove this, it is enough to pass to the limit

h; — 0 in equation (855) for a given smooth, compactly supported function
» = p(z,t). For such a function we can write

. 1
ne = (=t = 50as) +r(x,t,h), (859)
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where r(z,t, h) (which of course depends of ¢) satisfies
r B <R, he(01), C=Clp). (360)

Using the bound (857) together with (862) and (863), and the obvious fact that
frn — ¢ in distributions as h — 04, we see that the function uw will satisfy

1
[ wa- pemdedt=p00), pea®xR). (S0
RxR

This proves (858). By uniqueness of the fundamental solution in the class of
tempered distributions, we see that actually we do not have to pass to a subse-
quence, and that u;, — w as h — 04 in distributions.

In the above calculation we have not used formula (833). In fact, since we
calculated the fundamental solution @ by other means, we know that

1 ot
izt =4 @it >0 (862)
0 t<O0

(Note that w(z,t) = T'(z, &), with " given by (775). The difference is due to the
factor % is front of WUy, .)

If we did not calculate @ before, we could use (833) to calculate it. For that we
recall Stirling’s formula

!~ 27711(%) : (863)

which we can use in (833) to obtain

p(k,m) ~ 2 e (864)

which is of course the well-known description of the asymptotics of the binomial
distribution in terms of the “bell curve”. From (864) one can see directly that
the distributions uy, defined above must converge to (862), without using any
of the “local relations” we investigated above (such as (839),(855), or (858)).
Therefore Stirling’s formula (863) gives an alternative way of calculating the
fundamental solution of the heat equation, without really solving any differential
equations. (Vice versa, a more careful analysis of the convergence of up, — @
should give the approximation (864) without using Stirling’s formula.)

It is also possible to find the fundamental solution by solving an ODE. The
above considerations show that the solution @ of (858) will be invariant under

the scaling

LAY (865)

. 1 =z
u(z,t) — XU(X’ 2
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In fact, regardless of the above considerations, we can just take a guess that
this will be the case, and see if we can justify the guess by finding such solution.
The scale invariant @ would have to be of the form

1 x
Vi Vit
Substituting this into u; — U, = 0, which must be satisfied for ¢ > 0, we get
an ODE for F. It can be solved explicitly, and we again recover the heat kernel

(up to a normalizing constant which can be found by integration). The reader
can do this calculation as an exercise.

Uz, t) = —F(-2). (866)
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Lecture 55, 2/18/2011

Last time we saw that the heat equation appears in connection with random
walks. In the random walks we considered in the last lecture the space-step and
the time-step were discrete, so the “events” in space-time which were relevant
for the walk formed a certain grid, and the walk was essentially equivalent to
a finite-difference scheme. In fact, we could have avoided mentioning random
walks altogether and work only with the finite-difference scheme.

Today we will consider the same idea from a slightly different angle, in that our
random variables will be “more continuous”. The material covered today can
be considered as optional, it will not be needed in what follows.

Let us consider the following modification of the random walk.'%6 We will
consider a particle moving along a one dimensional line with coordinate .97
The particle moves in random steps. The size of individual steps will not be
fixed, but some “global” restrictions of course have to be imposed so that we get
something non-trivial. We assume that at time ¢t = 0 we the particle is located
at x = 0. Then, between times ¢ = 0 and ¢t = ¢ the particle makes n random

steps y1, Y2, - .., Yn subject to the constraint
i SOOIy Sy (867)
Note that if all steps had the same size |y1| = |y2| = ... |yn| = h, then (867)

would give h = \/g, with h? = % being the time-step, as in the situation
considered in the last lecture. However, this time we will impose only the
“global constraint” (867), the steps do not have to a specified size (as long as
the global constraint is satisfied). After these steps are made, the new position
of the particle will be

T=y1+-+Yn- (868)

We now must specify the probability law for the “events” (yi,...,y,) satisfy-
ing (867). A natural assumption is that the vectors (y1,...,yn) are distributed
over the n — 1 dimensional sphere of radius v/t uniformly with respect to the
canonical “surface measure” on the sphere. Let us denote the surface measure
by u!,. The measure is normalized so that the total mass is 1. We can write

1 I'(3)
,Ufn - m UTtL—l = % O-Z—lv (869)

orst e

t

where of _, is the canonical surface measure,'?® and we have used (755).

1961t is probably safe to assume that it was already known to 19th century classics. It can
be found for example in the well-known 1923 paper “Differential Space” by N. Wiener.

197 The generalization to the higher dimensional case when = = (21, ..., Zm) € R™ is straight-
forward.

1981t can be considered as the restriction of the n — 1-dimensional Hausdorff measure H"~1
to the sphere (868).
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We wish to find the probability distribution of x given by (868) in the limit
n — 0o.

We now pause for a moment to explain some definitions used in this context. In
general, if XY are metric spaces, f: X — Y is a continuous mapping, and p is
a Borel measure on X, we define the push-forward of p by f to be the measure
v defined on Y by

v(0) = u(f~H0)). (870)
We will use the usual notation fyxp for v. Note that v can also be defined by

/ () du(y) = / o(f@)du(z). e ColY), (871)
Y

X
where Co(Y') denotes continuous compactly supported functions on Y.199

In the language just introduced, the probability distribution of x referred to
above is

l/'fz = fn# (M;) ) (872)
where
) =y1 4+ 4 yn, (873)

and p! is given by (869) The measure v/, can be calculated explicitly. First, we
note that instead of working with f,, given by (873), we can work with

fa(y) =V oy (874)

This is because (873) and (874) are related by an orthogonal rotation which
leaves the measures u!, unchanged. Therefore in what follows we will write

r=/ny. (875)

To calculate f,,4 (), we first push-forwad pf, by the projection (y1,y2,...,yn) —

y1 on the yj-axis, and then we stretch it by the map y; — /n y1. The push-

forward under the projection is easy to calculate:?%0 it is a measure supported

in [—/t,1/t] given by

S§72|(t — y2)"s N

Now we need to stretch this measure by /n, which can be done by simply
putting y; = % After this substitution, using (893), we obtain

Vt = ! F(%) (1— $2 ) %
N A =S T

L99Tf 14(X) = 400, some assumptions are needed so that the integral on the right-hand side
of (871) is well-defined - we leave the exact formulation of these to the reader as an exercise.
200Hint: if you do the calculation for n = 2 and n = 3, the case of general n becomes clear.

dx . (877)
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We note (e. g. from Stirling’s formula) that

INE2
noroe D(55)y/ 5
and recalling that
nh_}ngo(l + E) =e, (879)
we infer ) )
vt — e= dr, n— o0, (880)
27t
which is the heat kernel for
1
Ut — Uas = 0. (881)

We see that our new version of the random walk also leads to the heat kernel.

But where does the heat equation come from in this picture? In the discrete
random walk we had a simple “local law” which was quite clearly a discrete
version of the heat equation. Can we see the heat equation in the above version
of the random walk directly, not just by an ex post facto verification that the
limit (880) satisfies (881)7

To consider this issue, it is advantageous to slightly change our point of view.
In the above derivation, we considered the measure v, in some sense separately
for each ¢, as projections of the measures pf, from the spheres of radii /¢ by the
map y — v/ny1. The time ¢ played a role of a relatively passive parameter. To
see the heat equation more directly, it is better to view the measures v/} as time
slices of a space-time object, which comes from a projection of some “global”
measure in the space y € R"™ (and note just on the spheres) onto the space-time
(and not just the time-slices t = const.). More precisely, we will be projecting
some measure f, on R™ to the space-time R x R by

rw=(7)=( ) (352)

The measure pu, should have the property that its “slices” by the spheres
{y, ly|*> = t} should project by F}, onto the measures v above. This means

Fuplin) = [ Buslit) ar (353)

It is not hard to guess what g, should be, without much calculation. One
might be tempted to take u, = W dy, but this is not quite correct,
since, using the notation r = |y|, we have t = r? and hence dt = 2rdr. The 2r
in front of dr shows that we should really take

2

Hn = W dy. (884)
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To check that this is consistent with (883), we note that for each find ¢ we have
fnp(ut)(R) = 1. Letting xr to be the characteristic function of a ball of radius
R, we see that (883) implies

/ Xr djin = R?, R>0, (885)
Rn

and this specifies (884) uniquely among all measures invariant under the rota-
tions of R™.

We note that the measure pu,, is of the form
fin = vn(y) dy (836)
and the function v,, satisfies
Av, = —-2(n—2)0, (887)
where d is the Dirac mass at y = 0 in R™. Writing
Frz (v, dy) = up(z,t) dedt, (888)

we expect that equation (887) should result in some constraint on the density
un(x,t). Rather then determining the constraint directly from (888), it is easier
to use the equation (871), which in our case is

| vt = [ o@uEa)d.  (6)

for each smooth, compactly supported ¢: R x R — R. In view of (887), we take
1) so that

D(Fa(y)) = Ay o(Fa(y)) - (890)
We have
[ @), o(Faw)dy = 20~ 2) 6(0,0). (s9)

by (887). We calculate
where z = y/ny; and t = |y|?. Combining (889),(891), and (892), we see that

1 2 2 2
n(—0t — =Vgpp — — TP — —1 drdt=(1-— 0,0). 893
| o= 50m = Zapm — Stou)dadt = (1= 2) ¢(0,0). (899)

In the limit n — oo we obtain (the weak form of) the heat equation. We see
that the heat equation for the limit u(x,t) is a consequence of equation (887).

We can also proceed similarly as in the last lecture with the discrete random
walk approximations uy. The functions u,, satisfy a uniform bound

/ wp(2,8) do = 1, (894)
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and even if we had not calculated their limit before we see that we can choose a
subsequence converging to some tempered distribution @ which, in view of (893),
will satisfy
1
Uy — iﬂm =94. (895)

By uniqueness of the solutions of (895) in tempered distributions, we can con-
clude, without the explicit calculation of the limit, that the limit u has to be
the fundamental solution of the heat operator 0; — %8%, confirming the result
of the explicit calculation (880).

The above calculations suggest that caloric functions can be thought of, in some
sense, as harmonic functions in very high dimensional spaces, as we mentioned
in lecture 52.201

201For additional references where related issues are discussed, the reader can consult for
example the paper “Geometry of Differential Space” by H. P. McKean, Annals of Probability,
1973, Vol. 1, No. 2, 197-206, or notes from a course by T. Tao available online at
http://terrytao.wordpress.com/2008,/04/27/285g-lecture-9-comparison-geometry-the-high-
dimensional-limit-and-perelman-reduced-volume/
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Lecture 56, 2/21/2011

Today we will discuss another feature of the heat equation: it is a gradient flow.
Let us first look at some examples of gradient flows in finite dimension. The
simplest situation is the following: assume f: R™ — R is a smooth function
satisfying f(x) — oo as * — 00, and consider the ODE

i=-Vf(z), (896)
where we use the usual notation & = Z—f. In comparison with general au-

tonomous n—dimensional ODE
z=b(x), (897)

where b(z) = (by(x),...,by(x)) is a smooth vector field in R™, the solutions
of (896) have a much simpler behavior. The trajectories z(t) follow the lines
of the “steepest descent” of the function f. They are perpendicular to the
level sets {f = const.} and in the case when all the critical points of f are
non-degenerate??? the trajectories typically converge to the local minima of
f, except for the boundaries between the “basins of attraction” of the various
local minima. The trajectories originating at such boundaries typically converge
to saddle points?®3. This is much simpler behavior than what is possible for
solutions of (897), where one can meet all the intricate phenomena of chaos,
strange attractors, etc. Non-trivial questions arise even for the gradient flows?%4,
but one can nevertheless say that the if we know that a flow is a gradient flow, it
usually simplifies its study to a large degree. For example, by taking the scalar
product of (896) with 4@ we obtain

i = ~(VF(), &) =~ f(a). (599)

Integration in ¢ now gives
to
flalt) = flalta)) = [P, (599)

which often represents a useful a-priori bound on the integral on the right, when
f is bounded from below. (Note that we can let t5 — oo in that case.)

Using (896), we can also re-write (899) as

f@mn—ﬂﬂh»:/2WﬁﬁWﬂ~ (900)

ty

202Recall that x is a critical point of f if Vf(z) = 0. A non-degenerate critical point is a
critical point  where an additional condition that the Hessian matrix V2 f(z) is non-singular
is satisfied.

203These are the critical points at which the Hessian matrix V2 f(z) is indefinite.

204For example: assuming only that f(x) — oo as & — oo, does any solution of (896)
converge to an equilibrium? The answer is non-trivial: no in general, but yes if f is analytic.
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If we define that an equation (897) is a gradient flow if and only if b(z) =
—Vf(z), it is easy to determine which flows are gradient flows: in a simply
connected domain, a necessary and sufficient condition for the existence of an
f with b(x) = =V f(x) is that the matrix Vb(x) be symmetric for each x. Thus
for example a linear equation

i =-—Ax (901)

is a gradient flow in the above sense if and only if the matrix A is symmetric. If
this is the case, the function f is given by f(z) = (Ax, z), where (-, -) denotes
the canonical scalar product in R™. We see that the scalar product plays an
important role in these considerations.

What happens when we take a different scalar product? If an equation is a
gradient flow with respect to a different scalar product, the flow should still
have the simplifying features of the gradient flows, so we should not really
restrict our attention to a particular choice of the scalar product.

Let us consider a symmetric positive definite matrix G = {g;;}7';_; and the
scalar product

(z.y)e = (Gz,y) = gijziy; 2% (902)

For which A is equation (901) a gradient flow when we consider the scalar
product (902) rather than the canonical scalar product (corresponding to G =
I)? An easy calculation shows that the condition is

GA = A'G, (903)

where A? is the transpose of A. Different choices of G give us different conditions
on A for which we get a gradient flow. A natural question in this context is the
following: for which matrices A is (901) a gradient flow with respect to some

205Here we write both g;; and z;,y; with lower indices, which is often done. However, we
should really use the classical Einstein convention and use upper indices for vector coordinates
(contra-variant indices) and lower indices for covector coordinates (covariant indices). In this
more precise notation one can only sum over repeated indices if one of them is up and one
of them is down. For example, the above expression is written as gij:viyj. A matrix of a
linear map A has coordinates aé- and Az is written as a}xj. A bilinear form b(x,y) should be

written as bijaciyj. It is symmetric if b;; = bj;, and this is the case if and only if it comes from
a quadratic form b;;z*2z7. On the other hand the statement that a matrix a’ is symmetric
does not make sense in this notation, as we cannot exchange upper and lower indices. The
notation is ideally suited for clarifying the issues around the gradient flows we discuss, at least
in finite dimensions. For example, the derivatives of a function f form a covector and should
be written with lower indices f;. The derivative of f in the direction & = {¢’} (a vector) is
then f;¢%. If we try to write the gradient flow (896) we get 2 = —f;, which does not look
good, as we mix upper and lower indices. We first need to raise the indices of f; (or lower
the indices of ¢%). For that we need a metric gij and its covariant form g¥. Then we write

it = gW f;. Similarly, to say that a matrix aZ is symmetric, we need to lower the upper index

(or raise the lower index) by a metric g;; by a;; = gira®. The dependence of these notion
on a metric is transparent. If one fixes some orthogonal frame and takes all coordinates with
respect to that frame, then we do not have to distinguish between the upper and lower indices,
as long as we remember that such notation assumes a particular choice of the frame.
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scalar product defined as above by some positive definite G7 As an exercise
you can prove that a necessary and sufficient condition on A to satisfy (903) for
some positive definite G is that A be diagonalizable over the reals.

The more general situation of (897) is similar: if the matrix Vb is not symmetric,
it can still be the case that the equation is a gradient flow with respect to some
more general scalar product.?%6

The above considerations show the importance of the scalar product when deal-
ing with a gradient flow.

The importance of the scalar product for gradient flows also becomes imme-
diately apparent when we try to define a gradient flow of a functional on an
abstract linear space, where we are not distracted by existing canonical struc-
tures. Let X be a linear space over R, perhaps with some norm or topology
compatible with the linear structure, and let f: C — R be a continuous func-
tion. Assume that the derivative f/(z) is well-defined for each z € X by

Py =l oftt),  yeX (904)

and that the map y — f’(x)y is linear (and continuous). To define a gradient
flow of f, we would need to associate to each z € X some b(z) € X related
to f'(z). However, the derivative f’(x) naturally belongs to the space X* of
(continuous) linear functionals on X. In general, there is not a canonical way
to identify X and X*, even when the dimension of X is finite.?°” In infinite
dimensions this is even more transparent. For example, the space X = L(0,1)
is separable, whereas its dual X* = L°°(0, 1) is not separable, and hence they
cannot be reasonably identified.

To define a gradient flow, we need some mapping
T: X*—> X. (905)

Often the exact domain of T or its exact range do not have to be studied
in detail. We can work at a formal level, and establish rigorously only those
consequences of the gradient flow structure which we are interested in.

If T: X* — X as above is given, we can define a gradient flow by

t=Tf'(z). (906)
We can use the notation
Tf'(x) = gradpf(x) (907)
and write equation (906) as
& = —grad,f(x). (908)

2061t can for example be given by a suitable Riemannian metric g;;(z).
207By contrast, there is a canonical way to identify the double dual X ** with X without the
presence of any additional structures when X is finite-dimensional.
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If X is a Hilbert space, then X* can be identified with X by the scalar product
and a canonical T: X* — X is given the Riesz representation theorem for the
linear functionals on Hilbert spaces: each [ € X is uniquely represented by a
Tl € X via l(z) = (x,TI).

Sometimes one can just formally work with a scalar product, without worry-
ing about completeness, and obtain the equations at a formal level, using the
gradient flow structure only as an important guidance to a rigorous treatment.

Let now return to the heat equation. For now we will work at a formal level
with functions defined on R™ and various scalar products. The functions are as-
sumed to be “sufficiently regular” and have “sufficiently fact decay” (sometimes

together with their derivatives), so that all the operations below are allowed.

Let us first take the functional
1
J(u) = / 5|vu|2 dx (909)
and the standard L?— product

(u,v) = / vz (910)

In this case we have, as we have seen during the first semester,

J (u)v = VuVuvdr = —Auvdz, (911)
R’n R7l

and we see that with these choices equation (908) becomes exactly the heat
equation
uy = Au. (912)

Estimate (899) becomes

ta
/1|Vu(x,t1)|2d:c—/ 1\vu(x,@)\?d;z::/ / lug (2, )| de dt, (913)
n2 R?’IQ tl ]Rn

showing that we should have

/ / ufdxdt:/ 1\Vu(x,())|2 dx . (914)
0 n RTL 2

This can be obtained directly by multiplying (912) by u; and integrating over
x and t, using suitable integration by parts. Estimate (900) becomes

1 1 b2
/ 5|vu(x,t1)|2dx—/ 5\%@,@)\?@::/ / Az, )2 dedt. (915)
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The above is not the only way to represent the heat equation as a gradient flow.
There are many other ways. For example, a simple variation of the above is the
following. Let us consider

1
Jo(u):/ 5|u|2dgc, (916)
and the scalar product
- 1 u(@)v(y)
1= AN Tylvde = dzx d 1
()r = [ =D afode = g [ O ey 17

where we assume n > 3 for simplicity. Using the Fourier transform, we can also
write

We have
Jo(u)v = /n wv dx = /n[(—A)(_l)(—A)u]vdx, (919)

showing that the gradient flow of Jy with respect to the (-, ) scalar product is
again the heat equation (912). Equation (899) now becomes

f2 1 1
[ @R de= [ Sl nPde- [ )P, o0
R™ R"»

t1

where we use the notation ||u¢||%; = (u¢, us)—1 . Equation (900) becomes

ta
/ %|u(x7t1)|2dx—/ %\u(w,tgﬂzdx:/ / |Vu(z, t)*dedt. (921)
n Rﬂ, tl n

This can be also obtained directly by multiplying (912) by u and integrating
over x and t, using suitable integration by parts.

This is the basic “energy estimate” for the heat equation. Important parts of
the theory of linear parabolic equations 2%° can based on it and its localized
versions.?!® The situation is quite similar to the elliptic case we studied in the
first semester.

208 The constant W in front of the integral is unimportant for most purposes, as is often
omitted from this definition. In this case a constant appears in (917).
209ipcluding equations with variable coefficients

210This includes existence of weak solutions, their interior and boundary regularity, etc.
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Lecture 57, 2/23/2011

The energy inequality (921) we derived last time for the heat equation in R™ can
also be derived, in the same way, for the heat equation in a domain 2 with natu-
ral boundary conditions at the boundary 9€2. In this case the unknown function
is defined on Q x [t1, t2] and we can consider various boundary conditions, such as
the Dirichlet boundary conditions u|gg = 0, the Neumann boundary conditions
% = 0, or the boundary condition % +~u = 0. The meaning of these condition
is the same as discussed in the elliptic case in lecture 30. The conditions can
also be taken non-homogeneous, i. e. replacing 0 on the right-hand side by a
known function g. In that case we have to add additional terms to the energy
inequality, of course, as is also the case when the equations is inhomogeneous,
ur — Au = f, with f a known function. We will get to the non-homogeneous
cases later.

An important consequence of the energy inequality is the uniqueness of natural
initial-boundary-value problems, such as

u — Au = f(x,t), (z,t) € 2 x (0,00),
uloo = g(x,t) (x,t) € 092 x (0,00), (922)
u(z,0) = wo(z), x €,

or various other versions where the Dirichlet condition u|sq = g(x,t) is replaced
by one of the other conditions mentioned above, or with different conditions of
this type imposed on different parts of the boundary. Let us first consider the
uniqueness of the problem (922) in the class of “sufficiently regular” solutions, by
which we mean the case when the solution is assumed to have differentiability
properties with which the proof of the energy inequality is immediate. For
example, if the time derivative u; and the second space derivatives VZu are
continuous in Q x [t1, 5], then multiplying the equation by u; and integrating
by parts presents no difficulty, and (921) is easy to obtain. This immediately
gives the uniqueness statement.

The initial-boundary-value problem (922) has at most one solution in the class
of “sufficiently regular” functions u.

For the proof we note that the difference of any two solution satisfies the homo-
geneous problem, with f = 0,9 = 0 and ug = 0, and (921) immediately implies
that the solution of the homogeneous problem has to vanish identically.

With a small modification, the energy inequality also works when the laplacian

in (922) is replaced by operators

0 ou Ju a
Lu=——/(a;;j— i— — —(b; 2
u axi(ajaxj) ]61'3' 833]( J’U,)-l-C’LL (9 3)

we studied in the first semester, where the coefficients can now depend on both
z and t, so that we have a;; = a;;(z,t),b; = b;(z,t), etc. The key assumption
again is the ellipticity condition

aij&i&; > v|¢)?, (924)
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and the boundedness of a;;. We will assume that the other coefficients are also
bounded, although this assumption can be relaxed.

The energy inequality is generalized to the equation
U+ Lu=0 (925)

in the following way. Consider a solution of (925) satisfying the homogeneous
boundary conditions on 99 x (0, 00). Assume the solution is sufficiently regular.
Multiply (925) by w and integrate over Q. We obtain, in terms of the Lax-
Milgram form A(u,v) corresponding to L, as discussed in Lecture 30,

d [1 ) B
a/ﬂim(x,tﬂ dx + A(u,u)=0. (926)

Recalling from lecture 31 that the form Ay (u,u) = A(u,u) + A(u, u) is coercive
for sufficiently large A\, we write (926) as

d

1
a /., §|u(x,t)|2 dz + Ax(u,u) = 2)\/

1
i 5|u(;c,t)|2dx. (927)

The coercivity of Ay now implies

d 1 9 v 9 1 9

— [ Zlulz,t)|*de + = | |Vu(z,t)|"de <2X | —|u(z,t)]” dx. (928)
dt Jo 2 2 Jo 02

This can be rewritten as

d 1
L 2 ey, )2 da +K/e_2’\t\Vu(x,t)|2 dr <0. (929)
dt g 2 2 Ja
Hence
22ty 1 A 22 2 220 L 2
[ gt ey [ [ it oz < [ B0 G P,
Q 2 2 )y Ja @ 2

(930)

which for many purposes is as good as the identity (921) we get for the simple
hear equation. For example, it immediately implied uniqueness for many nat-
ural initial-boundary-value problems for equation (925), at least for sufficiently
regular solutions.
The assumption that the solution be “sufficiently regular” which we work with at
the moment is somewhat unpleasant and should be replaced by a condition that
u belongs to some natural function space suggested by (930). We will see that
that is indeed possible, although the proofs are not completely straightforward.
However, before investigating optimal uniqueness statements, it is useful to see
what can be proved about the existence of the solutions. Our goal is to find
some natural set-up in which both existence and uniqueness can be proved.

There is more than one way to approach the existence results. Our approach
here will be through the Galerkin method, which is also suitable for numerical
integration of the equations.
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To show the main idea of the method, we will consider the initial value prob-
lem (922) with —A replaced by L and f = 0 and g = 0. We first reformulate
the problem in the following way: we multiply the equation by v € X = Hg
and integrate over x. After an integration by parts, we obtain

d

7 u(z, t)v(z) de + A(u(-t),v) =0, veX, t>0
Q
/ u(z,0)v(z) de = / uoz)v(x)dz, veX. (931)
Q Q

If we consider other boundary conditions, the space X = H{} can be replaced
by other spaces X C W12 we considered in connection with elliptic problems
in lecture 30.

In (931) we can view the scalar product [wv as a coordinate of u, and the
equations as equations for coordinates of u. In fact, the requirement that the
equations are satisfied for each v from some orthogonal basis vy, va, ... is equiv-
alent to re-writing our equations in the coordinates of this basis.

If we now replace the space X by a finite dimensional space Y C X and seek a
function t — w(t) € Y, the system (931) becomes just a finite-dimensional ODE
system. (The requirement that (931) be satisfied for each v € Y is the same as
the requirement that (931) is satisfies for each element v; of a basis v1,...,vn,
of Y.) By general theory of ODE we know that the system has a unique local-
in-time solution in some interval (0,7). In fact, since our system is linear and
the coefficients do not “blow up”, the solution is global. The finite-dimensional
system still satisfies energy estimate (930). To see that, we can write the finite
dimensional system as

/ diu(x,t)v(a:)dx—FA(u(-t),v):0, veY, t>0
o dt
/ u(z, 0)v(z) dx = / uo(x)v(z)de, veyY. (932)
Q Q

and note that for each t?!! the equations ate true with v(z) = u(z,t), as we
now require that u(-,t) € Y for each t. In other words, we can use (932) with
v(x) replaced by u(z,t). Once we have this conclusion, we just follow the proof
of (930).

The estimate (930) gives us another way of seeing that the local solution of our
ODE system is in fact global. The only way it could not be global is that u(t)
would become unbounded in ¥ on some open interval (0,7"), but this is not
possible due to the energy estimate. 212

211G¢trictly speaking, in the coefficients of L are only measurable, we have the pointwise
equation only for almost every ¢t. The ODE theory with the Caratheodory assumptions still
works. We leave a verification of this to the reader as an exercise.

212Note that this argument does not rely on the linearity of the equations, and can be used
also for non-linear equations.

225



If we check what assumptions on the coefficients of L are needed so that the
ODE system is covered by the standard ODE theory using the Caratheodory
conditions, we see that it is sufficient to assume that all the coefficients are
bounded measurable. If we wish to get the energy estimate (930), we need to
assume also the ellipticity condition (924).

We see that it is easy to obtain global solution for the finite dimensional approx-
imations (932). Next we need to establish the convergence of these approxima-
tions to some solution of the original problem, if the finite dimensional spaces
in some sense approximate the space X. This is not hard and by this limiting
procedure we get a weak solution of our original problem. We will discuss the
details next time, but even now we see that the overall strategy is somewhat
similar to the elliptic case we studied last semester. We first establish the exis-
tence of weak solution. Next establish their uniqueness, which will be somewhat
more difficult, as we do not really want to assume that the solutions are “suffi-
ciently regular”: we need to establish uniqueness in the same class of functions
where we can prove existence. When we have both existence and uniqueness,
we know that we are working with the right objects. Finally, we can establish
the regularity of the solutions, in a way quite similar to what we did in the first
semester for the elliptic case: using a local version of the energy inequality for
the derivatives of the solution. We will not into the regularity theory in much
detail, as it is quite similar to the elliptic case we studied last semester.
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Lecture 58, 2/25/2011

Last time we considered the finite-dimensional system (932) and we saw that for
each subspace Y C X the system has a unique global solution. We now choose
a sequence of spaces Y, C X, m = 1,2,... which in some sense “converge to
X”. For each m we obtain a solution u,, :: t = u,,(t) € Y,,, so we have a
sequence of functions wu,, = u,(z,t) which satisfy

o7 Qum(sc,t)v(x)d:c+A(um(~t),v):0, veyY,, t>0,
/ U (2, 0)v(2) do = / uo(x)v(z) dx , veY,. (933)
Q Q

The functions w,,(x,t) are of the form

U (T, 1) = i ul'(t)vi"(z) (934)

j=1
where v{,..., v, is a basis of Yy, with m’ = m/(m) = dimY,,. Letting
b = /Q o (@) () de (935)

we see that

/Q )05 () d = 37 O (936)

We note that the matrix b}’ is invertible, as vy, ..., v, form a basis. Therefore
the first equation in (933) is of the form

d m Am m
= 2 AW (937)
j

with the functions fl:’; bounded and measurable. Hence the system (933) is
globally solvable, as discussed last time.

The initial condition w,,(x,0) € Y;, is given by the second equation of (933).
Note that u,,(r,0) is simply the L?(2) orthogonal projection of uy onto the
space Y;,. This means that

/Q|um(gc,0)|2dxS/Q\uo(x)|2dac. (938)

The functions u,(z,t) satisfy the energy estimate (930). Therefore, for any
given T' > 0, the functions u,, (x, t) are uniformly bounded in the spaces L>((0,7T), L%())
and L?((0,T), W%(Q)). In particular, the functions are uniformly bounded in
L?(Q x (0,7T)), and we can choose a sunsequence, still denoted by wu,,, which
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converges weakly in L2(Q x (0,7)) to a function u € L?(2 x (0,7)). Due to
the compactness of bounded sets in the various weak topologies, the subse-
quence u,, will also converge to u weakly* in L>((0,T), L?(Q2)) and weakly in
L2((0,T),Wh2(Q)).

It is clear that the function u should in some sense solve the original PDE
problem, provided the spaces V,,, in some sense “converge” to the space X. A
obvious necessary condition is is the following: For each v € X there exists a
sequence v,, € Y,, such that v,,, — v in Wl’Q(Q). We will see that this condition
is also sufficient if we also assume that Y7 C Y5 C ..., which is a quite natural
assumption.

It is easy to define a notion of weak solution of the original initial-boundary-value
problem such that the function u will be a solution. We will discuss it in more
detail shortly, for now we can just say that the requirement is, roughly speaking,
that u belongs to the spaces suggested by the energy inequality and (931) is
satisfied if the t—derivative is taking in the sense of distributions. There are
in fact several ways in which the exact definition can be made which are not
transparently equivalent.

A key point for a good definition of a weak solution is uniqueness. We expect
that the solutions of the evolution problems we study here should be unique,
and if we cannot prove uniqueness for our weak solutions, our theory cannot be
considered as satisfactory. As usual, the definition of the weak solution has to
strike the right balance between the existence and uniqueness requirements. For
example, the existence of the weak solutions based on the Galerkin approxima-
tion as above is quite easy to prove. Once we know that the energy inequality
is satisfied for our approximate solutions, we just take the weak limits of the
subsequences of our approximate solutions. In one step we establish global-in-
time solutions, even for coefficients which are quite irregular, and not so easy
to approach by other methods. However, note that in this procedure we lose a
lot of information about the solutions. First, even if all our data are smooth,
in the limiting procedure we only use the energy estimate (930) and the weak
form of the equation. All the other information is lost (unless we make an effort
to track what happens to it in the limiting procedure, which is often not easy).
Therefore, in some sense, the relative ease with which the global existence of
the solutions is established comes at a price: our information about the solution
is quite weak, and we have to work harder to establish uniqueness. We do not
have enough regularity the prove uniqueness by a simple application of the en-
ergy inequality, as we were able to do for “sufficiently regular” solutions. Any
information about the smoothness of the solutions beyond the energy estimates
is lost (unless we track it during the limiting procedures, which — as already
remarked — can be nontrivial), and if we wish to recover it, we have to work on
the regularity theory, similarly to the elliptic case in the first semester. 213

213In the case when the coefficients are merely measurable, it is not a-priori obvious how
much regularity beyond the energy estimates and — for scalar equations — simple consequences
of the maximum principle one should really expect. Questions in this direction are quite
difficult and were resolved only in the 1960s.
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If we compare the situation with the elliptic theory we studied in the first
semester, we see that the situation is quite similar, except that in the elliptic
theory the issue of uniqueness was an “automatic” part of the existence theory:
the solution given my a coercive Lax-Milgram form or by a minimizer of a convex
functional is clearly unique. In the parabolic theory the issue of uniqueness of
weak solutions is more subtle and has to be considered with some care. On the
other hand, the regularity theory is quite similar in both cases.

Note that the issue of uniqueness is also related to the following questions:
when we pass to the limit m — oo for our Galerkin approximations u,,, do
we have to take a subsequence? If we can show the uniqueness for the weak
solutions, and we know that the limit of any subsequence is a weak solution,
than by uniqueness we see that the limit has always be the same, and the whole
sequence u,, actually converges to the weak solution, without the need to take
subsequences. Establishing this directly is non-trivial.

229



Lecture 59, 2/28/2011

Let us now formulate the notion of a weak solution for the initial-boundary-value
problem
u+Lu =0, in Qx(0,7),
ulpo =0, in 09 x (0,7, (939)
u(z,0) =wug(x), in Q,

where L is the operator (924). We take the homogeneous right-hand side and
the homogeneous Dirichlet boundary conditions for simplicity, but it is easy
to check that the same method works in more general situations with only
minor modifications, including non-zero right-hand sides, and all the types of
non-homogeneous boundary conditions we have considered for the elliptic prob-
lems in the first semester.?2'* To emphasize that the method is not tied to the
Dirichlet boundary condition, we will keep using the notation with the space
X Cc WH2(Q) from the last lecture. For the homogeneous Dirichlet boundary
condition we of course take X = H}(Q).

The definition of a weak solution essentially consists of three different types of
requirements. The first requirement is that u belongs to a suitable function
space. The second requirement is that that some weak form of the equations
is satisfied. And the third requirement is that the initial condition and the
boundary conditions are satisfied in a suitable weak sense. These condition can
intertwined. For example, the condition

u € L*(0,T; X) (940)

for X = H}(Q) implies that the homogeneous Dirichlet boundary condition is
satisfied at the lateral boundary. (On the other hand, when we deal with the
Neumann boundary condition, we take X = W12(Q), which by itself does not
impose any boundary condition. In this case the boundary condition will be
imposed through the weak form of the equation and the freedom to choose the
test functions from W12(Q), as it was the case in the elliptic case.)

In view of the energy inequality (930), all the function spaces considered in this
context are usually contained in the space L2(0,T; X)

To obtain a weak form of the equation we take a smooth test function ¢(z,t)
defined in Q x [0,T") which such that (-, ) belongs to X for each ¢, and that ¢
is supported in Q x [0, T — 6] for some § > 0. In particular, ¢(x,T) = 0. Such

214In fact, in order to understand how to transfer the various boundary conditions we con-
sidered for the elliptic problem to the correct boundary conditions on the lateral boundary
0Q x (0,T) in (939), it is often useful to consider the time derivative u; just as a right-hand
side to in the elliptic problem Lu = —u; at the corresponding time level. This interpretation,
in spite of appearing quite naive and perhaps even problematic, can be surprisingly useful,
although one has to be somewhat careful with it.
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functions will be called smooth admissible test functions. Multiplying the first
equation in (939) by ¢ and (formally) integrating by parts, we obtain

_AUO(x)@(an)dx—/OT/QU%+/OTA(U(-,t),<p(-,t))dt:07 (941)

where A is the Lax-Milgram form (403) corresponding to L. Note that (941)
takes into account the initial condition u(z,0) = wug(x), and the choice of the test
functions reflects the boundary condition at the lateral boundary 0 x (0,T).

Definition
A weak solution of the initial-boundary-value problem (939) is a function
u € L?(0,T; X) which satisfies (941) for each smooth admissible test function (.2

This is, in some sense, a “bare minimum” definition of the weak solutions, if we
wish to phrase the definition in terms of the Lax-Milgram form. The solutions
which we construct through the Galerkin method will have additional properties
to those stated in the definition. For example, if ug € L?(Q), we see from the
energy inequality for the Galerkin approximations u,, implies that the functions
Uy, are uniformly bounded in L>(0,T; L?(€2)), and we expect the same from
the limit. Also, we see that by a simple density argument we can extend the
class of ¢ for which (941) holds from smooth functions (with some additional
properties) to functions with distributional derivatives in L2 ; (and some ad-
ditional properties). We could try to collect all such possible improvements,
and put them in the definition of the weak solutions as a requirement.?'® The
rationale would be that if we know that the expected solutions have a certain
property, why not put the property in the definition? It then obviously restricts
the class of the solutions, and reduces the chance that our definition will allow
some unwelcome parasitic solutions. Such an approach is reasonable as long as
our definition will cover some natural classes of equations, such as the equations
with bounded measurable coefficients (+ the ellipticity assumption (924)). This
is why one can find in the literature various versions of the definitions, differing
in how many “known properties” of general classes of solutions are incorporated
into the definition. The most important test of the definition is whether we can
prove existence and uniqueness of the solutions. As we already discussed, the
more requirements we put in the definition, the more difficult it is to prove
the existence, but the easier it is to prove uniqueness. Vice versa, the fewer

21511 case the domain © is unbounded (such as = R™) and the space X is not contained in
L?(Q), we can make our life easier by adding the condition u € L?(2x (0, T)), or simply replace
X by a space containing L?(£2). For example, we can replace X = Hj(Q) by X = WOI‘Q(Q).
If we have terms such as cuv of b; %v in the Lax-Milgram form the requirement L2(Q) C X

is in fact a necessity. If the requirement u € L2(Q x (0, 7)) is not immediately satisfied from
the definitions, we have to do some more work in the uniqueness proof. Here we will focus on
bounded domains and will not analyze these issues, which may arise for unbounded domains.

216 Taking this trend to the extreme, in case of smooth data, we could require that the
solution be smooth. After all, in the end it is possible to prove the existence of a smooth
solution in this case.
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assumptions we impose, the easier is to prove the existence, but the harder it is
to prove uniqueness.

With the definition above, it is quite easy to prove the existence when uy €
L2(Q)%'7, but we will have to work a little harder to prove uniqueness. The
important thing is that uniqueness can be proved. That is why the definition is
reasonable.

Let us now turn to the existence proof. In the last lecture we have constructed
a sequence of approximate solutions u,,, and it is easy to see that wu,, satisfy
T T
_/ UO(x)SDm(ma()) d.’L‘—/ / um@mt"‘/ A(um('at)’(pm('vt)) dt = 0, (942)
Q o Jao 0

for each test admissible function ¢, (z,t) which is smooth in ¢ and has the addi-
tional property that the function x — ¢, (z, t) belongs to the space Y;,, for each
t € [0,7). By the energy inequality for the approximate solutions, the sequence
U, is bounded in L?(0,T; X). We can choose a subsequence of the sequence
Upm, still denoted by w,,, such that w,, converges weakly in L?(2 x (0,7T)) to
a function v € L%(Q2 x (0,7T)). By elementary functional analysis we also have
that u,, converges weakly to u in L?(0,7;X). Let ¢ be an arbitrary smooth
admissible test function. We claim that we can find a sequence of admissible
test functions ¢, which are smooth in ¢, the functions = — ¢,,(z,t) belong to
Vpn for each t, ¢, (7,0) converge weakly to ¢(z,0) in L?(2), and ¢, converge
to ¢ strongly in L?(0,T; X). Let us for the moment take the existence of such
an approximation as proven. Then it is easy to finish the proof: we just pass
to the limit in (942), and obtain (941). The only fact we need to check for this

limiting procedure that the following statement: if w,, converge to w weakly in
L?(Q x (0,T)) and 6, converge strongly to 6 in L?(Q x (0,T)), then

T T
/ /wmemdxdtﬁ/ /wﬁd:vdt7 m — 0. (943)
0o Jo 0o Jo

We leave this to the reader as an exercise.?!8

To finish the proof, we need to justify the strong approximation of ¢ by the
sequence ,, with the required properties. This is not hard. First, we note that
we can approximate ¢ by finite sums of the form 3, ;(x)n;(t), with smooth
¥; € X and smooth n;: [0,7) — R vanishing close to T.2!% Given such an

217This assumption is reasonable for bounded domains, but in case of unbounded domains,
such as 2 = R"” it may be too restrictive in some situations. One can work with local versions
of the energy inequality to remedy that. We will not study this aspect in this course.

218 As an additional exercise, the reader can construct examples showing that for the passage
to the limit in (943) it is not enough to assume that both convergencies wy, — w and 6,, — 6
are only weak.

219G¢trictly speaking, the existence of such an approximation may not be immediately obvious,
but it follows from standard results, such as the Stone-Weiestrass approximation theorem.
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approximation, we can replace each 1; by its approximation ¢,,; € Y,,. and
take

Pm(z,t) = Z Uil (L) - (944)

This finishes our existence proof. We can summarize what we proved as follows:

Theorem

If ug € L?(Q), then the initial-boundary-value problem (939) as at least one
weak solution.

Remarks:

1. As we have already indicated, the theorem remains true for non-zero right-
hand side??? and for all the types of boundary conditions at 92 x (0,7) which
we considered for the elliptic problems in the first semester.

2. Note that for a general function v € L*(0,7;X) the “initial condition”
v(x,0) is not well-defined. To see this, consider simply functions constant in
z, i. e. v(z,t) = f(t). Such a function belongs to L?(0,7;X) if and only of
f € L*(0,T). However, for such f the value f(0) is in general not well-defined.
We can make sense of the initial condition u(z,0) = ug(x) only because u is not
a general function in L?(0,7T; X), but it satisfies (941), the weak form of the
equation. The equation implies that for any ¢ € X?2! the function

folt) = /Q u(a, 1)) da (945)

has a distributional derivative in L?(0,7). (To see that, it is enough to take
p(x,t) = (x)n(t) in (941).) In particular, the function is uniformly continuous,
and therefore the values fy(t) are well-defined for each t € [0,7]. We see that
x — u(z,t) is defined, at least as a distribution, for every ¢, not just almost
every t. This is certainly not true for general elements v € L?(0,7T; X). The
equation provides an additional regularity. This additional regularity will also
be used in our proof of uniqueness (together with the energy inequality).

220The natural form of the right-hand side in the context of the energy inequality (930) is
F+ 2L for with f, f; € L2(Q x (0, T)).
J
221G¢rictly speaking, we should first say “for any smooth ”, and then add that the case of
general ¢ € X is justified by suitable approximations.
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Lecture 60, 3/2/2001

We will be looking in more detail at the function u € L?(0,T; X) satisfying

T
/ /u(—gpt)+ai(x,t)% dwdt =0 (946)
0 Q

for certain a; € L%(Q x (0,7)) and each smooth admissible o(z,t). In a slight
deviation from the last lecture, this time we will say that ¢ is admissible if (-, t)
belongs to X for each ¢ and vanishes for ¢ outside a compact subset of (0,7"). We
assume that  is bounded, and therefore we have L(0,T; X) C L*(Q x (0,7)).

We note that by a simple approximation argument we can infer that (967) is
true not only for the smooth admissible test functions, but also for all admissible
test functions with the distributional derivatives ¢y, @,, in L2
Equation (967) implies that

0 Oa;

o (947)
in Q2 x (0,7) in the sense of distributions. As we assume that a; € L*(Qx (0,7)),
the information from (968) is sometimes expressed as

up € L*(0,T; HH(Q)). (948)

Such notation is commonly used in the literature, and therefore we explain it in
some detail. First we define the space H () as the space of all distributions
v € 2'(Q) such that

[0l r-1(0) = sup (v,9) < +oo. (949)
¢ € 2(Q)
llellai) <1
Clearly H~1(Q) is one possible representation of the dual space of the space

H} (). Any | € H=Y(Q) can be identified with an element u € H}(Q) via the
scalar product in HE(Q):

/ VuVoe =1(v), ve Hy(Q). (950)
Q

As we saw in the first semester, this correspond to (—A)7! = u, where the
laplacian is inverted with the boundary condition u|sq = 0. For example, if
b(z) = (by(z),...,b,(2)) is an L2—vector field in Q, then divb € H~1(Q), with

|| div b]| 1) < [1bl]22(q) - (951)

If we have a vector field (ai(z,t),...,an(x,t) in L?(0,T; X), it makes sense to
write
8ai

a(Ei

€ L*(0,T; H1(Q)). (952)
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In view of (968), we can therefore write (970). 222

Note that the spaces L?(0,T; H}(Q2)) and L?(0,T; H=()) are “in duality”,
and if u € L%(0,T; H} () with u, € L?(0,T; H1(Q2)), then the expression
(ug(t),u(t)) is an integrable function of ¢. This makes it plausible that the

formula
1 1 t2
/f|u(x,t2)|2dx7/ f|u(a:,t1)|2dx:/ /utudo:dt (953)
Q2 Q2 6 Jo

is valid (in the right interpretation), and the function ¢ — wu(-,t) is uniformly
continuous in as a map from [0,7) into L?(Q2). We will see that this is indeed
the case. We will prove (953) in the form

1 1 b2
/§|u(x,t2)|2dx—/ §|u(x,t1)|2dx:/ /—umaidacdt (954)
Q Q t1 Q

directly from (967). This will include showing that the quantities on the left-
hand side are well-defined for each t1,t2 € [0,7T) (and, in fact, in [0,7]).

We will prove (953) by using suitable approximations for which it is transpar-
ently true.?23

For ¢ > 0 we consider a mollifiers ¢. = %qﬁ(%) on the real line R, where ¢: R — R
is smooth, compactly supported and fR ¢ = 1. The functions ¢ is usually taken
to be symmetric about the origin, but for our purposes here it is more convenient
to take a ¢ which is supported in (—1,0). For alocally function v: Qx(0,7) — R
we define its smoothing in time v.: Q x (0,7 — &) — R by

vz, ) = /]R o(@,t — 8)6o(s) ds. 224 (955)

222We have not discussed the exact definition of spaces such as L?(0,T; X) for some Hilbert
space X. Usually one defines L?(0,7;X) as the closure of the set of X—valued “simple
functions” on (0,7 equipped with the obvious norm. (It is a good exercise to check that
with this definition we for example have L2(0,T; L?(Q)) ~ L?(Q x (0,T)). For our purposes
here we can also define spaces such as L2(0,T; X) as completions of suitable spaces of smooth
functions in the corresponding norm. For example, for a bounded domain 2 we can define
L2(0,T; H} (£2)) as the closure of the space of smooth, compactly supported function in € x

(0,T) in the norm (fOT Jo IVv|? dx dt)%, where V denotes the spatial gradient, as usual (as
opposed to the full space-time gradient, where we would also include the time derivative).
In the case of bounded domains €2 the space L2(0,T; Hg(2)) is sometimes also denoted by
WOI’O(Q x (0,T)). For unbounded domains the last space usually means L2(0,T; WOI’Q(Q)),

in which the norm is (fOT Jo (V0|2 + |[v]?) dz dt)%. For bounded domains the two norms are
equivalent, due to the weak Poincare inequality (lecture 21). Also, we have not discussed the
precise definitions of differentiability of Hilbert-space values functions. These subtleties will
not play an important role for us, as we will work with equation (967), which has a precise
meaning without any additional definitions.

223We essentially follow the book Linear and Quasilinear Equations of Parabolic Type by
O. Ladyzhenskaya, V. Solonnikov, and N. Ural’tseva, Section 3.4.

224 As an exercise in the Lebesgue you can verify that this function is well-defined almost
everywhere.
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Let u € L?(0,T; X). Then u. belongs to the space C([0,T —¢], X) of continuous
functions in [0, T — ¢] with values in X. Moreover, if u satisfies (967), then u,
satisfies (967) with a; replaced by a;. (and ¢ compactly supported in (0,7 — ¢)
as a function of t). Let us take 0 < ¢,&’ < &1 and set

V= U — Ug b; = a;e — ajer . (956)

Then -
/ / v(—py) + bi(x,t)py, drdt =0 (957)
0o Ja

for every admissible test function ¢ supported vanishing for ¢ > T — &;. The
function v in some sense represents an error term in the approximations wu.,
and (957) can be thought of as an equation describing the propagation of the
error term. Working with the error function v, rather than with wu., makes
things simpler.

Let n: (0,7) — R be smooth and compactly supported in (0,7 —e1). It is easy
to see that

p(a,t) = vz, t)n(t) (958)
is an admissible test function: all its derivatives 9, d,, are in L2(2 x (0,7T) and
the requirements on the support are trivially satisfied. Hence we have

T
/ / (—vvem — VP 4 bi(z, t)vg,n(t)) dedt = 0. (959)
0o Ja

Using vv; = (3v?); and a simple integration by parts (note that we have enough

regularity in ¢ to be able to do this), we have

T
1
/ / 751127]'(15) + bjvg,n(t)dedt =0. (960)
0 Q

Recalling that v is continuous in ¢ (with values in X C L?(f)), we now choose
0 <t; <ty <T—e; and use (960) with a test function 1 approximating the
following function

A =0t ¢ [t t], () = 2

= telt,ta]. 961
t2_t1’ 6[172] ( )

For example, we can take n = 15 = ¢5 *77 and let § — 0. Due to the continuity
of v in t we obtain

1 r 1
/ —|v(z,t1)]? doe = / / —bjvg,n + =v°7 (t) dx dt . (962)
Q2 t Jo 2

‘We note that
T
/ / ([baf? + [of? + [Vo[?) dz dt < 8(e) (963)
0 Q
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with f(e;) — 0 as 1 — 0, and therefore (962) and a simple application of
Cauchy-Schwartz inequality shows that for each § > 0 the integrals [, 3|v(z, t1)[* dx
approach zero uniformly in ¢; € [0,7 — 0] as e; — 0. This means that the func-
tions u. converge to u uniformly in C([0,T — §); L?(2)) for each § > 0. This
means

u € C([0,T); L*(Q)), (964)

which is one of the important consequences of (967). If we now repeat the
procedure above with v = u., b = a;c and 7 = x(,,+,) and use (964), we
obtain (955). Also, note that if we work from T towards ¢t < T rather than from
0 towards t > 0, we obtain that in fact

u € C([0,T]; L*(Q)) (965)

and (955) is satisfied for each 0 < t; <tg < T.

We can summarize what we proved as follows

Theorem
Assume u is as described in the first paragraph of this lecture. Then u €
C([0,T], L*()) and

1 1 t2
/f|u(a:,t2)|2dx—/ f|u(a:,t1)|2dx:/ /—uxiaida:dt (966)
Q2 Q2 6 Jo

for each 0 <t1 <ty <T.
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Lecture 61, 3/4/2011

The proof of identity (966) from the last lecture can be easily generalized to the
situation when we add some lower-order terms to equation (967), and using this
approach we can prove energy identity (930) from lecture 57 for weak solutions
of problem (939), with the definition of the weak solution given in lecture 59.
Therefore we can complement the existence theorem from lecture 59 by an
equally important uniqueness result:

Theorem

The initial-boundary-value problem (939) has at most one weak solution.
Combining the two theorems, we obtain:

Corollary

The initial-boundary-value problem (939) has precisely one weak solution.

As we already discussed previously (lectures 58 and 59), it is important that
we can prove both existence and uniqueness. It shows that our definition of the
weak solution is good. The same theorem is true for non-homogeneous boundary
conditions, under appropriate assumptions, of course. The proofs are natural
modifications of the proof above. We refer the reader to the book “Linear and
Quasilinear Equations of Parabolic Type by O. Ladyzhenskaya, V. Solonnikov,
and N. Ural’tseva”, Section 3, for a detailed exposition.

If the coefficients of the equation u; + Lu = 0 are smooth, the solution will be
smooth. This is true locally: if the coefficients are smooth in a open space-
time set, the solutions will be smooth there, regardless of the smoothness of
the coefficients in other regions of space-time.??> This regularity result can be
proved by localizing the energy inequality, similarly to what we have seen in
lecture 33 for the elliptic case.

We will illustrate the main idea on the simple case of the heat equation. The
equations with variable coefficients and lower-order terms can be treated in a
similar way, except that we have to write more terms.

In analogy with the local elliptic estimates in lecture 33, let us consider a solution
of the heat equation
up — Au =10 (967)

in parabolic balls
Qr = Br x (—R*,0). (968)

2258y “smooth” we mean C'*°. For elliptic equations we studied in the first semester the
statement remained true even when “smooth” meant “analytic”. This is not the case for the
parabolic equations. Even for the constant coefficients heat equation, local smooth solutions
may not be analytic in time (although they are analytic in x), as one can see from inspecting
the fundamental solution I'(z,t) at ¢ = 0 away from z = 0.
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We introduce the “local parabolic energy norm”

0 3
Jul,, —( sup / lu(z,t)|? der/ / |Vu(x,t)|2dxdt> , (969)
—R2<t<0JBg —R? JBR

where V denotes the spatial gradient, as usual. (The time derivative is not
included in V.)

The parabolic version of the basic elliptic estimate (461) is the following:

2 ¢ / 2
< dx dt 970
I]U”Rl = (RO _ R1)2 On, |’U,‘ X ( )

where Ry < Rp. Once this estimate is proved, it can be applied to the spatial
derivatives of the equation, similarly to (462) in the elliptic case. Once we
control the spatial derivatives of u, we also control the time derivative from the
equation.

The proof of (970) is quite similar to the elliptic case. We take a cut-off func-
tion n with n = 1 in g, which is compactly supported in Qr,, with the
spatial gradients of the order 1/(Ry — R1) and the time derivative of the order
1/(Ro — R1)?. We multiply (967) by un? and integrate over Bp, (for a given
time-level) We obtain

d 1
— —u(z, t)*n? dz+/ \Vu(z, t)|* n? de = (971)
dt Jp,, 2 By
/ (2 u?nn — 2nVu uVn) dx. (972)
BR(J

We now estimate the second term in the integral on the right-hand side in the
same way as we estimated the right-hand side of (466) and end up with

1 1
A L e de + 7/ Ve, )2 do < (973)
dt /g, 2 2 Jop,
/ (2unn + 2u*|Vn|?) dz. (974)
B,

Estimate (970) can now be obtained by integration over ¢. The main idea of this
calculation works for quite general equations of the form u; + Lu = f, except
that we have to write more terms. Also, by using the method from the last
lecture, the calculation is in fact valid also for the weak solutions.

We remark that if we only work with the heat equation, we do not have to use
the trick of multiplying with un?. We can just multiply by un and do one more
integration by parts in the term fBR —uVuVn, to obtain a term fBR %u2An,

0 0

which gives the required estimate. However, for more general operators L we
may not have enough regularity to proceed this way, and the first approach is
probably the most natural way to proceed.
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Boundary regularity can also be approached via local energy estimates analogous
to (970), essentially following the ideas in the elliptic case (lecture 36). We
will not go into the details, but we should mention one additional issue which
comes up in the boundary regularity for the initial-boundary-value problems
such as (939). If the solution is smooth up to the boundary of Q x (0,7,
then obviously u; = 0 on the lateral boundary 92 x (0,7). By the equation
this means that also Lu = 0 on the lateral boundary. On the other hand, at
t = 0 we have to have u;(z,0) = —Lu(x,0) = —Lug(z). This means that for
a solution to be smooth at ¢ = 0, we must have Lug(z) = 0 at 9Q. This is an
additional compatibility condition which is necessary for smoothness. Without
this condition the solution will not be smooth at ¢ = 0 at 0f2, even if all the
data are smooth.
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Homework assignment 1
due Wednesday, March 23

Let L = Zla\<m aq D be a partial differential operator in R™ with constant
coefficients.

Decide which of the following statement are true:

1. If w is a smooth compactly supported function on R"™ satisfying Lu = 0 in
R™, then u = 0.

2. If u is a compactly supported distribution in R™ satisfying Lu = 0 in R"™,
then v = 0.

3. If u € L' (R™) such that Lu = 0 (in distributions) in R", then u = 0.

4. If uw € L?(R") such that Lu = 0 (in distributions) in R™, then u = 0.

5*. (Optional) If u € LP(R™) for some p € [1,2], and Lu = 0 (in distributions)
in R™ then v = 0. (Hint: when p € [1,2] we can write write f € LP(R") as a
sum of an L!-functions and an L?-function.)

6*. (Optional) If u € LP(R™) for some p € [1,00) and Lu = 0 (in distributions)
in R”, then v = 0. (Hint: consider the equation Au + a?u = 0 in R, and
calculate a radially symmetric solution, either by solving an ODE, or by Fourier
transpformation.)
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Lecture 62, 3/7/2011

In lecture 6 we talked about the maximum principle, strong maximum principle,
and Harnack inequality for harmonic functions. Today we will talk about these
in the context of “caloric functions” - the solutions of the heat equation. We
will see that many of the arguments used for harmonic functions also work (with
some modifications) for caloric functions. As we have already seen, when dealing
with the heat equation, it is useful to introduce the parabolic balls

Qr = Br x (—R?,0]. (975)
For the balls centered at z = (z,t) € R™ x (t1,t2) we use the notation
Q:r =B.r x (t— R*1]. (976)
We will also use the notation

OparQz.r = Byp x {t — R*}UOB, g x [t — R?,1]. (977)

For an open set @ C R™ we will consider the parabolic cylinders Q X (t1,t2]. We
define
8par(Q X (tl,tg]) =Qx {tl} U o x [tl,tz] . (978)

The maximum principle is quite easy to generalize to caloric functions, and, in
fact, to the solutions of equation

U — i (T, ) Uz, + bi (2, ) Uy, = us + Lu =0 (979)

with “sufficiently regular” coefficients a;;(z,t),b;(z,t) satisfying the ellipticity
condition (924).

Lemma (Maximum Principle)

Let u be a C}C2? solution of (979) in a cylinder Q = Q X (t1,t2] and assume u
is continuous up to the parabolic boundary Opar@. Then

Supu = Sup . (980)
Q Opar@Q

Proof

The proof is similar to proof 1 of the elliptic maximum principle in lecture 6.
If (980) fails, than it also fails for u.(z,t) = u(z,t) — et for some small € > 0.
Let zZ = (7, %) be a point of @ where u. attains its maximum. We note that z
cannot be at 9y, @, due to our assumptions. This means that Lu.(Z,) > 0 226
uet(T, t) > 0, and therefore uet (T, ) + Luc (T, ¢) > 0. At the same time, we have
uet + Lu = —e < 0 everywhere in ). This is a contradiction and the proof is
finished.

2268ee (572)
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Remark

The reader can easily check that we can replace cylinders () by more general
space-time domains, if we are careful with the definition of the parabolic bound-
ary for such domains.

We have seen that the maximum principle for caloric function is the same as the
harmonic principle for the harmonic functions: roughly speaking, the maximum
is attained at the corresponding boundary. In this case the analogy between
caloric functions and harmonic functions is complete. However, this is not the
case when we consider the strong mazimum principle. We recall from lecture
6 that the strong maximum principle for harmonic function implies that a har-
monic function h in a ball Br such that h < h(xg) in Br for some xy € Bpr
must be constant. An analogous statement for caloric functions and parabolic
balls Qg fails. To see that, let us consider a caloric function u« in ()1 with the
boundary condition

u(xat) = g(t)v (l‘,t) € 8parCZI ) (981)
where g(t) = 1 for t < —1 and g(t) < 1 for t > —1. (We note that when g is
smooth the corresponding initial-boundary-value problem is uniquely solvable
in the class of smooth functions by the existence and regularity theory discussed
in the last few lectures.) This corresponds to the situation when a body is at
a constant temperature v = 1 up to time t = f% and then for times ¢t > —1/2
we cool the boundary to a lower temperature g(¢) < 1. The caloric function u
defined in this way in @ clearly satisfies u < 1 in @y and u(zp) = 1 for many
interior points zg € @1, but is not constant. The difference between the heat
equation and the laplace equation in this respect is that for the Laplace equation
(and any other elliptic equation) information about disturbances propagate in
all directions. On the other hand, for the heat equation this is not the case in
variable t. With respect to this variable all disturbances propagate only in one
direction: from an earlier time to a later time. What happens after ¢t = t¢ will
have no effect on what had happened before ¢t = t5. The correct modification
of the strong maximum principle is as follows:

Theorem (Strong Maximum Principle)

Let u be a continuous solution of (979) in a cylinder Q = § X (t1,ts], where
Q C R™ is open and connected. If u < u(ZT,t3) in Q for some T € (), then
u=u(ZT,t3) in Q.

This can be proved by using a parabolic version of the Hopf lemma from lec-
ture 41. We will not go into the details at this point. For the heat equation
ug — Au = 0 the statement will follow from the representation formulae below.

We now turn to the parabolic Harnack inequality. The literal translation of the
Harnack inequality (46) for the harmonic functions to the case of the caloric
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function fails, by the same examples we used above to illustrate the failure of
the naive version of the strong maximum principle for caloric functions.?27

We have seen in lecture 6 that the Harnack inequality for the harmonic functions
is a relatively easy consequence of the mean-value formula (40), together with
estimate (37). We have shown an analogue of (??) for caloric functions in
lecture 52, see (799). We will now discuss analogues of the mean-value property
for caloric functions.

Let u be a caloric function in the parabolic ball Q). In analogy with the mean-
value formula for harmonic functions, we consider a representation formula

u(0,0) = / u(z)A(z)dz for each bounded caloric u in @1, (982)

where A is a suitable function on @1, the properties of which will be specified
more precisely as we proceed. The main requirements will be that A satisfy

A(z)dz =1, (983)
Q1
A>e(K)>0 on any compact subset K of the interior of Q. (984)

The existence of functions satisfying (982)— (984) may not be completely obvi-
ous, although we will see that it is not hard. For now we will take it for granted,
and will address the existence issue later.

Let us first look at some simple consequences of representation (982). We note
that we can scale to formula??® to apply to Q. g :

u(z) = /Q W) Ap(s — 2)d' | (985)

with

An(z) = A (%) (956)

The formula immediately implies the strong maximum principle, by an argument
similar to the one used for harmonic functions in lecture 6. Let u be caloric in
Q = Q x (t1,t2) and let
M =supu. (987)
Q

Assume that
W@ ts) = M (988)

227TRecall that the Harnack inequality can be considered as a quantitative version of the strong
maximum principle, see lecture 6. Therefore the failure of the strong maximum principle
implies the failure of Harnack inequality.

228y parabolic scaling (z,t) — (Az, A%t)
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for some T € Q. Let zZ = (7, t2) and let Qz,r C Q.
We have

M =u(z) = /Q Agr(z —2)u(z)dz < /Q Ap(z —Z)Mdz =M. (989)

. R

We see that we have to have v = M everywhere in QJz r in order for the
inequality not to be strict. Now we can repeat this argument with z replaced
by any point z; of Qz r. and Qz r replaces by Q., r, C Q). Assuming that
is connected and iterating the procedure, it is not hard to see that u = M in

Q-229

Let us not turn to the Harnack inequality. Let @ = Q X (t1,t2) be as above,
and let K7, K5 be two compact subsets of ) such that

KlCQX(tg—FT,tQLKQCQX(tl,tg), (990)
where

1 <tz <ts+17<t1. (991)

Theorem (Harnack Inequality)
For each compact sets K1, Ky as above there exist ¢ = ¢(Q, K1, K2) > 0 such
that for any caloric function v > 0 in () we have

infu> ¢ supu. (992)
K, Ko

Proof

The proof is quite similar to the proof of the Harnack inequality for harmonic
functions in lecture 6. Assuming the statement fails, we can find a sequence of
caloric functions u,, and points z1,, € K1, 22, € K3 such that

o uy(22n) = SUPg, Up = 1
o up(z1,n) =0
® 21, — 2 €K,

By replacing functions w,, by their small shift, enlarging K4, K5 slightly, while
shrinking €2 slightly, we can assume without loss of generality that in fact 21, =
z1. Let Q,, r C Q. We have

un(21) = /AR(Z — z1)un(2) dz (993)

and since u, > 0, this means, due to (984), that u, — 0 in L*(K) for any
compact subset K contained in the interior of @Q., r. By estimate (798) this

229We leave the details of this argument to the reader as an exercise.
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means that u,, — 0 uniformly in K. We can now use this argument again with
z1 replaced by any 2z’ from the interior of a ball Q- r C @ to infer that u,, — 0
uniformly in any compact subset of the union of such balls @,/ r/. By repeatedly
using this same argument we see that w, will converge to 0 uniformly in Kj.
This contradicts u,(z2.,) = 1, and the proof is finished.

It remains to establish the existence of the function A in (982) with the required
properties. Let us first consider a heuristic argument for its existence. (We will
comment later on what is necessary to make the argument rigorous.) We con-
sider a representation formula for caloric functions in ()1, somewhat similar to
the spherical mean value formula (39) for harmonic functions. Our considera-
tion are similar to those in lecture 53, see formulae (825), (826), and (828). Let
v be a solution of the problem

v +Av=0 in @, (994)
U('a 0) = -0, (995)
’U|8Bl><[71,0] =0. (996)

Note that (994) is a backward heat equation, which can be though of as the
usual hear equation with time going in the opposite direction. That is why the
initial condition is at ¢ = 0. The existence of the solution v can be established
as follows. Denoting the standard heat kernel by I' as usual, we note that the
backward heat kernel

Iy(z,t) =T (x, —t) (997)

satisfies (994) and (995). We can now seek v in the form
v =Ty +w (998)

and we get a boundary value problem for w of the form

we+Aw = 0 inQq, (999)
w(-0) = 0, (1000)
VloBix(-1,00 = —Tbloyx-1,0- (1001)

By our existence and regularity theory for the heat equation (which applies also
to the backward heat equation, modulo the obvious changes), the last problem
has a unique smooth solution, and therefore the existence of v is established.
By the maximum principle we have v > 0 in (Q;.23°

Assume that v is a caloric function in ()1, smooth up to the parabolic boundary.
We have

0= / u(vy + Av)dx dt = / uvdz|i=0, + / u@ dxdt,
B1x(—1,0) B dB1 x(—1,0) ov
(1002)

230We have v(0,0) = 400, which can still be considered as non-negative.
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and hence

u(0,0) :/ v(z, —1)u(zr, —1) der/ —@udxdt. (1003)
B OB1x(—1,0) v

This can be thought of as
u(0,0) = / u(z)a(z)dz , %31 (1004)
aparQl

where a is function on 0p,,(1 which is smooth away from the set 0By x {—1},
where it may have a discontinuity. The maximum principle implies that v > 0 in
@1 and therefore a > 0. Formula (1004) can be thought of as a parabolic analogy
of the spherical mean value formula (39) for harmonic functions. Heuristically
one expects that a > 0, except possibly at By x {—1}, where we expect a to
be discontinuous, with limit 0 if we approach it from By x {—1}, and > 0 if we
approach it from the lateral boundary 9By x (—1,0). All this can be established
rigorously if we use the parabolic version of Hopf’s lemma. Hopf’s lemma can
be considered as a slightly stronger version of the strong maximum principle,
but weaker than the Harnack inequality. The important point is that it can be
proved along similar lines as the elliptic version (lecture 41, (594)), and the proof
is independent of any representation formulae, using only the (weak) maximum
principle.
Once we have a formula of the form (1004), we can scale it to balls Q g, by
1 T t
w00 = [ et g ol gp)di= [ wan()dz (1009

Let us write this as
u(0,0) = [ u(e) dun(2). (1006)

where p1p is the measure supported at Opar@r given by ar(z) dz. We can now

take a smooth function ¢ on (0, 1) which is positive everywhere, with fol p=1,
average (1007) over R with respect to ¢(R)dR. This gives

u(0,0) = / w()du(z),  p= /0 i o(R)dR. (1007)

The measure 4 is easily seen to be of the form A(z)dz with A > 0 satisfying
[ A(z)dz = 1 and “almost” satisfying (984), but not quite — it may not be
bounded away from zero at the paraboloid {t = —|z|?}, due to the fact that
a(z) approaches 0 on the rim of the bottom part of the boundary of (. This
defect can be fixed easily, for example by additional averaging. We note that the
function A = AxA (the space-time convolution) is supported in Q = Byx (—2,0)
and is continuous and strictly positive there. Moreover,

u(0,0) = / w(2)A(2) dz (1008)

Q

231We will slightly abuse notation by writing dz for the n—dimensional surface measure

on JparQ1.
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for each function u which is integrable and caloric in Q It is easy to change Q
to @1 in (1008): instead of starting the whole construction with @1, we start
it with By x (—%, 0), and after going through the same procedure as above, we

obtain (1008) with Q replaced by Q.

The above procedure for constructing a representation formula of the form (982)
is quite natural, but it is not the simplest way to arrive at such a representa-
tion. Also, if we wish to prove the strong maximum principle via representation
formulae, we should not rely on it in the proof of the formulae. There is another
way to do the construction, in some sense a more elementary one, which we now
explain.?3?

We will first look at the formula (982) from a slightly different point of view.
Let V be given by

Vi+ AV = —-§(z,t)+ A, V=0fort>0, V(z,t) = 0asxz — oo for each t,

(1009)
where the function A is extended by 0 outside @1, and d(x, t) is the space-time
Dirac mass at (z,t) = 0. We have

V:bel—‘b*A. (1010)

We claim that the validity of (982) for any (integrable) u caloric in @ is equiv-
alent to -
support V C @ . (1011)

In other words, the function A has to have a property analogous to the radial
distribution of mass in a ball in the case of the gravitational potential, which we
noticed in lecture 1: away from the support of the ball the potential is exactly
the same as if we were looking at all the mass concentrated at the center of the
ball. The meaning of (1011) is the same: outside of @)y the (backward) “heat
potential” of A is exactly is same as if all the sources were moved to the origin
(z,t) = (0,0).

To see that (982) and (1011) are equivalent, we first notice that (1011) easily
implies (982) by simple integration by parts. On the other hand, if the support
of V' is not contained in @); we consider a smooth f supported in a compact
disjoint with @1, such that [ Vf dxdt # 0. We set u = I'* f, where I is the
(forward) heat kernel. Then u is caloric in ¢); and we have

O;é/fV:/(ut—Au)V:/u(—Vt—AV):/u(é—A), (1012)

showing that (982) fails for this particular u, which is caloric in a neighborhood

of Ql'

232Gee also L.C.Evans’s textbook Partial Differential Equations
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We see that one way to come up with formulae of the type (982) is to consider
functions V' of the form
V=Iy,-W, (1013)

where W =Ty outside @J1. We have
Vi+ AV =6 — (W + AW) (1014)

and setting
A=W+ AW (1015)

we obtain (1010) and (1011), and hence also (982). Of course, if we wish to
have A > 0, the function W has to satisfy additional conditions.
It is natural to try to seek W in the form

W = F(T}), (1016)
where F(s) = s for s < so and F is smooth, bounded, with F*)(s) — 0 as
s — oo for k = 1,2,... Assuming W is as in (1016) with F' satisfying these
restrictions, we calculate

Wi + AW = F"(I,)|VT, 2. 233 (1017)

The right-hand side of (1017) is easily evaluated using

F'(Ty) |V |2 = F/(Ty,)T3|Viog Iy |> = F”(P@Fﬂ% . (1018)
It is easy to see that we can take F' defined by
F(s)=s, s< s, F'(s) = —i—g, s> s, F’ continuous. (1019)
Let us define 1
Qu={I)2 o). (1020)

Defining Fi by the construction of F' above with sy = %, and Wi = Fr(Ty),

we see that the function Vi = I'y — Wg is supported in QQr and satisfies
|=[?

AVp = —
Vet + AVy 0+ 12 Rn

XQr > (1021)

where xnr denotes the characteristic function of the ball Q. This gives the
representation formula

1 2
u(0,0) = - /Q u(x,t)%dxdt, (1022)
R

233Formally we have W + AW = F'(T) (T + ATy) + F/(T'y) |V, |2. We have T,y + AT =
—4&(z, t), and since F’(s) — 0 as s — 0o, we see that we should take —F/(I';)§ = 0.
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for caloric functions u integrable in Qpg. which can be found in the textbook
“Partial Differential Equations” by L. C. Evans. Different choices of F' will lead
to different formulae, but (1022) seems to be the simplest choice.

Note that the derivation of (1022) is explicit and does not rely on any properties
of general caloric functions, such as the strong maximum principle (not even the
maximum principle).

The representation (1022) is, for a suitable R, of the form (982), except that
assumption (984) is not quite satisfied. There will be areas of Q1 where A will

vanish. However, this can be fixed easily by additional averaging. For example,
one can proceed as follows. In the formula

u(0,0) = /u(z)A(z) dz (1023)

we can express each u(z) as

u(z) = /u(zl)AR(z)(zl —z)dz, (1024)
where . ;o
T

The function R = R(z) in (1024) is, say, continuous and non-negative, and such
that the balls z; + Qp(.,) stay inside Q1. Letting A (21) = [ A(2)Ag(.) (21 —
2) dz, we see that we can replace A by A in (1023). This way the support of
A can be enlarged in a more flexible way that just by using the scaling A — Apg.
We can clearly achieve that AD > ¢ = g(z1) in some parabolic neighborhood
of any point in z; + Qp, with z; € Qg and Ry such that z; + Qr, C Q1. This
procedure can now be repeated with A replaced by A to obtain A, then
AB) etc. An important point is that the tangent plane to the boundary of
0pr at z = 0 is the plane t = 0 in R™ x R. This is why we can “travel” almost
parallel to the planes ¢t = const when extending the support of A using the above
procedure. From the above argument we get that for each compact K C @,
there exists representation Ay of the form (1023) with A replaced by Ak, with
support Ax being contained in the interior of @1 and Ax > e = ¢(K) > 0 on
K. We can then take a sequence

K, C Ky C ... C interior Qq, Ur K = interior Qq, (1026)

and define -
A=Y 27 Ak, (1027)

j=1

which will have the required properties. This finished the proof of the represen-
tation (982) with A satisfying (983) and (984).
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It is also possible to prove both the strong maximum principle and the Harnack
inequality by working with the balls Q. r and formula (1022) in the proofs, and
essentially using the same approach as we did when working with @ g.

It is perhaps worth mentioning an analogy of (1004) in the context of the balls
0. We expect a representation of the form

u(0,0) = /69. u(z)a(z)dz , (1028)

where dz denotes the n—dimensional surface measure on 9Qgr. The explicit
from of a can be determined by using (1018) with

F(s) = max{s,so}, 50 = T - (1029)
Then
F"(s) = —6(s — s0) (1030)
and
F'(Ty) = —6(T'y — s0). (1031)

In general, if f: R™ — R is a function which is smooth in a neighborhood of
{f =0}, and Vf #0 at {f =0} we have

50) = g 7 o= (1032)

where H™ 1|0} denotes the restriction of the (m — 1)-dimensional Hausdorff
measure to the surface {f = 0}.23% From (1031) and (1018) we obtain that
in (1028) we should take

T 2
a(z) = W—b'l . (1033)
(T3, + [VT|?)2
The calculation of this expression can be simplified by using
VI [? VlogT'|?
: VI ® [VIog I - (1034)
(I + [ VIb[?)2 (((ogTs)e)? + [Viogy|?)2

Note that expressions for the derivatives of log I'y, are quite simple, and it is not
hard to carry out the differentiations in (1034) to obtain an explicit formula.
We leave the calcualtion to the interested reader as an exercise. (Note that
I'y = % on the set relevant for the calculation, and |z| and ¢ are related
through I'y(z,t) = 77.)

234 Justifying this formula is a good exercise.
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Lecture 63, 3/21/2011

We have covered in some detail the scalar elliptic and parabolic equations of sec-
ond order. We have already mentioned earlier that the variational methods we
have used (i. e. the methods based on the Lax-Milgram lemma/energy estimates
for elliptic equations and Galerkin approximations/parabolic energy estimates
for parabolic equations) work also for more general classes of elliptic/parabolic
equation. There are some new issues which appear in this context, which we
will discuss today.

One special feature of the scalar elliptic/parabolic equations of the second order
is the maximum principle and related deeper properties of the solutions. When
we go to more general classes of elliptic/parabolic equations, the maximum
principle is often no longer valid for the solutions (although in some special
cases one may perhaps find certain quantities constructed from the solution
which do satisfy the maximum principle).

There is another issue which has to be addressed: what is the correct “ellipticity
condition”? So far our basic assumption in the context of elliptic/parabolic
equations was

aij&i&; > vl¢)?, (1035)

see e. g. lecture 30 (455)and lecture 57 (924). This condition was crucial for
practically all results. So far we have not really discussed its necessity, but it is
probably fair to say that the condition is “almost necessary”. 23° In the context
of more general classes of equations, we need look at the ellipticity condition in
more detail.

Let consider the following situation. Let @ C R™ be a bounded domain, and
consider functions
u: Q — R™ (1036)

defined on 2. We will write
u=(u',...,u™), (1037)

using latin upper indices for the components of u. The points of Q will be
denoted by
r=(z ..., 2") = {2*}" (1038)

a=1"

with greek upper indices, which will be more convenient in the current context.
The gradient Vu of such a function can be identified with a m x n matrix

ouk

W:{ug}:{axa}7 k=1,....m, a=1,...,n. (1039)

2351t can be weakened in some situations (if we adjust the corresponding results) to allow
for some degeneracies, in the sense that we can allow v = v(z) with v(z) approaching zero
along some exceptional set. A precise study of this can get quite difficult and technical, and
we will not consider these questions here.
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The set of all m x n matrices will be denoted by M™*"™. The matrices will be
denoted by X, or X* (which can mean both the matrix and its coordinates).

The space of functions u: 2 — R™ such that each component of u is in Hj ()
will still be denoted by H}(€2), or — if we wish to emphasize we are dealing with
vector-valued function — by H{ (€2, R™).

Let us now consider a quadratic form on M™*"™ given by
X = Q(X) =ajy XhXE. (1040)

We wish to determine under which conditions the form
u— [ Q(Vu) = / aiful Lput, da (1041)
Q Q
is coercive on H} () in the sense that

/Q (Vu) dx > ,,/ |Vul>de,  we H}(Q), (1042)

for some v > 0. For now we assume that the coefficients az‘f are constant,

independent of x.
An obvious sufficient condition is that

QX)) >v|X*, XeMm™ ", (1043)

which is what we have assumed in the scalar case, corresponding to m = 1. In
this case one can in fact assume that aklﬁ depend on X, and (1042) is trivially
true. In the scalar case (m = 1) condition (1043) is also necessary for (1042),
and this is also true when n = 1 (for any m).?3¢ However, for n > 2,m > 2
condition (1043) is no longer necessary, as the following example shows.

Example
Consider m = n = 2 and

Q(X) =v|X|*+ rdet X . (1044)

Exercise:
Show that when n = m = 2, we have

/ det(Vu(z))dx =0, u € Hy(Q). (1045)
Q

Hint: use det Vu = (u'u%); — (u'u?) 2. Note that (1045) also has a clear
geometric meaning.

236You can try to find a simple proof of these facts. It is not hard, but it requires an idea
which might not be obvious if you see such things for the first time. We prove below a more
general statement.
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We see from (1045) that @ given by (1044) will satisfy (1042) for any . Gor
sufficiently large x the pointwise condition (1043) is obviously not satisfied.

Theorem
In the notation above, the coercivity condition (1042) is satisfied if and only if

QX)>vIX|?, XF=¢ ' €cR", A=(\',...,A™) e R™. 7
(1046)

In other words, Q(X) > v|X|? is only required to hold for very special matrices:
the matrices X with rank X = 1. In the previous example, we have det X =0
for any rank-one matrix X, and therefore form (1044) satisfies (1046).

Proof of the theorem

We can extend any u € H} () by u = 0 outside  and consider it as an element
of Hg(R™). Clearly [, Q(Vu) = [p. Q(Vu). Using Plancherel’s formula (493),
we see that

1 aBle - VI TTaNY
Qi = o [ s @GI@ > (o)
R" (2m)"™ Jgn
1 N
o | VPO d = [ vvu@Pde. (o)
(2m)"™ Jgn R
We gave used that we can assume agf = alﬁko‘. Then for each ¢ the matrix

ax] = agfgagg is symmetric, and for any complex vector z*¥ = A* 4+ ipu” where )
and 1 are real vectors, we have ax2"z! = ap (AN + ¥ ul), giving the pointwise
inequality between the integrants of the last integral of (1047) and the fist
integral of (1048). This shows that (1046) is sufficient.

To see that it is also necessary, let us assume that for some £ € R", |¢| =1
and A € R™, |A| = 1 we have aglﬁgaég)\k)\l < v. Let f(t) = sin(t), let ¢ be a
non-negative compactly supported function compactly in Q with | ? =1 and
consider

k() = = f( € 2) w(2) A, (1049)
Then )
ul (2) = f(KE p)PEaF + O(=-), K= o0. (1050)
‘We have ) .
[ V@) de =5 +0(), n-o0. (1051)
Q 2 K

On the other hand, we also have

o 1 . 1
/Qaklﬁuf{ﬁuga = ia,jgagﬁxk/\l + O(E)7 K — 00. (1052)

237Note that here A¥ means the k—the component of the vector X, and not the k—th power
of a scalar A.
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Taking « sufficiently large, we see that
/ v|Vu, (z)]? do > / a?ﬁuf{ﬁuﬁﬂ dx, & sufficiently large. (1053)
Q Q
This finishes the proof of the theorem.

Remarks

(i) Note that the statement of the theorem gives some information even if m = 1
or n = 1. In particular, it shows that the assumption a;;&;§; > v|€|? we have
used in the scalar case is necessary for coercivity.

(ii) In the proof it was important that the coefficients az‘f are constant (=inde-

pendent of x). In general, when az‘lﬁ depend on x the form [, az‘lﬁ (x)ufg,ﬁuﬁya

may no longer be coercive, even though the condition (1046) is satisfied at each
point z. One can nevertheless prove the following statement

Theorem (a special case of Garding’s inequality)

Assume the coefficients aZf (x) are uniformly continuous in 0 and that (1046)
is satisfied. Then there exists » > 0 such that for each u € H}(Q2) we have

/ (agf(x)ufﬁu?a + %|u|2) dx 2/ g|Vu\2. (1054)
Q2 Q

We will omit the proof of this theorem, which is based on dividing €2 into small
. 3 . af . . .. .
pieces on which ay; (z) are nearly constant, using a suitable partition of unity.

The assumption that agf (z) be continuous is important, the result fails if we

only assume that aglﬁ (z) are bounded measurable and satisfy (1046), unless
n=1orm=1.

It should be emphasized that condition (1046) gives coercivity only on the space
H(Q). If we allow the functions u to be non-zero even on a small part of the
boundary, the coercivity may be lost and a stronger assumption than (1046)
(but still weaker than (1043)) has to be imposed. We will not discuss these
issues in more detail.?3® We will restrict our attention to an important special
case: Lamé’s equations of linear elasticity, which we will discuss next time.

238For a more detailed discussion we refer the reader to two well-known papers of Agmon,
Douglis, and Nirenberg on interior and boundary regularity of solutions of general elliptic
systems.
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Lecture 64, 3/23/2011

An important example of a linear elliptic system where the strict uniform con-
vexity condition (1043) is not satisfied is represented by the equations of linear
elasticity. Let us briefly recall the set-up.23?

We consider a body occupying a region 2 C R™. Assumes the body undergoes
a deformation ¢: Q@ — R™. The map ¢ is assumed to be a (sufficiently regular)
orientation-preserving homeomorphism of {2 onto some other domain Q. The
equations satisfied by the deformation ¢ can in many cases be derived from a
variational principle. We assume that we can associate to the deformation ¢ an
elastic energy, which can be expressed as

£(6) = /Q W(Vé(x)) de (1055)

or perhaps
E(gb):/QW(x,ng(x))dx. (1056)

The notation is the following: at each x € Q the gradient V¢(x) is considered as
an n xn matrix. The set of all n X n matrices is denoted by M™*™. The function
W is usually called the stored energy function, and in in context of (1055) the
quantity W (X)) represents the energy which is necessary to deform a unit cube
of the material by the matrix X. In (1056) the material is not homogeneous
and its properties depend on z and W (x,-) describes the material at the point
x. In our discussion we will mostly consider (1055), but most of it also applies
to (1056).

We assume that W > 0, with W(I) = 0, where I denotes the identity matrix.
Moreover, W should obviously satisfy

W(RX)=W(X), Re€SO(n), (thespecial orthogonal group). (1057)

As W is considered only for X with det X > 0, this means that W depends on
X only through the symmetric matrix X*X, where X? denotes the transpose of
X. Note that of ¢ is a diffeomorphism of Q and €2, then the symmetric matrix
V¢!V represents the pull-back of the euclidian metric from Q into Q. It is
natural that the elastic energy should depend only on this metric.

The above set-up represents the elasticity of “finite deformations”, and the
mathematical issues related to it are quite difficult, with many fundamental
questions remaining unresolved.

For situations when the deformation is only a small deviation from identity
(which should be, for example, most “civil engineering” structures, such as
buildings, bridges, etc.), it is reasonable to linearize the theory. We we write
o(x) = x + u(x) where u is the displacement vector. We have Vo(z) = I + Vu,

239 A good text on linear elasticity is for example the book The Theory of Ellasticity by
Landau and Lifschitz.
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it is often reasonable to assume that Vu is small.?4® We then consider the
function F(Y) = W(I+Y). We note that F > 0 and DF(0) = 0. Therefore the
first non-zero term in the Taylor expansion of F' is the quadratic term. Since
W depends on X only through X*X, the function F' must depend on Y only
through Y 4+ Y* 4+ Y'Y Since F(0) = 0 and DF(0) = 0, the quadratic part of
F can depend of Y only through ¥ + Y. The symmetric matrix (¥ + Y?)
is called the (linearized) strain tensor corresponding to Y. The quadratic part
of F must be a quadratic from of of the strain tensor. Hence for the quadratic
part @ of F' at O we have

Q) =4
Given a displacement vector u: @ — R™, the (linear) strain tensor corresponding
to u is defined by

(Y +Y1). (1058)

1
eij = eij(u) = 5 (uij +uji) - (1059)

In the linear theory the elastic energy will be give by a positive-definite quadratic
form of €ij

1 .
Eiin(u) = /Q 5 CijkiCij ekl dx, e;; given by (1059), (1060)
where ¢;r1 = cjiki = criij, and the coercivity condition
1 2
5 Cigkl€ijChl > vle| (1061)

is satisfied for some v > 0, where |e|? = e;je;; (with summation over repeated
indices). As an exercise you can check that in dimension n = 3 the quadratic
form (1059) is determined by 21 coefficients. Symmetries can reduce the number
of parameters which is needed to characterize a material, but, in general, one
indeed needs 21 different parameters to describe real materials in this context.
When the material is isotropic, e. g. its properties are independent of direction,
the number of parameters reduces to only two. As an exercise, show that the
isotropy can be characterized by the condition

Q(RSRY)) =Q(S), S & M™" issymmetric, R SO(n), (1062)
where @ is as in (1058). Moreover all such Q are given by
A 2 A 2
Q(S) = plS)* + §(Tr S)=. (1063)
Hence a linear, homogeneous, isotropic material is described by
A
Ein(u) = / ple)® + g(ekk)Q (summation over repeated indices).  (1064)
Q

240There is also a slightly more general theory in which we assume that V¢ is close to SO(n),
although not necessarily close to I. For example a long thin rod is a good example where this
modification would be relevant.
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Note that the integrand is a convex quadratic function of Vu, but it is degener-
ate, in the sense that it vanishes on some non-trivial subspace (antisymmetric
matrices). Hence (1043) cannot be satisfied. For materials which are isotropic
but not homogeneous, the coefficients p and A can depend on x. The quadratic
functional satisfies the ellipticity condition (1046), as one can easily verify di-
rectly. In fact, for (1064) the coercivity in H}(Q2) (in the constant coefficient
case) can be proved directly, by simple integration by parts, without the need
to use Fourier transformation For u € HE () we have

1 1
/ €ij€ij :/ 5( 0,5 Wi,j +Ui7juj,i) :/ 5( i,j Ui j +Ui7iu]'1j) . (1065)
Q Q Q
Therefore, for constant u, A (independent of z), and u € Hg(£2) we have
1 , 1 o
Eiin(u) = §M|Vu\ + 5(“ + M) (divu)?, (1066)
Q

which is uniformly convex in Vu. It should be emphasized that this form of
the functional is only good for Dirichlet boundary conditions. If parts of the
boundary are “free” minimizing (1066) can give the wrong boundary condition.
The situation is similar to example (1044): we can add to the integrand in (1064)
a suitable combination M (Vu) of 2 x 2 sub-determinants of the matrix Vu which
will make it uniformly convex. We also emphasize that this is possible only when
the coeflicients p and A are constant.

The Euler-Lagrange equations corresponding functional

A
Eiin(u) = / plef? + 5 (en)? — uf(z) do (1067)
Q
and (with constant u, A) also to
1 2 1 N2
§M\Vu| + §(u + AN (divu)® —uf(z) do (1068)
Q

(again with constant u, A are
—pAu — (p+ A\)Vdivu = f(z). (1069)

When we minimize of H{(£2) the boundary condition is of course u|sq = 0. The
system (1069) is known as Lamé’s system, or Lamé’s equations. It describes
small deformation of a homogeneous isotropic materials. For non-homogenous,
non-isotropic materials one works with (1060) with ¢;;x; depending on z. The
corresponding Euler-Lagrange equations are

—Tiji = fi(x), Tij = cijrier, (summation over repeated indices) (1070)

The (symmetric) matrix 7;; is called the stress tensor, and it represents tensions
in the material. It is an important quantity, as in general design should be such
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that the stresses do not exceed some limits which are considered safe for a given
material.

When the coefficients are not constant, or the boundary conditions are not
Dirichlet, the coercivity of the elastic energy &y, is harder to prove. The main
result in this area is Korn’s inequality. We will not go into details, but we at
least formulate the following result.

Theorem (a special case of Korn’s inequality)
Let Q be a bounded domain with a Lipschitz continuous boundary. LetT'y C T =
00 be a set of positive measure, and let

X =Wp? ={ueW"(QR"), ulr, =0} (1071)

There exists v > 0 such that

/ ()2 de > vl[ulPyra; ue k. (1072)
Q

We will not go into the proof.24! However, as an exercise which illustrates some
of the issues involved, you can consider a special case. Note that the inequality
implies that if u € X and e(u) = 0, then v = 0. Try to prove this directly!

It is clear from this example that in the vector-valued case the question of
coercivity of general quadratic forms (1041) on subspaces of W12(Q2) which are
larger than H} (), such as for example the space Wllf (©2,R™) above, can be
quite non-trivial, which is what we aimed to illustrate.

Finally, we should at least mention the general definition of ellipticity for (sys-
tems of) PDEs with constant coefficients. Let 2 C R™ and consider functions
u: Q — R*. For such functions we consider constant coefficient operators L of
the form

Lu= Y Aa(-id)u, (1073)

la|<m

where A, are n X k matrices. The principal part of L is

Lpu= Y Ay(-id)*u. (1074)

lal=m

The symbol of the operator L is

LE) =) Aag”, (1075)

la|<m

241For modern development concerning Korn’s inequalities we refer the reader to the paper
Friesecke, Gero; James, Richard D.; Miiller, Stefan A theorem on geometric rigidity and the
derivation of nonlinear plate theory from three-dimensional elasticity. Comm. Pure Appl.
Math. 55 (2002), no. 11, 1461-1506.
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where, as usual, £* = £ ... .

By definition, the operator L is elliptic if the symbol L,,(§) of its principal
part satisfies the condition that the matrix L., (§) (the principal symbol) is non-
singular (in the sense that its kernel is trivial) whenever £ # 0.

This class of operators is quite general and cannot be covered by the methods
we used, via the quadratic forms and the Lax-Milgram lemma. Nevertheless,
solutions of Lu = 0 still have nice properties. For example, they are analytic.
The discussion of the correct boundary condition and boundary regularity is
quite non-trivial. These topics are covered in the well-known paper by Agmon,
Douglis, and Nirenberg mentioned earlier.?42

A good reference for the class of operators which can treated via the varia-
tional methods (including the equations of linear elasticity and the Korn in-
equality) is the book Les méthodes directes en théorie des équations elliptiques
by J. Necas.?43

242 Agmon, S.; Douglis, A.; Nirenberg, L. Estimates near the boundary for solutions of elliptic
partial differential equations satisfying general boundary conditions. I. Comm. Pure Appl.
Math. 12 1959 623727.

Agmon, S.; Douglis, A.; Nirenberg, L. Estimates near the boundary for solutions of elliptic
partial differential equations satisfying general boundary conditions. II. Comm. Pure Appl.
Math. 17 1964 3592.

243 An English edition of the book by Springer is expected to appear soon.
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Lecture 65, 3/25/2011

Today we start discussing dispersive equations. The behavior of the solutions of
these equations can be quite different from what we have seen so far for elliptic
and parabolic equations. Roughly speaking, one can say that the solutions of
the elliptic and parabolic equations try to become as constant as possible, at
least as far as small scales (or high Fourier frequencies) are concerned. Fast
oscillations in the solutions are suppressed, and there is a smoothing effect.
Energy is “damped”, at least for high frequencies. Regularity is typically a
local phenomenon, at least in the linear case and smooth coefficients. Also,
the parabolic equation are usually ill-posed for evolution in the opposite time-
direction.

On the other hand, dispersive equations typically conserve energy, tend to dis-
play periodic behavior unless energy can escape, and possible smoothing effects
cannot be attributed to damping, but to “dispersion”, which means, roughly
speaking, that waves of different frequencies travel at different speeds. More-
over, the “arrow of time” is not important: well-posedness in one direction of
time typically gives also well-posedness in the opposite direction.

We will start by studying a particular examples of a dispersive equations, the
Schoédinger equation. As far as classical PDEs are concerned, it is a relatively
new equation, written down by E. Schrédinger around 1926.244

The unknown function in the Schrodinger equation is a complex valued function
u = u(z,t) defined for x € R™ and ¢ in some time interval (¢1,t2) (which can be
taken to be R). The variable z can also be restricted to some domain 2 C R,
in which case a boundary condition should be imposed on 92. For now we will
concentrate on the case 0 = R".

The equation is
iug + Au=0. 249 (1076)

The meaning of the function u is not as easy to interpret in comparison what
we have seen for other equations we have studied so far, where the solution

244For comparison, let us recall the dates for other equations:
wave equation: 1747 (d’Alembert),
Euler’s equations for ideal incompressible fluids: 1757,
Laplace’s equation: 1784;
heat equation: 1807 (J. Fourier),
Navier-Stokes equations: 1820s-1840s,
Maxwell’s equations: 1860s.

245This is the simplest “non-dimensionalized” form of the equation, in which units are chosen
so that the coefficients come out in a simples possible way, and the quantum particle is “free”
(no forces). The classical form of the equations, incorporating potential forces, is

12— 2 np v
“81& T 2m A

where 7 is the Planck constant/27, m is the mass of the particle, and V is the potential
describing forces acting on the particle.
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has a clear intuitive meaning. In fact, after the discovery of the equation in
1926 it took some time before most physicists agreed on what u(z,t) really
represents.?4®  According to the now standard view proposed by Max Born,

the function u should be viewed as “probability amplitude”?4” (which can be
complex valued) and the function u% = |u|?> should be viewed as probability
density.24®

The situation we have here is somewhat different to what we have seen with
the Laplace equation or the heat equation. For these equations the heuristic
meaning of the solution was more or less clear, and we could use it to make
some good guesses about what solutions do. With the Schréodinger equation we
will proceed differently. We will try to understand the equation directly from
various formulae, relying only partially on the notion that it should describe
some kind of waves, which however can exhibit quite different behavior from, say,
electromagnetic waves or acoustic waves. After we have seen enough examples
of how solutions behave, we will be able to start to understand how solutions
behave even without doing calculations. 24°

We should note that Schrodinger equation appears not only in the context of
Quantum Mechanics, but also in more classical situations. For example, some
limiting regimes of 3d incompressible Euler’s equations lead to (non-linear)
Schrodinger equation (as well as other dispersive equations). Also, propagation
of light in fiber optics cables is described by (non-linear) Schréodinger equation.
The equation has some universal features typical for situations where dispersion
of waves plays an important réle.?>°

We will start our mathematical investigation by calculating the fundamental
solution of equation (1076) in R™ x R. (It should be mentioned already at this
point that the fundamental solutions in 2 x R for a bounded 2 C R™ and natural
boundary conditions on 02 behave very differently.)

We will make use of our calculation of the fundamental solution of the heat
equation in lecture 51. Let us write the heat equation in a slightly more general
form

ug —alAu=0. (1077)

Using the notation I'(x,¢) for the fundamental solution (775) of the heat equa-
tion, it is easy to check that for any real @ > 0 the fundamental solution

2465e¢e Max Born’s 1954 Nobel lecture for an account of this, it available online at
http://nobelprize.org/nobel_prizes/physics/laureates/1954 /born-lecture.pdf

247If you have not seen this term before, you can just ignore it for now.

248Interestingly enough, Schrédinger did not seem to be quite happy with this interpretation
— see M. Born’s lecture mentioned above.

249The process of learning Quantum Mechanics is in some sense similar. “Everyday expe-
rience” does not provide good heuristics about the quantum world, and can in fact be quite
unhelpful in this context.

2500ne might think that, for example, the interpretation in terms of some limiting regimes
of incompressible flows might be helpful for developing heuristics about the solution. This
only true up to a degree, as behavior of incompressible fluids can be quite counter-intuitive.
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of (1077), given by

u —alAu = §(x,t), ue S (R"xR) (1078)
is given by the function
Ta(z,t) =T(x,at). (1079)
We write out the explicit expression for the reader’s convenience
1 e’% t>0
Ly(z,t) =< @“rat)2 ’ (1080)
0 t<0.

It is not hard to check that this formula works also form complex a as long as
Rea > 0. The properties of I', are quite similar to the properties of the heat ker-
nel in this case.?’! This can also be seen in terms of the Fourier transformation.
As in lecture 51, taking the Fourier transformation of (1078) gives

1

’&(faT) = W7

(1081)

which is a well-defined distribution when Rea > 0. (It is also well-defined
when Rea < 0, with a = —1 corresponding to the fundamental solution of the
backward heat equation (780).)

For a = i equation (1078) is the equation the fundamental solution of the
Schrédinger equation (1076).252 In what follows we will focus on this form of
the Schrédinger equation. What happens if we take a = 4 in the above formulae?

Formula (1080) for a = i gives a smooth, well defined function for ¢ > 0, and
there is no problem checking that the function will satisfy

us —iAu =0, t>0. (1082)

However, the formula (1081) for @(§, 7) becomes ambiguous, as the function

L (1083)
i(T+1€?)
is not locally integrable and the equation
i(r+ [¢P)a=1 (1084)
does not determine the solutions uniquely.
The situation is similar to the simpler case of the equation in R
4 =5 (1085)
at’ ~ O

251There is an additional feature of some oscillation caused by the imaginary part of a, which
however does not change the qualitative properties of the function, such as the smoothness
away from the origin.

252modulo an unimportant multiple of 4
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or
ith=1, (1086)

which we of course know how to solve. The solutions are of the form
v(t) = 0(t) + const. , (1087)

where 6 is the Heaviside function (see lecture 45, (644)).

The constant in (1087) reflect the fact that the solution of (1086) is not unique
in the class of tempered distributions. If ¢ satisfies (1086), then ¢ + ¢ also
satisfies (1086). The situation with (1084) is similar, and in some sense we have
the ambiguity of (1087) for each . The solution @(€, 7) is given as a distribution
only modulo the solutions of i(7 + [£|?)@(£) = 0, such as for example measures
supported on the surface {7+|£|?> = 0}. The ambiguity is removed if we demand
that v =0 for ¢ < 0.

We expect that the limit
r;,= lim Ty, (1088)
a—1
Rea >0

(which obviously vanishes for ¢ < 0), should give the solution of (1078) for a = i.
This is indeed the case, but we have to address the following issues
(i) Is T'; a well defined distribution in R™ x R? Note that this is obvious only

for n = 1, when I'; is a locally integrable function. For general n we have

1
Ts(z,t)| = a3 t>0, (1089)

and this function is not locally integrable for n > 2.

(ii) Do we have 0,I'; — ¢Al'; = § in the sense of distributions?

We can also ask the following closely related question:

(iii) If up(x) is a sufficiently regular integrable function on R™ and we define

u(z,t) = / Ti(e — g, uo(y) dy, 2 £>0, (1090)

do we have
u(z,t) = up(z), t—0, t>0 7 (1091)

These questions are somewhat more difficult than the corresponding questions
for the heat equation (or the kernel I'y with Rea > 0), due to the fact that
I';(z,t) is not integrable in = and in fact does not decay as * — oo.

253Note that for ¢ > 0 this is a well-defined function which is smooth if, say, ug(z) is smooth
and compactly supported (or, more generally, belongs to the Schwartz class . (R™).)
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The main argument can be seen from the following calculations. For simplicity
we first do the calculations for n = 1.

Let us consider a function ¢: R — C which is “sufficiently regular” and decays
“sufficiently fast” as x — oo. Let us estimate the integral

I(at) = /R e~ p(z) d . (1092)

as t = 01 and a close to 4, with Rea > 0. Let us first assume that ¢ vanishes

in a neighborhood of x = 0. When this is the case and, moreover, Rea > 0,

then as t — 04 the integral I(at) approaches zero exponentially fast, simply
2

due to the fast decay of e~ 7az. However, the rate of decay depends on Rea and
this argument cannot be used for a = i. For a = 4 there is decay as t — 0,
but not due to the point-wise decay of the integrand. The reason for the decay

)2

will be in cancelations in the integral due to the oscillatory nature of e™ %t . A
standard way to capture the cancelations is to use integration by parts.2>* We
have

e fal = ——— ¢ dat (1093)

_=2 0 ¢(x)
I(at) = 2at Taf — dx . 1094
(at) =20t [ 55 220 gy (1094
Denoting by D the operator ¢ — 2 “"Ef), we see that
I(at) = (2at)k/ e_%f)kap(x) dzx . (1095)
R

We see that if ¢ is supported away from x = 0, then for each integrable derivative
of ¢ we can increase the rate of decay of the integral to zero as t — 04 by one
power of t. The integral (1095) is also well-defined and finite when ¢ has zero
of order 2k at x = 0, and hence in this case I(at) will still decay as t* (when
Rea >0 and t — 04).

What about functions ¢ which do not vanish at 0?7 For that we note that every
smooth ¢ can be written as

|z|?

p=o+ Plx)e 2, (1096)

where ¢ has zero of order [ at x = 0, and P is a polynomial of order I. The
integral

/ ¢~ Ha P(x)eié dx (1097)
R

254Gee for example L. Hérmander’s book The Analysis of Linear Partial Differential Operators
I, Section 3.3.
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22
can be evaluated explicitly. First, using fR e~ 2= dx = /27w we see that for
A>0,t> 0, and Rea > 0 we have

/ R / Y (1098)
. . 1+ 2)at

Taking derivatives in A\ at A = 1 we can evaluate (1097) for P(z) = z?*, while
the integrals with P(z) = 22**! clearly vanish. We obtain

l/eﬁ%Pumr§dx=VMmtGﬂ»+mwk~+m#+0@”ﬂy t— 04,
R

(1099)
where b; are suitable constants depending on P and a. The exact form of b; will
not be important.?®® Putting (1095), (1096) and (1099) together we see that

/ ¢~ Har o(z)dz = Varat (o(0)+ byt +---+bit' +o(t)), t — 04, (1100)
R

for suitable 51, ceey l~)l, when ¢ has continuous and integrable derivatives of order
21.256 With these calculations, and their variants for n > 1 it is not hard to
check that the answers to questions (i)—(iii) above is positive and that I'; indeed
represents a fundamental solution for (1076), and (1090) gives a solution of the
initial-value problems u; — iAu = 0, u(x,0) = ug(x), for t > 0, at least when
ug is sufficiently regular with sufficiently fact decay to co. We will look at the
case n > 1 next time.

Remarks
1. The calculation above is a special case of calculations with oscillatory integrals
of the first kind, see E.M.Stein’s book “Harmonic Analysis” (1993), Chapter
VIII, for more details.
2. The in the Fourier variables (&, 7), of 4(§, 7) defined by (1081) for a =i +¢
(with e > 0) is similar to approximating the solution ¢ of (1086) by

1

— 1101
ve IT+ e ( )

and letting ¢ — 04. This corresponds to taking the fundamental solution
of (1085) as the limit of fundamental solutions of

%v +ev=14(t), e>0, (1102)

which, unlike the solution of (1085) is uniquely determined in the class of tem-
pered distributions. It will be supported in {¢t > 0}. If we take e — 0_ in (1101),

255Note however that the power series on the right-had side cannot be convergent, as it
clearly cannot converge for ¢ < 0.

256 These assumptions can be somewhat weakened. When we really need is the decomposi-
tion (1096) where D*@ is integrable for k < I.
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we obtain a fundamental solution of (1085) which is supported in {¢ < 0}. This
also corresponds to taking e < 0 in (1102). Quite similarly, we take a = i — ¢,
€ > 0 in (1081), we obtain another fundamental solution T'; of the Schrédinger
equation, which will be supported in {¢ < 0}. That solution is related to the
fundamental solution of the backward heat equation in the same way the solu-
tion I'; above is related to the solution of the forward heat equation, and one
has

. B
I‘i(x, t) = (471'7215)% e t< 0, (1103)
0 t>0.
The difference _

is also of interest. It is a distribution satisfying
Ky —iAK=0 inR"xR (1105)

and
K(z,t) — 6(x) in ' (R") as t — 0. (1106)

The Fourier transform of K is the surface measure on {7 + |¢|*> = 0} which
projects on the standard Lebesgue measure in R™ under the projection (¢, 7) — &.

The kernel K can also be arrived at in another way. Assume we wish to solve
u —iAu =0 inR"” xR, (1107)

with the initial condition u(x,0) = ug(z). Taking Fourier transform in x only,
the equations decomposes into a family of one-dimensional ODEs for 4(¢,t),

(€, t) +ilEffaé t) =0, (1108)
with initial condition 4(&,0) = t(§). The solution is
W) = u(Q)e et teR. (1109)

Taking the inverse Fourier transform, we obtain

1 a2
u(z,t) = W/R tig(€)e ™ UE ge (1110)

For ug = §, we have iy = 1 and — at least formally — the integral (1110) then
expresses the inverse Fourier transformation of the above described measure on
the surface {7 + [£]? = 0}.
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Lecture 66, 3/28/2011

Today we will look at the situations for n > 1 with questions (i)—(iii) we dealt
with last time for n = 1.

Let us first recall the following formula, which follows from (483) and (484).

|z|2 n _ alg?

e 2 = (2ma)ze” 2 . (1111)

Strictly speaking, the calculations in lecture 34 show this only when a is real. In
that case we must have a > 0, so that the functions represent tempered distri-
butions. For complex a the functions in (1111) represent tempered distribution
if and only if Rea > 0, and it is not hard to check that the formula remains
valid for such a. This includes the case a = i (or more generally, a = oi for real
o # 0). In particular, taking £ = 0 and a = 2it we obtain

7)2 n
/e*%:(zlm‘t)f, t£0. (1112)

This integral is of course not absolutely convergent, but we can regularize it, for

example by adding e~l*” to the integrand and taking € — 04 or by integrating

over the balls Br and taking R — oco. Takingn =1 and ¢t = i we obtain the

well-known identities for the so-called Fresnel integrals®®?

/COS:L‘2 dzr = / sin2? dr = \/? (1113)
R R 2

Returning the the fundamental solution I'; from the last lecture, we see from (1112)
that, with proper interpretation,

/ Li(z,t)de =1, (1114)

similar to what we have for the heat kernel.?°® The kernel T'; also has the same
scale invariance as the heat kernel:

L

7 X
Ti(x,t) =t 21;(—,1 1115
(z,1) (\/i ) (1115)
So we see that the functions
Li(t) = Tl 1) (1116)

should for t — 04 in some sense approach the Dirac mass, if we can verify
that outside of the origin the oscillations give us enough cancelation so that

257See also http://en.wikipedia.org/wiki/Fresnel_integral
258 That this should be true can also be seen by integrating (1078) over z.
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Ti(t) — 0 in R™\ {0} in distributions when ¢ — 0,.. To prove this, as well as to
show that the asnwer to questions (i)—(iii) from the last lecture is positive, we
will use integration by parts in a way similar to the case n = 1 we considered
last time.

Let us start by estimating the integral
z|2
I(at) = / e*%w(x) dx, a#0,Rea>0,t>0, (1117)

where ¢ is sufficiently regular (with sufficiently fast decay). The exact require-
ments will be determined in the course of the calculation. As in the case n =1,
we use integration by parts to capture the cancelations coming from the oscil-
lations of the integrand. We have

_l=|? E

x _
e  dat = —2qat er dat | (1118)

We define an operator D by

Dy = div (;2 go) . (1119)

Using (1118), and integration by parts, we can write, at least formally
2|2 ~
I(at) = 2at/ e*%Dgo dzx .. (1120)

Under which assumptions is this formal identity valid?

The reader can verify the following statement as an exercise:
If f is a bounded function in R™ with bounded derivatives and v = (v1,...,v,)
is an integrable vector field with integrable div v, then [o, —vV f = [p, fdivv.

From this we see that a sufficient condition for validity of (1120) is that \%I and

~ nk—1
D are both integrable. The procedure can be continued: if ﬁ, %", e %, DFyp
are integrable, then

n

I(at) = (2at)k/ e_%f)kgodx. (1121)

For a general sufficiently smooth ¢ can now proceed in a way similar to the case
n =1 from the last lecture. Assume for simplicity that ¢ € Z(R™). We write

2
[Ed]

p=¢+ Plx)e” 2, (1122)

where P is a polynomial of order 2] and ¢ has zero of order 2/ at x = 0. Then

I(at)z/ ef%P(x)eJ; dz + o(t"), t—0y. (1123)
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The last integral can be written as a product of one-dimensional integrals which
were evaluated in the previous lecture, see (1098) and (1099). Putting things
together, we obtain

I(at) = (4mat)(p(0) + byt + ... bit" + o(t')). (1124)

Although we will not need it in what follows, it is worth noting that (1121)
could be used even for the evaluation of the leading term. For example, when
n =2 and k = 1, we have

Dy = div(Vlog |z|p(z)) = 2m6(x)p(0) + (Viog|z|) Ve, (1125)
and we see that we obtain the leading term in (1124) directly.
Relation (1124) easily implies that the answer to the equations (i)—(iii) from the
previous lecture is positive. For example, let us check that T'; is a well-defined

distribution. Let ¢(z,t) be a compactly supported function of R” x R. We wish
to show that the integral

/ Di(z,t)p(x, t) de dt (1126)
R™ xR

is well-defined, for example in the sense of (1088). This is an easy consequence
of (1124), as (1124) implies that the expression

/00/ Doz, t)p(x,t) dedt (1127)
0 n

converges as a — ¢, Rea > 0 to

/OOo (/ Ti(x, t)p(z, t) dm) dt (1128)

which is well defined, as the inner integral is a bounded function of ¢ by (1124).
Positive answer to question (iii) (previous lecture) is a direct consequence of (1124).

Positive answer to question (ii) (previous lecture) follows from the identities

/ / [i(—pr —iAp) = lim / / Li(z,t)(—pr — iAp)dedt  (1129)
R n t14)0+ tl n
and

/ /Fi(x,t)(—got—iAg))dxdt:/ Ti(z,t)e(z,t)de 1> 0, (1130)
tl n n

where ¢ € 2(R™ x R). By (1124), the last integral converges to ¢(0,0) as
t1 — 0. (This is another example of Duhamel’s principle, discussed in lecture
53 for the heat equation.)
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We can also look at these calculations in the Fourier picture. For example let
o be a sufficiently regular initial datum and let

u(z,t) = /n Li(x —y,t)e(y) dy, t>0. (1131)

We also have, e. g. by (1111)

1

u(z,t) = ) / G(eillPtge 450 (1132)

If the Fourier transform ¢ is integrable, then we see from the Lebesgue Dom-
inated Convergence Theorem that(1132) in fact defines a continuous function
in R™ x R, with u(z,0) = ¢(z) (and satisfying (1076) in R™ x R in distribu-
tion).2% This is another way of showing that the answer to question (iii) from

the previous lecture is positive. The positive answer to (i) and (ii) can also be
verified via the Fourier transformation.

In the considerations above we did not try to obtain minimal regularity condi-
tions under which the various expressions converge to the right limits. Questions
such as what are the minimal assumptions on ¢ which still give u(z,t) — ¢(x)
for each x (or for almost every x) when t — 0 can be quite difficult.?6%

259The extension to R™ x R can also be written an u(z,t) = [ K(x — y,t)¢(y) dy, where
K is given by (1104).

260Gee, for example, the paper “Schrodinger equations: pointwise convergence to the initial
data” by L. Vega, Proceedings of AMS, Vol. 102, No. 4, 1988.
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Lecture 67, 3/30/2011

Today we will discuss some examples of solutions of the Schrodinger equation

u —iAu=0  inR" (1133)

with the initial condition26!

u(z,0) = up(x) . (1134)

We will use the the representation through the kernel K defined by (1104)

u(x,t) = - K(z —y,t)uo(y) dy , (1135)

which is equivalent to the Fourier representation

(o ) = —— / 1o (€) €= —TIE1 ge (1136)
2m)™ Jrn
We assume at this point that ug is “sufficiently regular”. This can be inter-
preted in various ways, depending on which phenomenon we wish to illustrate.
Typically we will assume that uo has a certain number of derivatives which are
integrable.

We have not yet addressed the the question to what degree the solutions are
unique. This will be addressed later. For now we will discuss the properties of
the solutions given by the representation formulae (1135) or (1136).

Although formally the formulae are very similar to corresponding formulae for
the heat equation, there are some important differences in the properties of
the solutions. Let us take for example ug(z) to be compactly supported, with
continuous derivatives up to some fixed order [, which is large enough for the
formulae to work, but still finite. We can assume that V!*lug is discontinuous.
Under these assumptions it is easy to see from (1135) that w will be smooth
(and, in fact, analytic) in the R™ x (0, 00) and R™ x (—o00,0). We can now take
the same solution but think about ¢ = —1 as the initial time. Then u should
still be a solution for this shifted initial-value problem. This may be somewhat
less obvious than it looks as we define the solution of the initial-value problem
by representation formulae, as the integral in the expected formula

u(z,—1+s) = /K(w —y,s)u(y, —1) dy (1137)

is may not be absolutely convergent. Let us nevertheless ignore this issue for
now, and assume that wu(z,t) gives the right evolution from wu(z,—1). The
evolution from the locally smooth (and bounded) function u(z, —1) will result

261\We use this terminology even though the solution is also defined for negative t.
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at time ¢ = 0 in the non-smooth function ug(0). This is completely different
from what we have for the heat equation. We have to be cautious with some
certain formal manipulations with the representation (1137), such as taking
derivatives in x.

Let us now look at some more specific examples of the solutions.

Example 1

Let ug to be a smooth, radially symmetric, compactly supported in the unit
ball, with ug > 0 and u(0) ~ 1, |Vug| < 2, and the growth of sup, |V¥uq(z))]
with k£ as slow as possible for what is consistent with these assumptions. How
does u(z,t) behave? Looking at the representation formula (1134), we expect
that

e For small times, |t| < t; with, say, t; ~ 0.1, the solution will change only
slightly. The solution cannot have compact support for any ¢ # 0, and
will have a small (and decaying) oscillatory “tail” for large x, but for the
most part it will stay quite close to ug in this range of . In some sense,
we can say that not much happens for |t| < ;.

e For t ~ 1, there will be change of order 1, both for the size of the region
where the bulk of the solution is supported, as well as in the profile of .
The change has to be consistent with the conservation laws

/ \Vku(x,t)|2dx:/ IVEuo (@) 2 der (1138)

which will be discussed in some detail later. These are easily seen from
example from the Fourier representation (1136), but it is not hard to
derive them also in the “physical space” (the variable x) by integration by
parts. The solution will again have an oscillating, small amplitude “tail”
for large x, although the oscillation at the same x will be slower (but with
larger amplitude)

e For large t the solution will be pointwise small, with slow oscillations in x
for moderate x. The oscillations will be becoming faster and the amplitude
smaller as |z| — co. Again, the changes have to be consistent with (1138).

We can in fact illustrate this with an explicit formula. The reader can check
easily that the function
|z|?

1
N — 1139
vt = AmEe (1139)

solves (1133) and

—lx|?

vo(x) = e 2

(1140)

Of course, vy is not really compactly supported, but the solution still gives a
good illustration of the above described behavior.
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Example 2

Let us now take a small € > 0 and consider the initial data
ueo(x) = ug(ex) . (1141)
The corresponding solution will be
ue(x,t) = u(ex, %), (1142)

where u is the solution from Example 1. Here we use the fact that (1133) has
the same scaling symmetry as the heat equation, see (769). The properties of
ue can be read off from the properties of u. What will be important for us is
that for the solution u. “not much happens” for times ¢ with |¢| < z—; For very
small € and times [¢t| < 52’%6 nearly nothing happens. (Of course, there is still
some activity, but the amplitude of the resulting changes is very small. A first
impression of an observer would probably be that the solution is constant in
that time interval, and only after having a closer look she would notice that this
is not quite true.) This is consistent with the fact that the function

u = const. (1143)

is an exact solution of (1133), and the solutions u. approach (1143) with const. =
ug(0) as € — 04.

We will now use the simple solutions u. above and the symmetries of the equa-
tion to generate more interesting solutions.

Example 3
We will use the following non-trivial symmetry of equation (1133). If u(x,t) is
a solution and b € R™, then

[v]2

u(z,t) = u(x — bt, t)e”%_iTt (1144)

is again a solution. This symmetry is related to the invariance of descrip-
tion of a classical particle under the Galilean transformations - the changes
(z,t) — (x — bt,t) of the coordinate system. We see from this symmetry that
— modulo uniqueness issues — multiplying initial condition ug by 3% results in
the change of the solution u(x,t) corresponding to ug to u’(z,t) given by (1144).
This transformation is sometimes referred to as a Galilean boost.

Let us apply this transformation to the solutions u. from example 1. The initial
data will be uy(x) = uzo(x) €27, This can be interpreted as a “wave packet”
— the slowly changing function u.y is modulated by the oscillations of €37 The
time evolution of the wave packet is quite simple: for times t with |¢| < 2—5 the
main feature of the evolution is translation at speed b. During the translation
the wave packet is slowly disintegrating - it “radiates away” small disturbances,
and gradually loses some “mass” and focus, but it takes time of order z—é before
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these effects accumulate to a significant change. After times significantly longer
that E% the wave packet will completely disintegrate.

If we now take general initial data ug, we can write them as a linear combination
of suitable wave packets. For example we can take a smooth partition of unity
ok (&) is the Fourier coordinate £ such that the size support of ¢y is of order € and
write ug = Zk uor with ugg being the inverse Fourier transform of ig¢g. The
solution will decompose as u = Y ux, where the evolution of uy is the evolution
of ugr. Each solution uj; will for while look like a wave packet, and the wave
packets with different frequencies will move at different speeds. This produces
the dispersion. The high-frequency wave packets will move out very fast, with
speed proportional to the frequency. This explains the smoothing effect of the
evolution when the initial data are, say, compactly supported. The part of the
function responsible for the possible singularities is in the high frequencies, and
therefore it will move away. It can however also work in the opposite direction:
for initial data which are locally smooth, but with increasing oscillations as
x — 00, the high-frequency wave packets can arrive quickly from far away and
if they are coordinated in exactly the right way, they can produce a non-smooth
function.
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Lecture 68, 4/1/2011

Last time we looked at the “wave packets” for the Schrodinger equation. The
notion of a wave packet can be considered for more general equations. For
example, let P(£) be a real polynomial in the Fourier coordinate £ € R™. Then
the operation

u(z) — inverse Fourier transform of P(§)4(€) (1145)

corresponds to the the differential operator L = P(—i0) and the functions

1 .
u(x,t) = e /n Gio(€)e! &= =P gy (1146)
formally solve
up +iLu =0, u(z,0) = uo(z). (1147)

Note that if ug € . (R™), then u(z,t) is is smooth and well-defined in R™ x R,
and equations (1147) are satisfied poitwise. If we assume @y € L'(R"), the
function is still well-defined pointwise, satisfies the second equation of (1147)
pointwise, and the first equation in the sense of distributions. In the physics
literature the notation often is

u(z,t) = ﬁ /Rn Gio (€)e" =) g | (1148)
The relation between & and w is called the dispersion relation. It expresses the
angular frequency w of the plane wave e!€*=+Y in terms of the wave vector &.
For equations of the form (1147) the dispersion relation is given by a polynomial,
but there are important situations where the relation is given by a more general
function.262

The notion of the wave packet discussed in the last lecture in the context of
the Schrédinger equation generalizes to the situation described by (1148). This
formula can also produce distinctive wave packets traveling at a quite well-
defined speed for a relatively long time, before they disperse. Let us consider
a smooth non-zero function g (¢) supported near some fixed £°, say, in the
interval (£° —5,£%+ £) for some small € > 0. For £” = 0 the function ug will be
a slowly varying function in the Schwartz class .7 (R"). For ¢° # 0 we can think
of ugy as a slowly varying function modulated by €’ This is our initial wave
packet. (Recall that the shift f(&) — f(& — €°) on the Fourier side corresponds
to f(z) — f(:r)eif% in the x— variable.) We can say that the frequency of the
wave packet is approximately £°, but at the same time we should keep in mind
that there is some ambiguity in £ as the function g is not supported at one
point. If we wish to have our wave packet localized in space, it cannot have a
sharply defined frequency.?6?

262For example, for the wave equation uy — Au = 0, which we will study in some detail
later, we have two “admissible” frequencies w for each &, given by w4 = [§| and w— = —[].
263This is related to the Uncertainly Principle.
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We will now consider the time evolution of the wave packet ug, with @ as above,

over times which are quite smaller than . We assume that w(§) is a smooth

function of £. For & close to £ we have
w(€) = w(€®) + Vw(E)(€ %) + O(le - £°%). (1149)
On the support of ug we have
€ —€0P <¢?, (1150)

and hence for t << 6% we can write

w(E)t = w(€”) + Vw(E)(€ ~ ")t +o(1), €€ support dg(€).  (1151)
We sce that for t << J formula (1148) gives

(€Mt

u(zx,t) ~ G

/ Qo (€)eE=VREN D ge — 1 (3 — Vi (e0)t), (1152)

where y(£%) = w(€%)—Vw(£°)£%. We see that the main feature of the evolution of
the wave packet is its translation at speed Vw(£?). There is also the modulation
by €Mt hut note that this factor is constant in 2 and therefore it does not
really significantly change the properties of u(z,t) viewed for a fixed t as a
function of x.

Our conclusion therefore is that, modulo some error terms and before disinte-
gration, the wave packets of frequency & move at speed Vw(§). The velocity
Vw(&) of the wave packets is called the group velocity of the waves.

For example, for the equation
Up = Uggy, rzeR, teR (1153)

(sometimes called the Airy equation) we have w(£) = &3, and therefore the wave
packets of frequency ¢ move at speed 3¢2 (before disintegrating).

It is important to keep in mind that — except in some special cases — the wave
packets are typically losing their focus during the evolution and eventually will
disperse. The special cases where this does not happen include the linear trans-
port equation u;+aVu = 0, describing the translation of the function u at speed
a (in any dimension), the one-dimensional wave equation us — ty, = 0 (which
we will be studying in some detail later) or more general hyperbolic systems in
1+ 1 dimension.
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Lecture 69, 4/3/2011

Let us consider the initial value problem

ug —iAu = 0, (z,t) e R"* x R,

u(z,0) = wup(z), reR™. (1154)

Let us at first assume that ug € .(R™). We have seen in lecture 67 that the
solution can be given by Fourier representation formula

(e, t) = ﬁ / (et e g, (1155)
which can also be written as
(&, t) = tio(§)e " (1156)
It is transparent that
a6, ) =lio(¢)]*, teR (1157)
and hence for each s € R
[t 0P as = [ poPera . ter. (158)

Taking s = 0 and using Plancherel’s formula (493), we see that
/ lu(z,t)|? de = / lug()|? da teR. (1159)
Taking s = k, and using also (480), we obtain
/ \VEu(z,t)]? de = /R \VFug(z)|*dz, k=0,1,2,..., teR,  (1160)

or, for general s € R,

We see that the evolution given by the Schrodinger equation preserves L2—
Sobolev regularity of the initial data. This should be contrasted with other
notion of smoothness, such as, say, the property that ug is smooth and bounded,
which is not preserved by the evolution.

So far we have assumed that ug € #(R"). If we have, say, up € L*(R"),
formula (1155) still gives a well-defined function u € C(R, L*(R™)), the space
of functions u in R” x R such that ¢t — u(-,t) is continuous from R to L?(R").
The function u will satisfy u; — ¢Aw in distributions. All this can be also seen
by approximations: when uy € L?(R"), we can take a sequence uf € .7 (R")
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converging to ug in L?(R™). The corresponding sequence of solutions u* will
obviously be a Cauchy sequence in C(R, L?(R")), and hence will have a limit
u this space, which solves the equation in distributions and satisfies u(z,0) =
ug(x) (as L?-functions). The same considerations work when L?(R") is replaced
by H*(R™).

It is important to note that all the above conclusions were made under the as-
sumption that the solutions or their approximations are given by (1155). Note
that we did not prove that, for example, any distributional solution of u; —iAu =
0 in R™ x R which is in C(R, L*(R™)) satisfies |[u(t)||z2@n) = |[w(0)]|12(rn).
Equivalently, we have not really proved that solutions the initial-value prob-
lem (1154) are unique in the class C(R, L?*(R")). We will prove a uniqueness
result below.

Most of the above can also been seen by calculation in the physical space,
without using the Fourier transformation. For that we note that the equation
ug — 1Au = 0 implies that

Oy(ut) = wu + vy = i(TAu — uAT) = i0k(Tu p, — uT k) - (1162)
The vector
qr = —i(Tu  — Ut ) (1163)
is real and if we write u = Ae’® with A, ¢ real (functions of (z,t)) we have
q=2V¢ uu, (1164)

and we can write
(utw) + div g = (uu)s + div (2Ve uu) = 0. (1165)

Equation (1165) describes the transport of the “density” ww by the “velocity
field” 2V¢. 264 Note that all this is consistent with the picture of a wave packet
of frequency ¢ moving at speed 2¢. 265

Let ¢ be a smooth compactly supported function with ¢(0) = 0. Letting
ve(z) = @(ex) we obtain from (1165)

ta
/ we|u(x, tz)* do :/ ©e|u(z, t1)]? —|—/ / qV. dz dt , (1166)
n Rn tl n

and if the last integral on the right-hand side converges to 0 whan ¢ — 0, we
obtain the conservation law (1159). A straightforward sufficient condition for
having
to
lim / qVpedzdt =0 (1167)
t1 "

E—r4

264The classical equation of continuity describing the evolution of density p(z,t) of some
substance moving with the flow given by a velocity field v(z,t) is ps + div(vp) = 0. We will
discuss transport equations in more detail later in the course.

2651f we write the equation as ius + %Au = 0 the term 2V ¢ in (1164) will be replaced by
V.

279



is u € L%(t1,to; H'(R™)) as the reader can easily verify. As a consequence we
have the following statement:

If u € L3(t1,te; HL(R™)) solves u; — iAu = 0 in distributions in R™ x (t1,ta),
then u € C([t1,t2), L*(R™)) and [g, |u(z,t)|* da is constant in t.

It is a good exercise to prove this results with all details - it is not hard, but
one has to be careful.

Note that the result implies uniqueness for (1154) in the class L% (¢, ta, H(R")),
and therefore the solution is given by the representation formula (1155) (assum-
ing that 0 € [t1,12]). From this one can infer that in fact u € C([t1, t2], L*>(R")).

We now prove a more general uniqueness result.

Theorem

Assume that u € ' (R™ x (t1,t2)) satisfies uy —iAu = 0 in distributions. Then
(i) For each t € [t1,t2] the distribution u(-,t) is well-defined and

(ii) If u(x,t) = 0 for some t € [t1,t2], then u = 0.

Proof:

The main idea is to use solutions of the dual equation as test functions. This is
an important and quite general method in linear PDEs, going back at least to
the proof of Holmgen’s Uniqueness Theorem around 1900.266 We have already
seen an example of this method in lecture 53, when we proved the uniqueness
for the heat equation under quite general assumptions.

Let us consider a standard mollifier ¢, in space-time R"™ x R. Assume for
simplicity that ¢.(x,t) = ¢.(—z,—t) and let u. = u x ¢.. (We have defined
this convolution for distributions in lecture 45.) Let v(z,t) be a solution of
the dual equation vy + iAv = 0 with v(z,t9) = ¢(z) for some ty € (t1,t2) and
v € L(R™). Let n(t) be a smooth compactly supported function in (¢1,%2).
The function vn belongs to .7 (R™ x (t1,t2)). The necessary fast decay in x
can be inferred for example from the representation formula (1135), using the
calculations in lecture 66.257 By our assumptions, we have

/uv(n’(t)) dx dt = /u[(vn)t +iA(vn)]dxdt =0, (1168)

and the same is true for u.. For wu., which is locally a smooth function, it is
admissible to take formally 1 = n; which is smooth except for a jump at t = tg
and satisfies for a suitable small 7 > 0

= Oa te (tlato)a = 17 te [t07t0 +T)7 = 07 te (t2 - T7t2) . (1169)

‘We obtain

ta
/ ue(x, to)p(x) de = / / usv 0 dzdt, (1170)

266\We have not discussed this topic yet in this course.
267 Alternatively, one can use the Fourier representation (1155) together with rules Fourier
Transform rules from lecture 34 and the Sobolev Imbedding Theorem, also lecture 34.
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where 6 is a smooth function compactly supported in (tg,t2) (and § = 7} in
(to,t2)). As in (640) we can put the convolution in the last integral on vf and
obtain

/n ue(z,to)p(x) de = /;2 /n u(v).drdt. (1171)

Now if € — 04, then (v8). — v8 in Z(R™ x (t1,t2) and hence the integral on
the right-hand side of (1171) converges to (u,vd), which we will also write as
f:f Jgn wv @ dxdt . Therefore the left-hand side of (1071) also converges as ¢ —
04, and will slightly abuse notation by using the notation [, u(x,to)¢(x) dx for
the limit. For a general u € ./ (R™ X (t1,t2) this expression is not well-defined,

but in our case we have shown that it can be naturally defined by

ta
/ u(z, to)p(x) de = / / uvf dx dt . (1172)
n tl n

Recalling the definition of v above, we see that v depends not only on ¢, but
also on ty. We will therefore write v = v* when we wish to emphasize the
dependence on ty. Using this notation, we have

ta
/ u(zx, tg)p(x) de = / / w'f dx dt . (1173)
n tl n

We would like to conclude that right-hand side of this identity is uniformly
continuous in tg even for tg — ty, to > t1. Strictly speaking, this depends on
how exactly we define ./ (R™ x (¢1,t2)) and its dual. We have not discussed
this point yet, as we take the obvious definition: consider the usual definition of
Z(R™ x R and define .7 (R™ X (t1,t2)) by using the same norms for functions on
R™ x (t1,t2). With this definition the continuity of the right-hand side of (1173)
in ty is easily checked. Similar arguments can also be used close to ts, if we
work in the opposite time direction. This proves statement (i) of the theorem.
Once we know that the left-hand side of (1173) is well-defined and continuous
in o, we can formally use the characteristic function of ¢y, (if tg < ) as a test
function and obtain

/n u(z, to)p(x) de = /,7 u(z, ) v (2,7) dx. (1174)

If u(-,¢) = 0, we see that the left-hand side also have to vanish. Since we can
choose both ¢y and ¢ we see that « = 0, and the proof is finished.
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Lecture 70, 4/5/2011

So far we have studied the Schrédinger equation for “free particles”, when there
is no force acting in the particle. Let us now assume the particle moves in a force
field given by a potential V' (such as the electric potential), so that Newton’s
law of motion for a classical particle is

i =-VV(zx) in suitable units. (1175)

As proposed by Schrédinger, the equation describing a quantum particle in the
potential field V' is, in suitable units,

1
iug + §Au —Vu=0. (1176)

Here and in the rest of this lecture we will keep the factor % in front of the
laplacian, as this form of the equation is more convenient for comparisons with

classical formulae for a newtonian particle.

Schrédinger noticed that equation (1175) is contained in (1176) as a certain
limiting case. Ever since 1926 this has of course been a standard part of courses
on quantum mechanics, and the correspondence between (1175) and (1176) has
been also studied by mathematicians in depth. However, if one sees these topics
for the first time, the connection of (1175) to (1176) may not be immediately
obvious. We will get to this topic soon, but for now let us mention some easy
general properties of solutions of (1176), and consider some special solutions.

The reader can prove the following statement as an easy exercise.

For sufficiently regular solutions u(x,t) of (?7?) with sufficient decay for z — oo
we have

d

. lu(z,t)|* de =0, (1177)

and

d

1
7 <2|Vu|2 + Vu|2> de=0. (1178)
RTL

The integral in (1178) represents the energy, with fR" %|Vu|2 dz representing
the kinetic energy and fRn V|u|? dz representing the potential energy.

Let us now consider some examples of solutions.
Example 1

Let us consider a special case when the potential V' is given by

V(z) =ax = ajxz;, (summation understood), (1179)
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where a = (a1,...,a,) is a fixed vector. It turns out that in this case we
can still write the solutions explicitly in terms of solutions of the free equation
iug + 3Au = 0. 2% Although V given by (1179) is very special, we note that a
general V' looks locally, in a neighborhood of a given point z¢ with VV (z) # 0,
approximately as (1179) for a suitable a (which can depend on zg, of course).

To calculate solutions of
1
fug + §Au —azu =0 (1180)

we can use Fourier transformation in . Using rules for Fourier transformation
from lecture 34 (see (480) and (481)), we obtain for 4 = (&, t)

1
af—avga::—gﬂgﬁa. (1181)

We note that the terms on the left represent a derivative of 4 in a fixed direction,
and setting
n=_§+at, A& t) =v(n,t), (1182)
we obtain
1. )
vy = —§2|n—at\ v. (1183)

The general solution of this equation is

o(n, 1) = vg()e I —ian's el (1184)
where vg is any function (which we will assume to be sufficiently regular and
with sufficiently fast decay to at co. Going back to the variable £ and taking
the inverse Fourier transform, we obtain

at?

u(x,t) =U(x + - t)e—iaxt—11|a

22
6

(1185)

where U is a solution of the free equation iu; + %Au = 0. In fact, one can

verify directly that (1185) solves (1180) for any solution U of the free equation.

Taking U to be a galilean boost of Uy (see lecture 67, but keep in mind that
1

our equation now has 35 in front of the laplacian, so we have to adjust some

coefficients), we can also write
2 .
u(a:, t) _ U()(I — bt + %7 t)ei(bfat)xfﬂb‘?%+iabt2—27i|a|z% . (1186)

If we think of Uy as the solution from Example 2 in lecture 67, for which not
much is going on on time scales quite smaller than 6%, we see that in (1186) the
wave packet moves according to the formula

at?

x(t) = z(0) + bt — - (1187)

268 This calculation should be in the literature, but I did not find an exact reference.
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This is exactly what we would get from Newton’s law (1175) in the potential
field V' = ax (which represents constant force —a) and initial velocity b. Note
the spatial gradient of the phase in (1186) is b — at, which is also the velocity of
our motion, confirming again the classical newtonian formula for this situation.

We see that for the simple situation V' = az equation (1176) used for certain
wave packets reproduces the motion law given by (1175). In the case of a general
V, if VV does not vanish and does not change much over most of the support
of the wave packet, it now looks very plausible that (1176) gives (1175) for
the motion of the wave packet, as the situation is locally close to the situation
described by the above exact solutions. This argument is of course not a rigorous
proof, but it sheds some light on what is going on. (Note that if the changes of
VV over the support of the wave packet are not small, we can expect that the
wave packet might be significantly “deformed” by the differences in the force
over the area it occupies, and we do not expect to have simple formulae such
as (1185) in that case.)

Example 2

Consider a domain 2 C R™ and the following potential V' = Vj:
V(z) =0 when z € Q, V(z) = 400 when z ¢ Q. (1188)

(We van consider V' as a limiting case of V,,, where V,,, =0 in Q and V;,, = m
outside Q.) Tt is clear from (1178) that any solution u of (1176) with V given
by (1188) must vanish outside Q2. Therefore the situation is equivalent to solving
the free Schrodinger equation in the domain Q with the boundary condition
u|an = 0. In this case there are several types of interesting solutions. We will
start by looking at the behavior of the wave packets.

Let us first look at the special case when € is a halfspace
Q={zeR" z,>0}. (1189)

In this case we can solve the equation by extending the initial condition ug to
all R™ as an odd function of z; and solving the equation in all space R™ with the
extended initial data as the initial condition in R™. (It is the same idea we have
used in lecture 7 for constructing Green’s function for the half-space.) Let us
denote the extension of ug and u respectively by g and @, where g is defined by
to(T1,...,Tn) = —uo(—x1,Ta,...,x,) for x1 < 0. The condition that 4 is odd
on z; is preserved by the time evolution. 26 If our initial data is a wave packet
moving towards the boundary (possibly at an angle), the extension there g will
represent two wave packets: the original one and its image under the extension,
which will approach the boundary from the other side. The restriction of u to

269Note that even when the original function ug defined in © is smooth up to the boundary
and satisfies u|spn = 0, the extended function %o can have a jump in the second derivatives
across the plane {z1 = 0}. As singular behavior is not suppressed by the equation, this may
have non-local consequences for the solution, but let us ignore this issue for the moment.
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Q) gives the solution u of the original problem. Using this construction, we see
that the wave packets will be reflected from the boundary in a way similar to
billiard balls. (Of course, we should keep in mind that the wave packets will
disintegrate after some time.)

In a half-space the wave packet will hit the boundary only once and after being
reflected it will continue moving towards 0o, before gradually disintegrating. In a
bounded domain ) we expect that as long as a wave packet has not disintegrated
and the boundary is close to a half-plane on the scales comparable with the size
of the packet, it will be moving in the domain in a way similar to a billiard ball
with the speed proportional to its frequency, being reflected from the boundary
whenever it hits it. If we consider a non-smooth initial condition ug, the high-
frequency wave packets, which are responsible for the lack of smoothness, will
be moving around the domain very quickly, and we see that the smoothing
effects which we have seen for the whole space can no longer be counted on in
a bounded domain. 27 Next time we will consider some additional properties
of solutions in bounded domains.

2701f we average suitable average in time, we can still see some smoothing effects, but the
situation is much more subtle than in the whole space.
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Lecture 71, 4/8/2011

We will still consider the situation in example 2 from the last lecture: we solve
the Schrodinger equation with potential V' = 400 outside 2 and V' = 0 inside
Q, for a domain 2 C R™. Today we will assume that € is bounded, with smooth
boundary, and we will consider solutions which look different from the “wave
packets” we have considered in the last few lectures. They will look more like
“standing waves” known in theories of classical physics. Their interpretation in
terms of “particles” is less straightforward, and one would have to get into the
questions of interpretation of quantum mechanics to try to understand these
solutions in terms of “particles”.?”! A newtonian particle corresponds to some
special solutions of the Schrodinger equation, but the Schrédinger equation de-
scribes a broader range of phenomena than what is described by newtonian
mechanics, and some of the phenomena do not have newtonian analogies.

Let us consider the eigevalues 0 < A; < Ao < Asz,...272 of the laplacian in
with the Dirichlet boundary conditions, i. e. the corresponding eigenfunctions
satisfy

—A¢r, = Mo inQ,
drlon = 0.

We will normalize the ¢, so that [, |¢x|> dz = 1. We know that every complex-
valued function f in L?(Q) can be written as

(1190)

f=>"ardr, (1191)
k=1

where a;, € C, the series converges in L?(), and

/|f|2d$=2|akl2. (1192)
Q k

Each ¢ can be used to write down an explicit solution of the Schrédinger
equation u; — iAu = 0. It is

u(z,t) = ¢p(x)e M, (1193)

The solution is obviously periodic in ¢, with period ?\—: These are the “standing
wave” solutions. Any linear combination of such solutions is again a solution.

27T10f course, we expect that every function can be written as a linear combination of wave
packets and the equations are linear, so that every solution can be thought of as a linear
combination of wave packets. (Vice versa, every wave packet can be thought of as a linear
combination of standing waves.) However, the obvious mathematical fact that a linear com-
bination of the solution of the Schrodinger equation is again a solution of the Schrédinger
equation does not have a simple analogy in the newtonian mechanics of a particle.

272 he first eigenvalue A\ is always simple, so we indeed have 0 < A1 < A2 < .... We have
not proved it in this course so far. It is a classical fact which can be found in many books.
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We can use this to write down a formal solution of the initial-boundary value
problem

ur —iAu = 0 in Q xR,
upe = 0 indQ xR, (1194)
u(z,0) = wup(x) .
We write
ug =Y ardy (1195)
k
as in (1192), and set
u(z,t) = Z apdp(x)e Pt (1196)
k
Let us also denote .
Un(z,t) =Y app(z)e (1197)
k=1

Assume ug € L?(Q). Then the function U,, is a smooth function in Q x R,
which satisfies (1194) with ug replaced by

Uom = Y _ ardn(z). (1198)
k=1

Using the notation U, (t) for Uy, (-, t), we have for 1 <m < m’

|Uns () = U @72 = > lanl*,  teR. (1199)
m+1

We see that U, is a Cauchy sequence in C(R, L?(f2)), and converges in this space
to . In particular u € C(R,L*(Q)) and |[u(t)||r2(0) = |Juo||r2(q) for each ¢.
Since each Uy, solves the fist equation in (1194), the function u also solves the
equation in distributions (in 2 x R).

Although the functions U, transparently vanish at 92 x R, the situation with
the boundary condition for u given by (1196) with ug € L? is more tricky.
Let us compare the situation with the heat equation, in which case we should
use the same formulae with e~**** replaced by e~ *+*. In this case, even if the
initial condition wug is only in L2, for any ¢ > 0 the series " axdr(x)e ™+t will
quickly converge to a smooth function vanishing at the boundary.2”> However,
for the sums Y, apdr(x)e "+ is is not obvious in which sense the boundary
condition ug|sn should be attained. The key is to take a good definition of
weak solutions, which will work with the right class of test functions which will
recover the boundary condition in some distributional sense. For example, one
can demand that [; [, u(—p¢ — iAp)dxdt = 0 for each smooth ¢ = ¢(x,t)
vanishing at 02 x R, and compactly supported in ¢. Note the this definition

2731n fact, it still requires some work to show this for a general smooth bounded domain,
but at least heuristically it looks very plausible.
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allows that the normal derivative of ¢ at 9Q2 X R does not vanish, and this can
be used to show that the weak solution satisfy some weak form of the Dirichlet
boundary condition.

With the right definitions, it is possible to prove the existence and uniqueness
of weak solutions to problem (1194) for ug € L?, and show that such solutions
are given by (1196). When ug € Hg (), the situation is much simpler. This
condition can be characterized in terms of the coefficients ay due to the identity

/ [Vuo|* = Ailax]*. (1200)
Q k

An L?(Q) function is in H} () if and only if Y, Ag|ax|? is finite. If ug satisfies
this condition, than u(t) given by (1196) will satisfy it for each ¢, and in this
case the boundary condition ulsqg = 0 will be satisfied in terms of traces, see
lecture 24. The function u will be in C(R, H}(2)) and the uniqueness in this
class can be proved quite easily by using the energy method from lecture 69.
In fact, one can also base the existence theory on the Galerking approximation
which we discussed in the context of the heat equations in lecture 58. Let
us however set these issues aside for now, and look at some properties of the
functions (1197) and (1196), accepting without a detailed proof the heuristics
that these should be the right solutions.

Just as the behavior of the solutions ¢e~*** is characterized by the exponential
decay in t, the behavior of ¢re " ! is characterized by periodicity in t. In
dimension n = 1 the eigenvalues of the laplacian are of the form )\, = rk?
for a suitable x (as we assume that § is an open interval) and hence all the
functions ¢y (z)e =+ are periodic with period T' = 2?” (although this may not
be the shortest possible period). This means that for n = 1 the function u given
by (1197) will be periodic in ¢. This is a significant difference with the case
Q) = R". The explanation is that there is no decay mechanism in the equation,
there is only the dispersion, the fact that wave packets of different frequencies
move at different speeds. In the whole space this does lead to pointwise decay
and smoothing, as the fast wave packets escape to co. In a bounded domain they
stay around and the situation is more subtle. Also, in 2 = R" each wave packet
will eventually disintegrate. It is different in a bounded domain. In fact, in 1d
the solution is always periodic in ¢, so after an initial period of disintegration,
the wave packet will restore its “order”, and the process will periodically repeat
itself.274

When is the situation in higher dimensions?
In general, the sum of two periodic functions is not periodic, as one can see from
the elementary example

f(t) =sint + sin V2t (1201)

274For more interesting properties of solutions in 1d see the paper “Dispersive Quan-
tization” by P. Olver, Amer. Math. Monthly 117 (2010) 599-610, or its online version
http://www.math.umn.edu/~olver/_w/qd.pdf
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Nevertheless, the behavior of this functions “repeats it self” with an error which
can be made as small as we wish, if we wait long enough. More precisely, for
each ¢ > 0 there exists L = L(e) > 0 such that each interval I C R contains a
number 7" which is an e-almost period, in the sense that

lf(t+T)—f(t)]<e, teR. (1202)

Functions with this property are called almost periodic,>™ and can be character-
ized as the uniform limits of trigonometric polynomials.?”® The trigonometric
polynomials themselves (such as (1202), or the functions ¢t — U,,(z,t) in (1197)
for a fixed x and m are examples of quasi-periodic functions, which is a slightly
more restrictive class.

One can consider the same notions also for vector-values functions, including
Hilbert-space valued functions. For example, the functions t — U,,(t) can be
considered as quasi-periodic L?— valued functions (and also as quasi-periodic
H}— valued functions). The general solutions of the Schrédinger equation in
a bounded domain (with homogeneous boundary conditions) is a uniform limit
of the quasi-periodic function U,,(t) in the space C(R, L?(2)) if ug € L?(Q2) or
the space C(R, H3(2)) if ug € H}(Q), and therefore are almost periodic. In
particular, the solution will repeat its behavior, up to a very small error in
the L% norm (for ug € L?(Q2) or the H(Q) norm (for ug € H}(2)). In some
exceptional cases the general solutions can be periodic even in higher dimensions,
if the eigenvalues are integer multiples of some fixed number.?””

It is also worth mentioning the analogy of the kernel (1104) when R™ is replaced
by € and the Dirichlet boundary condition is assumed. Using the notation §
for the Dirac mass at 0, we can formally write for z,y €

6z —y) = Z¢k(x)¢k(y) . (1203)
k
Hence the analogy of (1104) for the problem (1190) is the kernel

K(z,y) =Y or(@)dr(y)e ™" (1204)
k

The series is typically not convergent in a pointwise sense, but it can be defined
as a distribution. Questions about precise regularity properties of this distri-
bution can be quite subtle, depending for example on certain number-theoretic
properties of A\ and ¢ and the exact location of x,y in (.

275Gtrictly speaking, we should say “almost periodic in the sense of H. Bohr”. There are
other definitions, some some of which express the same idea using different norms and are not
equivalent. See e. g. the Wikipedia entry for Almost Periodic Functions.

276The proof is non-trivial.

277 As an exercise you can determine the condition on a,b > 0 under which all solutions
of (1190) Q = (0,a) x (0,b) C R? are periodic.
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Homework assignment 2
due on Wednesday, April 27

Let a € R and consider the operators in R™:

0
Lou = —Au + QGaTZ : (1205)
and
Mou = —Au+ a’u. (1206)

1. Show that for a # 0 the operator M, has a unique fundamental solution 27®

Vo in 7/ (R™).
2. Show that V, is radially symmetric, i. e. it is a function of r = |z|.

3. Show that U, = e**1V, is a fundamental solution of L,.

Optional: Show that U, is not uniquely determined by the requirements L, U, = ¢
and U, € %'(R™), but that every solution v € ./(R"™) of L,u = 0 is a polyno-

mial. For a # 0 and n > 2 the solution U, is the only fundamental solutions of

L, in '(R™) with the property that U,(x) — 0 as z — oc.

4. Calculate U, and V, for n = 1.

5. Calculate U, and V, for n = 3. (In this case it can still be calculated in
terms of elementary functions, which is not the case for general n.)

Hints for the calculation when n = 3:

Method 1: Let V, = v(r). Derive an ODE for v(r) and solve the ODE by using
substitution v(r) = @

Method 2: Use Fourier transformation to calculate V,. The formula for Va(f)
is easy, but the calculation of the integral in the Fourier inversion formula re-
quires some patience. Calculate the integral formally, disregarding that it is not
absolutely convergent. One can do the integral in polar coordinates, integrating
first of the sphere®™, and then over the radius (using the residue theorem).

6* (Optional). You can also investigate the fundamental solution V, for complex
a. Show that the solution is still unique in .%/(R™) when Rea # 0. On the other
hand, for @ = ki with k # 0 we do not have uniqueness. Find the limits of V for
a=1+¢case— 04 and for a =i —¢ as ¢ — 0_. Calculate the difference of the
two limits and its Fourier transformation, and show that the situation has some
similarity to the situation with the fundamental solution of the Schrédinger
equation we discussed in lecture 65, see (1104).28°

278Recall that a fundamental solution of an operator L with constant coefficients is a distri-
bution satisfying Lu = §, where ¢ is the Dirac mass at 0.

279and using the special property of S2 that [g» f(#1)dz = 2 fil f(z1) dzy

280There are also differences. For example, the difference of the two solutions in the present
example will be smooth.
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Lecture 72, 4/11/2011
Today we will continue our discussion of examples with
Example 3

The equation
iug +Au—V(z)u=0 in R x R (1207)

with compactly supported (or at least decaying) potentials V. This situation
is one of the main subjects of a large area of research sometimes referred to
as “Schrédinger scattering”, with many deep results?®' Our goal here will be
mostly to outline some of the phenomena one can encounter here, without going
to rigorous proofs.

For simplicity we will assume that V is compactly supported. Let us first look
at a natural modification of the solutions considered in example 2. Let € be
a bounded domain as before. In example 2 we took V = 400 outside 2 and
V =0in Q. We modify this first to V' = c outside 2 and V = 0 in (2, and then
we subtract ¢ from V (which amounts to replacing u in (1207) by ue®?) so that

V =0 outside Q and V = —c in Q. (1208)

This can be thought of as trying to constrain a quantum particle to the “box” Q)
by finite forces. We expect that, at least when c is large, some of the solutions

u(z,t) = ¢p(x)e” M (1209)

from the last lecture should persist, modulo some perturbation. It is hence
natural to consider the eigenvalue problem

—Ap+Vop=Ap inR" with “suitable boundary conditions at co” (1210)

The choice of the boundary condition is an important point here. For example,
when A > 0 and V = 0, then (1210) has many solutions. Any ¢ for which the
Fourier transform ¢ is a measure on the sphere {|¢|2 = A} is a solution, and
if the measure will have a smooth density with respect to the surface measure
on the sphere, the solutions will decay to 0 as z — oo. It is reasonable to
expect that even when V' # 0, for large A similar solutions will persist. These
solutions are important in their own right and we return to them later, but
solutions analogous to those from example 2 should be more localized, with
faster decay at co. A natural “boundary condition” at co in the context of (1210)
is ¢ € L?, since a quantum particle described by a wave function ug(x) with

281Gee, for example the paper “Schrédinger Semigroups” by B. Simon, Bull. AMS, Vol 7,
No. 3, 1982; the book “Geometric Scattering Theory” by R. Melrose (Cambridge Univ. Press,
1995); or textbooks of quantum mechanics (where the treatment is often not fully rigorous,
but heuristically illuminating).
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Jgn [uo(x)]? dzz < 0o can be thought of as being localized to some area of R"2%2,
Therefore we wish to solve

—Ap+Vp=Ap inR" with ¢ € L2(R"). (1211)

What are the solutions? In one dimension we can take {2 = (—a, ) and calculate
the solutions explicitly. We find that for ¢ > 0 we always have at least one
solution, and as we increase ¢ we add additional solutions, but we have only
finitely many solutions for any finite ¢ > 0.283 The eigenvalues ) for all these
solutions are always non-negative. (In fact in this one-dimensional case they are
strictly negative.) For ¢ < 0 there are no solutions ¢ € L?(R). The situation
for n > 2 is similar, but one cannot rely on explicit calculations to prove it,
of course, and the proofs are non-trivial. When our specific V' is replaced by a
general compactly supported V' which is, say, bounded, the conclusions are still
similar, but it may happen that there are no eigenvalues. (This would be the
case when ¢ > 0 in our example.)

Let us denote by ¢1, ..., the finitely many solutions of (1211) and with the
corresponding eigenvalues A\; < Ay < --- < ...\, < 0.28 Any linear combina-

tion _
u(a,t) = apdp(z)e M (1212)
i
solves (1207) with the initial condition

up = argy. (1213)
k

The solutions (1212) are quasi-periodic in ¢, similar to the solutions U, from the
last lecture, and are localized “near €27 in some sense, decaying exponentially
fast to 0 as x — o0.

Similar conclusions hold for any bounded, compactly supported V in any di-
mension with the understanding that it can happen that m = 0 8% and that

2820ne also ask: does (1210) with V given by(1208) have a compactly supported solution?
It turns out that the answer is no, but with the methods we have studied so far this results is
not accessible. If V' were analytic, we could use the fact that solutions of (1210) with analytic
V' are analytic, which we have not really proved, but we have all the tools to prove it. All one
needs for that is to get a suitable estimate for the growth of the derivatives V*¢ with k, and
this can be accomplished by methods we studied in the first semester. However, when V is
not analytic, a new idea is needed.

283As ¢ — oo and we look on the dependence of a given solution ¢(z,c) on ¢ (with ¢(z,c)
varying continuously in ¢) and the normalization [p, |¢(x,c)|? dz = 1, the functions ¢(z,c)
will converge to eigenfunctions of —A in Q. The situation in higher dimensions should be
similar in principle, but one has to be more careful with the exact formulation in domains
where eigenvalues can have higher multiplicity.

28411 dimension n = 1 we have A\, < 0.

285Under the assumption that V has compact support, this is the case when V > 0. On the
other hand, if V' is only bounded but not compactly supported, with relatively slow decay to
0 at co, one can have infinitely many eigenfunctions ¢, € L?(Q), with the eigenvalues A\ < 0
accumulating at 0.
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the decay corresponding the the eigenfunctions of the eigenvalue A = 0 (if it
exists) will not be exponential.

The solutions ¢re~**** above are called “bound states” in quantum mechanics.
Their main feature is that they do not disperse, they “stay around”, unlike the

solutions of the free Schrodinger equation, which disperse.

In some sense, the bound states represent particles which are “trapped” by the
potential V. One can show that a compactly supported potential V with V' > 0
does not admit such solutions - such potentials cannot trap a quantum particle,
although one easily sees that they can trap a newtonian particle with a positive

energy. (Think of an area surrounded by “walls”.286)

In addition to the bound states, equation (1207) has solutions which are similar
to the wave packets we looked at for the free equation in lectures 67, 68, and 70.
For simplicity assume again that n = 1 and that V' is compactly supported. We
can consider a V' that is given by (1208), but the same considerations are valid
for general bounded compactly supported V and, in fact, for bounded V with
sufficiently fast decay at oo. 287

We imagine that we send a wave packet of frequency ¢ from some location quite
far out on the left of V' towards V. As we have seen in lecture 67, the speed of
the wave packet will be 2¢ (as we did not put % in front of A in (1207). We
assume that the times involved in the following considerations are such that
for the free equation the wave packet would mostly keep its identity and its
dispersion would not yet be significant. What will happen to the wave packet
when it hits the potential V7 It is natural to expect that a part of it will pass
through the potential V' and continue moving towards z = +o00, and a part of
it will be reflected back, and will be moving towards —oo. The frequency of the
reflected wave packet can be expected to be —£. (The “shape” of its amplitude
may be different from the original wave packet. For example, it can come in
“groups”, each representation a reflection from the potential “walls”.) This can
be somewhat visualized by solving the equation

"+ Vi =% (1214)

with a certain prescribed behavior for both large positive « and large negative
x. For large negative x the solution should be a superposition of the stream
of original particles, which we can represent as e’ and the reflected particles,
which we represent as Re %% where R = R(£) is the “reflection coefficient”.
For large positive = the solution should be given by Te*  where T = T(£) is
the transmission coefficient. Thus our boundary conditions for (1214) are

P(z) = e + R(E)e™ ™%, 2<<0, (1215)

and
P(x) =T()e™™,  >>0, (1216)

286 This is related to “quantum tunneling”, the fact that a quantum particle can jump through
a barrier even though it does not have enough energy to do it classically. Radioactive decay
can be often related to this effect.

287TThese assumptions can be relaxed still further.

293



where R = R(§) and T = T(§) are to be determined. One way to produce
such solution is to continue the solution e*® from the right to the left. This
continuation produces for large negative z a solution ae™*® + be’s®. Dividing
this solution by b, we obtain . The solution

w(z,t) = P(x)e e (1217)

of (1207) can be thought of as describing a stationary situation where particles
(or wave packets) at speed & are streaming from x << 0 and are passing through
the area where the potential produces forces. Part of the the particles passes
through the field, and part is reflected back. The motion of a single wave
packet of frequency £ > 0 will of course not be a stationary situation, but the
above solution gives some idea about what will happen. The wave packet will
move towards V at speed 2¢ and what exactly happens when it hits V' can be
complicated in the area where V is supported. Nevertheless, the net result of
the collision (“after the dust settles down”), is relatively simple: a wave packet
moving to the right at speed £ and a wave packet moving to the left, with speed
—&. The shape of each of these wave packets can be different from the original
wave packet.?®® The change of amplitude and phase-shift the the two resulting
wave packets are related the functions T'(¢) and R(£).28% Of course, we still
must not forget that all the time the wave packets are disintegrating dues to
dispersion and radiating away small amounts of energy.

Let M be the finite dimensional subspace of L?(f2) spanned by the eigenfunc-
tions ¢1, ..., ¢, describing the bound states and let Y be its orthogonal com-
plement. Denoting ¢ the functions defined by (1215) and (1216), one can from
“linear combinations” [ 1ep(€) d§ where ¢ is smooth and compactly supported.
The functions from a dense subspace of Y. We emphasize that we now consider
e also for £ < 0, in which case the description of ¢ for £ > 0 does not quite fit.
However, mathematically there is no problem with the definition for £ < 0. All
this is best understood in terms of the spectral theory of the operator —Au+V
on L2. The functions ¢y, are eigenfunctions in the usual sense, and the functions
¢ and 1p_¢ resemble some suitably generalized “eigenfunctions” associated with
the point &2 of the continuous spectrum of the operator, but we must be cau-
tious with such terminology since clearly 14¢ do not belong to L?. Now one
can expect that a general function uy € L? can be written as

w =S auon+ [ueb(€)as. (1218)
k=1

288For example, one can imagine that parts of the original wave packet will reflect several
times back and forth, producing “echos” in both direction.

289These functions themselves are very interesting and encode information about V. They
are studied in detail in Inverse Scattering where we wish to reconstruct V' from how it re-
flects/trasmits waves. This is a very important problem which moreover plays a crucial
role in the theory of certain “completely integrable” equations, such as the KdV equation
Ut + UUg = Ugge. This connection is discussed in any book on Soliton Theory.
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for some ay and b(§), with

/R ol = 3 o + / B[ dpu(€) (1219)

where p is a suitable measure. The solution of the Schrédinger equation (1207)
with the initial condition u(x,0) = ug(z) will then be given by

u(x,t) = apdp(z)e” M + / b(E)be (w)e =1 de . (1220)
k=1

The first term on the right-hand side, representing the “bound states”, is similar
to what we have seen in bounded domains. It will be quasi-periodic and will not
disperse. This is typical for a discrete spectrum. The second term is quite similar
to the formula (1155) for the solution of the free equation. It has some similar
features, we can think about it in terms of the wave packets which will eventually
disperse, except that the motion of the wave packets is more complicated than
for the free equation in R™: they can partially reflect, stay “almost trapped”
by V and be only “leaking to co” relatively slowly??? etc. The behavior of such
solutions does not repeat itself even approximately if we wait sufficiently long,
and this can be linked to the continuous spectrum of the operator —A + V.
General initial data will lead to a combination of these scenarios. Part of the
initial data will be trapped in the bound states and the remainder will disperse.
Although above we had in mind mostly the 1d situation, the results can be
generalized to any dimension, with appropriate modifications.

We see that the behavior of solutions is very rich, and it would take a significant
effort to establish the necessary background in the spectral theory and to study
these effects rigorously.??? Unfortunately we do not have time to go further in
this direction. Nevertheless, I thought it was important to mention these results,
so that we can appreciate the complexity of behavior of solutions involved in
the Schrodinger equation.

290The so called quasi-stationary states, which appear for example when V/ >) by there is a
region with small values of V' surrounded by high values of V' (“walls”).

291 And we are still only talking about V rapidly decaying at co. When this assumption is
dropped, still new phenomena emerge.
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Lecture 73, 4/13/2011

Our goal is to have a closer look at the connection between the Schrodinger
equation and classical motion laws for a newtonian particle. For that it is
convenient to formulate the laws governing the newtonian particle in term of
the Hamilton-Jacobi equations. If you have not seen this formulation of classical
mechanics before, do not worry, we will derive it as we proceed.

We start by recalling some facts about the linear transport equations of the
form
u + a(z, t)Vu + b(z, t)u =0, (1221)

where u = u(z, t) is the unknown real-valued function in the “space-time” R™ xR
(or its subset), a(z,t) = (a1(x,t),...,an(x,t)) is a given time-dependent vector
field in R™, and b(x,t) is a scalar function. All the quantities are assumed to be
as regular as necessary to make our considerations valid.??2The notation aVu

means, as usual, a; % (summation understood).
J

In the formulation (1221), the time variable ¢ is singled out to have a somewhat
special role, as we think of (1221) as describing time evolution of u, and therefore
u; appears with coefficient 1. This will be natural in our context.2?3

Let us first look at the case b =0
us + a(z,t)Vu = 0. (1222)

In this case the equation says that u is constant along the trajectories x = x(t)
given by the ODE

d

ditc =a(z,t). (1223)
These solution are called characteristic curves of (1222), or characteristics.
Equation (1222) simply says that the solution is constant along the charac-
teristics:

%u(x(t), t) =u;+aVu=0 when z(t) solves (1223). (1224)

This immediately suggests a method for finding a solution of (1222) for any
initial condition u(x,0) = wug(x): on a characteristic curve passing through

292The question of finding the right setting for (1221) under minimal regularity assumptions
which still give existence and uniqueness of solutions is important and has been studied, see
for example DiPerna, R. J.; Lions, P. L.; Ordinary differential equations, transport theory and
Sobolev spaces, Invent. Math. 98 (1989), no. 3, 511-547, and also Ambrosio, L.; Transport
equation and Cauchy problem for BV vector fields. Invent. Math. 158 (2004), no. 2, 227-260.

293ne can also consider a more symmetric situation in which the equation is A DU+B = 0 in
R?T1, with A = (Ao, A1, ..., Ap) depending on = = (20,21, ...,2s) and D = (9o, D1, ..., 0n).
In a neighborhood of a point where the field A does not vanish we can always write such an
equation in the form (1222), as the reader can easily verify.
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z define u = wp(x). Uniqueness is also clear and is left to the reader as an
exercise.?%4

Let ¢! be the “How map” of (1223), defined by the requirement that for any
fixed x € R™ the curve t — ¢!(z) solves (1223)2% with the initial condition
@' (z)|t=0 = =. The solution of (1224) with the initial condition u(z,t) = ug(x)
can be written in terms of the flow map ¢* as

u(z,t) = uo([¢'] " (2)). (1225)

The interpretation of (1221) is a simple modification of (1224). We again define
the characteristics by (1223) and solve

%u(m(t),t) + b(z(t), t)u(z(t),t) =0, teR"™ (1226)

If we are given u(x,0) = ug(z) then we choose the solution with u(z(0),0) =
uo((0))-

We see that existence an uniqueness theory is simple (if we have a good theory
for (1223), which is what we assume here). The study of more detailed properties
of solutions may not be easy (depending on the specific question we consider),
since the behavior of the solutions of (1223) can be complicated.

An important example of (1221) is the equation of continuity
Uy + i(a-u) =0 (1227)
t 8xj J o

where a; = a;j(z,t) is considered given.??® The equation is often written as
ug + div(au) = 0. (1228)

We can think of u as a density of some material which moves according to the
velocity field a(z,t), in the sense that the “particle” of the material which is
located at x at time ¢ moves at speed a(z,t). The flow map ¢!(x) defined above
than describes the trajectories of the particles. If we think about u as density

of particles which are moved by the map ¢, then we have for every measurable
OCR”

/¢f(0) u(y,t)dy = /O uo(x) dz (1229)

294We emphasize again that we assume a to be sufficiently regular. The question what is the
minimal regularity of a needed to get good existence and uniqueness of solutions of (1222)
with initial data u(x,0) = ug(z) is non-trivial, and is discusses for example in the papers of
DiPerna-Lions and Ambrosio quoted above.

295We slightly abuse notation in that z in (1223) has a different meaning than z in t — ¢*(x).

2961y equations of fluid mechanics this equation appears as a part of a more complicated
system of equations with both v and a as unknowns, but here we consider a as given.
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for each ¢, which means that
w(¢'(x),t) det Vo' (x) = up(x) . (1230)

Equation (1227) can be thought of as an infinitesimal version of (1229). If we
take derivative of (1230) in ¢, we obtain (1227).

The precise statements one can prove is the following:

(i) If @ and ug are sufficiently regular, than (1227) with initial condition u(z,0) =
uo(z) has a unique solution. This follows from our comments about the more
general equation (1221) above.

(ii) The solution is given by (1230). In view of the uniqueness part of (i), it
is enough to verify that u(z,t) given by (1230) satisfies (1227). This is just a
matter of a straightforward calculation?””.

The property (1229) is transparent if we have (1230), but it can also be derived
directly from (1227). For that we use (1227) to show that for open sets with
smooth boundary the derivative of the left-hand side with respect to ¢ vanishes.

Another derivation of (1227) is based on the identity

d

— | u(x,t)dx = —/ u(a-n)de, (1231)
dt Jo 20

where O is any open set with smooth boundary and n is the outward unit normal
at the boundary. This identity expresses the idea that the change of “mass”
inside O can only be due to the flux of the material through the boundary.

Still another useful point of view is to view (1227) as a dual equation to (1222). If
v(x,t) solves (1222) and u(z, t) solves (1227), then we have, by direct calculation,

d

— u(z, t)v(z,t)de =0. (1232)
dt Jgn

It is not hard to see that the meaning of this identity is essentially the same as
that of (1229).

The equation of continuity preserves the “total mass”:

d

@t e u(z,t)de =0, (1233)

assuming assuming of course that u is integrable (and that a is smooth and
bounded, say). This is a special case of (1229), and also of (1232) when we take
v=1.

297The key for the calculation is the formula d/ds|s—¢ det(A+sB) = Trace (Adj(A)B), where
Adj(A) denotes the adjoint matrix of A. For a non-singular A we have Adj(A) = A1 det A.
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In connection with Schrodinger equation, it is also important to look at equa-
tions of the form (1221) which preserve the L? norm of u. In that case we
require that u? satisfies the equation of continuity,

(u?); + div(au?) =0, (1234)

which suggest that we should take
1
up + aVu + §(div a)u=0. (1235)

Any (sufficiently regular) solution of this equation will satisfy (1235), and there-
fore conserve the L? norm. In general, if we wish to conserve the LP norm, we
take

1
uy +aVu + ];(div a)u=0. (1236)

Note that for p — oo we obtain (1222), which does preserve L norm, so
everything is consistent.

As the next tool for our analysis of certain the Schrodinger solutions, we intro-
duce the Burgers equation. In dimension n = 1 this is an equation for a scalar
function w = u(x,t) which reads

up +uu, =0. (1237)

Unlike other equations we have dealt with so far, this is a non-linear equation.
However in this case it is easy to understand the smooth solutions. (It is different
with weak solutions, where the problems are more subtle, but will not consider
the topic of weak solutions of (1237) in this course.) If we view (1237) as an
equation of the form (1222) with a = u, we see that it say that u is constant
along the characteristics given by w. This means that the speed (or slope) of each
characteristic curve is constant. This shows that a smooth solution of (1237)
with the initial value u(x,0) = ug(z) satisfies

u(z + up(2)t,t) = uo(x). (1238)

If ug is, say, smooth and compactly supported, then equation (1238) defined
u uniquely on some time interval (0,7"), but when ug(z1) > ug(z2) for some
x1 < x2, the characteristic curves originating at ¢ = 0 respectively at x; and
2o will eventually intersect, and we see that the equation cannot have a smooth
solution defined for all ¢.

The expression on the left-hand side of (1237) expresses the acceleration of
particles moving according to the velocity field u(x,t). The equation for the
particle trajectories is

dz
e u(z,t) (1239)
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and hence
d*x
dt?
Equation (1237) then says that the particles are “free”, in the sense that there
are no forces acting on them. Therefore they move along straight lines, which
coincide with the characteristics.

= uy + uuy . (1240)

All the above easily generalized to higher dimensions. In general dimension n

the unknown w is a vector field u(x,t) = ui(x,t),...,u,(z,t) and the equation
is
—_— i— =0 1241
(‘% + U:] 8xj ’ ( )

which is often written as
ug +uVu = 0. (1242)

The expression u; +uVu can again be interpreted as acceleration. The meaning
of the equation is the same as for n = 1. We can again think of “free particles”
moving along straight lines. As before, smooth initial data ug can lead to a
singularity when two particles collide. Formula (1238) can be used without
change.
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Lecture 74, 4/15/2011

The Burgers equation and the linear transport equations we introduced last
time appear naturally in the context of the relation of the Schrodinger equation
and classical mechanics. We will now explain this connection. We start with
the following classical calculation.

The classical mechanics can be considered as a limiting case of the quantum
mechanics when the Planck constant h — 0. Therefore when studying the
relation between the two theories, it is natural to keep h in the equations. We
will therefore write the Schrodinger equation in the form

hQ
il + o Au—Vu=0. (1243)

We will look at particular solutions of (1243), representing certain wave packets.
Our goal is to show that in the limit 2 — 0 the equations of motion for the wave
packet are the equations of classical mechanics. The wave packet we will be
looking at are of the form.

. S(z,t)

u(z,t) = Az, t)e' = (1244)

This is the so-called WKB approximation (after Wentzell-Kramers-Brillouin),
develped shortly after the discovery of quantum mechanics.2’® The functions A
and S are real-valued functions, and they depend of A. In the connection with
the limit # — 0, we can think of A as a smooth suitably localized function which
is significantly away from 0 only in the region where we expect the particle to
be located. The function S determines the phase of u, and is chosen so that V.S
represents the velocity of the particle.2?” The important point is this: we think
of h as very small and therefore the function u oscillates rapidly. However, we
think of A and S as “nice functions” which are not rapidly oscillating. The rapid
oscillations in u are only those which are already transparent in its definition.
We do not expect any additional oscillation in A and S. Therefore, although
rapidly oscillates, we assume we know more or less exactly what the oscillations
are. Substituting (1244) into (1243), we obtain

1 1
S+ 5|vs|2 +V - §h?AA =0 (1245)

and )
At+VSVA+§ASA=0 . (1246)

298For a different approach based on Wigner measures see a paper “Wigner Functions versus
WKB-Methods in Multivalued Geometrical Optiocs” by C. Sparber, P. A. Markowich, and
N. J. Mauser. (Thanks to F. Otto for pointing out this reference.)

299 More precisely, we should talk about momentum rather than velocity, but we assume that
the mass of the particle is 1, so we do not really have to make a distinction in our situation
here. However, it is important to keep in mind that, in general, “velocity” is not really the
most natural quantity in quantum mechanics.
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These equations represent (1243) in the variables A, S. In the limit A — 0 we
formally obtain

1
St+§|VS|2+V:O (1247)

and 1
At+VSVA+§ASA:O. (1248)

The important point is that equation (1247) for S is now decoupled from the
equation for A. Once S is known, equation (1248) is just a linear transport
equation of the type we discussed in the last lecture. It is of the form (1235),
and it says that A is transported along the characteristics given by V.S in such a
way that fRn A? is preserved, or — more precisely — that A? satisfies the equation
of continuity

(A%); + div(VSV(A4%) =0. (1249)

Equation (1247) is more complicated. It has been know in Classical Mechanics
since 1830s, when it was discovered by W. R. Hamilton. It represents another
formulation of Classical Mechanics. It was later used by C. G. Jacobi as a tool
for finding solutions of a number of problems in classical mechanics in terms of
explicit integrals. 300

The connection between (1247) and the classical newtonian
i=-VV(x) (1250)

can be seen for example in terms of the Burgers equation we discussed last time.
We explain this in the next lecture.

In the context of (1250) we usually think in terms of trajectories determined by
its initial data: we are given z, and & at ¢t = 0 and solve (1250) to calculate the
trajectory z(t). In the context of the Hamilton-Jacobi equation (1247) one can
think of certain of families of particles and families of trajectories. We imagine
that at time ¢ = 0 we have at each point = of the space R" a particle with speed
VS(z,0), and that each of these particles moves according to (1250). At a later
time ¢ we look again at a “general point” point x. There will be some particle
at that point, which arrived there from its initial position at time ¢t = 0, which
was most likely different from z. What will be the speed of this particle? It
turns out it will be given by VS(x,t). This may not be immediately obvious,
but we will see that it follows easily from our discussion of the Burgers equation
last time.

3008ee for example the book “Mathematical Methods of Classical mechanics” by V. I. Arnold
for more details.
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Lecture 75, 4/18/2011

We are interested in the connection between the Hamilton-Jacobi equation (1247)
and the Newton law (1250). This can be established in many ways.3’! We
will establish the connection “by hand”, without much discussion the under-
lying contact geometry, which is a very interesting topic in its own right. the
Hamilton-Jacobi equation is

1
St+§\VS\2+V:O. (1251)

Let us denote v = V.S. We consider v as vector field in R™ x (t1,t2). By taking
the gradient of (1251), we obtain

vt +v5v55 + Vi =0, (summation understood). (1252)

The key point (which is at the root of all approaches to the problem) is the
elementary fact that
’UiJ‘ = 'Uj,i (1253)

since v is a gradient. This implies that
VjUji = UjVs (1254)
or, in vector notation,
V(%MQ) =vVu. (1255)
This means that (1252) can also be written as
v+ oV =-VV. (1256)
We have already seen in lecture 73 that
& =v(z,t) (1257)

gives
Z=v +oVv (1258)

and hence (1289) is just a different form of
i=-VV(z). (1259)

The difference is that we usually think about (1259) in connection with indi-
vidual trajectories. On the other hand, equation (1289) can be thought of as
an equation for a field of trajectories, which fill up the space, in the sense that
(locally) there is a trajectory through each point of the space.

301Gee for examples V.I. Arnold’s “Mathematical Methods of Classical Mechanics” for a
geometric approach using based on “contact geometry”, or R. Courant’s ”Partial Differential
Equations” for a related traditional approach based on determining the characteristics of the
equation as intersection of infinitesimally close hyper-planes.

303



The vector field v which solves (1289) is easily determined from the initial con-
dition v(z,0) and equation (1259). For each x € R™ we solve (1259) with initial
position x and initial velocity v(x,0). This gives us a curve t — ¢'(z) rough
each z € R™. Under reasonable assumptions on the initial velocity field v(z,0)
and the potential V(x) the maps ¢' for a smooth family of diffeomorphisms of
R™ for t € (t1,t2) 2 0. Now we define v(z,t) simply by

v(ot(z),t) = %Qﬁt(x), te (t1,t2), v € R". (1260)

We see that (1259) can be used to construct a local-in-time solution of (1289).
Vice-versa, if we have a solution of (1289), we can get solutions of & = —VV (x)
by solving @ = v(x,t).

Our original PDE is not (1289) but it is (1251). We will construct S solv-
ing (1251) with initial data S(z,0) from the solution v of (1289) satisfying

v(z,0) = VS(z,0). (1261)

The key point is to establish that if v solves (1289) and the vector field was
a gradient at ¢ = 0, it will also be a gradient at any other time. For that we
will write the equation for the anti-symmetric part () of the gradient Vuv. The
equation for the gradient Vv is

(V) + oV (Vo) + (Vv)? = -V2V | (1262)

where in (Vv)? we square the matrix Vv by matrix multiplication, and the first
two terms on the left represent the derivative of Vv along the particle trajectory.
Let us write

Vo=Y +Q, (1263)

where Y is the symmetric part of Vv and €2 is the anti-symmetric part of Vo.
Taking the anti-symmetric part of (1262), we obtain

QU+ oV +YQ+QY =0. (1264)

For each trajectory this can be viewed as a first order equation

d
ZA=AWMQ, (1265)

along the trajectory, where A(¢t)Q =Y (¢)Q+ QY (¢). By standard ODE unique-
ness, of Q(0) = 0, then Q(t) = 0 for each ¢ € (¢1,t2). We see that

If v(x,0) is a gradient, then v(x,t) will be a gradient for each t € (t1,%2).

It is now easy to check that the equations
1
VS(z,t) = v(x,t), S+ §|v|2 +V =0, S(x,t)|4=0 = S(x,0)  (1266)

uniquely determine a solution of (1251) in R™ X (t1,t2) with initial condition
S(z,0).
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We conclude that

Under natural assumptions on 'V and Sy = Sy(z), equation (1251) has a unique
regular local-in-time solution satistying S(z,0) = Sp(x). Moreover, the trajec-
tories of the ODE & = V S(z,t) solve Newton’s equation (1259).

Tt is clear from the construction of the solutions of (1251) that — if we wish — we
can solve the equation only in a neighborhood of a given trajectory of (1259)
with the initial condition Sp(z) given only in a neighborhood of the initial point
of that trajectory.

It is also easy to see that the solution may not be well defined for all ¢t. This
can happen when two different trajectories intersect and we have conflicting
requirements for v(z,t) at the point of intersection. 392

Considerations similar to those above can be used to prove the following classical
result, which leads to an important method for integrating the equation of
motion (1259).

Assume that S = S(z,t; «) is family of solutions of (1251) depending smoothly
on a parameter o € (a1, ). Then the quantity

98

F=35

(1267)

is a constant of motion along the trajectories of (1259) given by @ = V.S(z,t; «).

The proof is simple: taking a derivative of (1251) with respect to « gives
F, +vVF =0 (1268)

which is exactly what is claimed.

Let us illustrate the last statement by calculating the classical elliptical trajec-
tory of a single planet orbiting in a newtonian potential V = —%. We assume
the orbit is in the plane z1, 22, and we will work in the polar coordinates given by
x1 = rcos¢, o = rsin¢g. In these coordinates, the Hamilton-Jacobi equation

is
1/0S\> 17085\
St+2(({97"> +2<7%> +V(7“)=0. (1269)

We seek solution S in the form

S=f(r)+M¢— Et, (1270)

3021t is possible to define various generalized notions of solution which are defined globally
and one can still prove uniqueness. (Uniqueness is a key point. The requirement that S is
Lipschitz and satisfies (1251) almost everywhere does not lead to uniqueness, and hence this
class of solutions is too broad.) The relation of these generalized solutions to equation (1259)
is related to variational principles in mechanics. There is a large literature on these topics, the
reader can consult for example the paper “Viscosity solutions of Hamilton-Jacobi equations”
by M. G. Crandall and P. L. Lions, Trans. AMS, 277, No.1, 1983, and the paper “A survey of
PDE methods in weak KAM theory” by L. C. Evans, Comm. Pure Appl. Math. LVII, 445-480,
2004.
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where M, E are parameters (representing the angular momentum and energy
respectively), and f(r) = f(r; M, E) is a function of r depending on the pa-
rameters M, E. Strictly speaking the function ¢ is not well-defined as a smooth
function in R?\ {0}, but let us ignore this issue for now.3*3 Equation (1269)

gives
2 M?
f(r) = const. + / \/2E + o —5-dr. (1271)
r T

The equation

oS
Ea const. (1272)
gives
M
j:/ 2 = dr =—¢+do (1273)
2E + 2 - M2

which is the equation of the trajectory. The integral can be evaluated and the
reader can verify that the curve r = r(¢) given by (1273) is, for a suitable range
of parameters, an ellipse.

We also have oS
aiE = const. (1274)

and this gives the time dependence r = r(t).

The key for this method is to make a good guess for S, such as (1270). For
more examples the reader can check the book of V. I. Arnold quoted above.

3031t can be justified for example by lifting everything to a covering space of R? \ {0}, where
¢ is well-defined, but let us not worry about these details at this stage.
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Lecture 76, 4/20/2011

Now that we have some understanding of the Hamilton-Jacobi equation, it is
easy to see that in the limit A — 0 wave packets moving according to (1243)
should closely follow trajectories given by Newton’s equation (1250). We con-
sider an initial condition wug for the Schrédinger equation (1243) of the form

i S(Jh('m)

uo(x) = Ap(z)e , (1275)

where Ag is a smooth bump function supported in a neighborhood of a point
xo. We choose the initial phase function Sp(x) to be So(z) = £x on the support
of Ayg. We can extend it to a smooth compactly function defined on all R,
but the values outside of the support of Ag will not be important to us, as long
as the function is smooth. We now solve the equation (1247) by the method
of characteristics we discussed in the last lecture. The smooth solution S(x,t)
may be defined only for some time interval (¢1,t3) > 0. For our purposes here
we do not need to solve the solution for x in all space R™, we can find only find
the solution along the characteristic curves emanating from the support of Ayp.
These correspond to Newtonian trajectories starting in the points in the support
of Ay with speed V.Sy = £. As long as none of these trajectories intersect, the
solution S(z, t) is well defined in the region O C R™x R swept by the trajectories.
Note that the behavior of S is quite local: we can define find S(z,t) in O just
from the values of Sy on the support of Ag. (It can still happen that some
trajectory from outside of the support would intersect some of the trajectories
in O, but this effect is not important for in the first approximation which we
are considering here.) Having found S in O, we now turn to equation (1248)
for A. Since S is now given, this is merely a linear transport equation. Its
characteristics are exactly the characteristics we calculated when determining
S. We saw in lecture 73 that this means that A(x,t) is just transport of A along
the characteristics, modified so that |A|? satisfies the equation of continuity

(A?), +div(VS(A)?) = 0. (1276)

We see that A(z,t) can be thought of as the initial bump functions moved along
the newtonian trajectories in such a way that its L? norm is preserved. The
exact solution of (1243) can be expected to be

S(x,t)

u(z,t) = A(z,t) e~ "+ error terms , (1277)

where the error terms approach 0 in the limit A — 0. This can be proved,
but we will not go into the proof at this point. Our goal was to illustrate the
rich structure of the Schrédinger solutions and the connection to newtonian
mechanics, and hopefully the above analysis sufficiently makes this point at
least at a heuristic level.

We now turn our attention to a more detailed look at the function S(z,t) and its
meaning. In the context of classical mechanics, the function S was introduced
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by R. W. Hamilton in 1827, with motivation coming originally from geometric
optics. We will now briefly explain the connection to optics and how it can be
used to understand the meaning of S.

In both optics and mechanics, the function S is related to variational princi-
ples. These principles describe physical laws in terms of minimization of certain
quantities, and S represents the optimal value of the quantity which is mini-
mized. Its derivatives, V.S and S; have obvious meaning: V.S is the velocity3*4
and —S; is the energy. The meaning of S itself is more subtle. Let us start by
a brief explanation of the role of a function similar to S in geometric optics.3%®

Let us consider some material in which light propagates. We assume that the
speed of propagation can depend on the position x. The dependence of the
speed on z is usually expressed in terms of the index of refraction n(x) and the
speed in the vacuum ¢, so that

speed of light at « = (1278)

c
n(x)
We imagine that light travels along curves usually called rays. The equation
for these curves can be derived from the following remarkable principle, often
callen Fermat’s principle.

For two points =,y on a light ray which are sufficiently close to each other, the
light ray minimizes the time light needs to travel from x to y.

A more precise formulation is the following. Let v be any curve joining x and
y. The time T'(v) light needs to travel from x to y along ~ is

T(y):/W di :A”(x/) d, (1279)

C
n(x’) ¢

where dl is the “length element” on the curve (the 1-dimensional Hausdorff
measure).>’0 If 7 is the actual light ray joining x,y, and z,y are sufficiently
close, then

T(7) = inf{T'(v), v joins = and y}. (1281)

In terms of elementary Riemannian geometry, this can be formulated as follows.
Consider a metric given by

gij(x) = c 51']' . (1282)

304We should really say momentum, but recall that we consider particles with unit mass.

305This topic is closely related to the wave equation which we will discuss later, but much
of the theory was developed independently of the wave equations, before Maxwell identified
light with the solutions of his equations of electromagnetism in 1860s.

3061f we think of v as map from [0, 1] into R™, we can also write

1 n S
) = [ M ey as (1250)
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Then the light rays are exactly the geodesic curves of the metric g;;. The
quantity T'(¥) in (1280) is the distance of x an y in this metric. Let us write
T(x,y) for this distance, i. e.

T(x,y) = inf{T(y), v joins z and y}. (1283)

This quantity is defined for any x, y, even if they are not close and the minimizing
curve may not be unique.

The minimizing property (1280) has been known to mathematicians since the
17th century. The important discovery of W. R. Hamilton (around 1827) is that
the function T'(z,y) contains in it all information about the system, and in can
be often used to derive effectively what we need.?°” It is this function T which
is closely related to the function S we studied in the last few lectures. This may
not be immediately obvious, since T is a function of two variables the role of
which is symmetric, which is different from the function S(z, t) above. However,
we will see that T'(z,y) can be used to generate functions of one variable similar
to S(x,t). When we adapt this procedure from optics to mechanics, we will get
exactly the function S(z,t).

307This is a special case of an important principle: if a model is governed by a variational
principle, e. i. some quantity is to be minimized, then the function giving the minimal values
in terms of the parameters of the problem is quite likely to have some significance.
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Lecture 77, 4/22/2011

We will further discuss the function T'(x, y) introduced in the last lecture, (1283).
We assume the function n(z) involved is the definition of 7' is smooth and
positive, with 0 < v; < n(z) < v in R™ for some vy, vo. With these assumptions
one can show that when z,y are sufficiently close, there exists a unique curve -y
minimizing (1283), and T'(x,y) is smooth in both x,y away from the diagonal
x = y. In general, when z,y are not close, we may lose both uniqueness of
the minimizing path and the smoothness of T. Here we will not consider this
situation, and we will always assume that T is as regular as needed. The proof
of the statements above, such as the smoothness of T'(x,y) for x,y close to each
other x # y requires some work. It is a special case of results about geodesics and
the distance function which can be found in textbooks of Riemannian geometry,
and we will not go into it in this class. It is a technical point which of course
needs to be clarified at a certain stage, but for now I suggest that we accept
these properties without proof.30®

We will write T () OT(z.)

T,y Z,Y
oy n, e £, (1284)
where we use the notation V, = % and V, = 6%. To see the meaning of £ and
7, let us consider the minimizing curve v joining z to y and let T'(z,y) = d > 0.
Let us consider the surface ¥ = {z,T(z,z) = d} in the neighborhood of the
point y. It is not hard to see that n # 0, and hence ¥ is smooth near y,
and has a tangent plane L, at the point y. The key point now is that, in our
situation, L, is perpendicular to n with resect to the usual scalar product. This
is immediate from the point of view of elementary Riemannian geometry, as
the metric defining 7'(z,y) is at each point a multiple of §;;. 3°® One can also
verify the statement n L. L, “by hand”, by “blowing up” the picture near y and
showing that if  and L, were not perpendicular, you could find points z on X
close to y with T'(z, z) < d. To see that, one moves along - almost up to y, and
then, very close to y one moves towards X in a direction perpendicular to L,
reaching ¥ over distance just slightly smaller than d. This of course requires a
calculation which would confirm the heuristics, and we leave this to the reader
as an exercise.?'% Once we know that L, is perpendicular to 7, it is cleat that n
coincides with the derivative of T'(z,y) along the minimizing curve « at y, and

we see that
T (z,y) | _ n(y)
oy c

: (1285)

308 The proof is non-trivial and it leads to the consideration of geodesics which are infinites-
imally close to a given geodesics. Such geodesics are best described in terms of Jacobi fields.
If v= = 7¢(s) is a family of geodesics, with each of the geodesics parametrized by s, then
the Jacobi field of the family is X (y(s)) = %\gﬂwg (s). The vector field satisfies a linear
differential equation along ~ (the so called the Jacobi equation), which can be analyzed in
detail. The properties of T' can be studied with the help of the Jacobi equation.

30911 the geometry terminology, the metric is conformal to the Euclidian metric.

3107f the metric gij defining the geodesics is not diagonal at y, then n will be perpendicular
to Ly with respect to the metric g;;(y), and not necessarily with respect to d;;.
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which is known as the eikonal equation. Sometimes it is written as

S R

In a similar way we have

o (1287)

o) _nie)

The meaning of £ = —% is similar to that of 7. It is a vector of size

@ at the point z, pointing in the direction of the shortest path from x to
y. Equation (1286) can be used to find the equation for the geodesics (which
can of course be found also in many other ways). For that we take a derivative
of (1223) in y and get an equation for the characteristics, similarly to what we
did in lecture 75, see eqquation (1289). The geodesics (= the light rays) coincide
with the characteristics. We will look at this in more detail (and for slightly
more general equations) later. For now we will focus on different aspects of the
situation.

So far we have viewed (1284) as equations determining 7 and £ for a given z, y.
We can also fix x and &, and consider them as equations for y and 7, which again
brings us to the equation for geodesics. If both x is restricted to some plain L
and y is restricted to some plane L', then equations(1284) can be thought as
describing some imaging process in which rays emanating from L at x at a given
angle (related to &) will reach L’ at y at an angle related to 1. We see that we
can think of T'(z,y) as describing some optical device.

As noticed by W. R. Hamilton, the above considerations have an analogy in
mechanics. To illustrate the analogy, let us first consider the simple situation
which you probably have encountered at some point in a physics class. Consider
that upper half-space Oy = {x3 > 0} is filled with an optical medium of the
index of refraction nj(x) and the lower half-space O_ is filled with an optical
medium of index of refraction na(z). If a light ray passes from the upper O
to O_, and its angle with the normal (0,0,1) in O4 is a; and the angle with
(0,0,—1) in O_ is ag, then

ke (1288)

sinas  nq

which is Snell’s law, discovered before Fermat’s principle.!! It is more or less
clear that this generalizes to the situation when the boundary between the two
media is a more general surface, if the angles are taken with respect to the
normals at the point where the ray passed through the boundary. 3'2

Let us now replace the light rays by streams of particles. We assume that
particles move in the presence of a potential V' which has a constant value

311 As an exercise you can derive Snell’s law from Fermat’s principle.
3121t is a good exercise to formulate the precise statement and verify it from Fermat’s prin-
ciple.
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V1 in the O, and a constant value V5 in O_. The energy of the particles is
E > max{Vj,V2}. This is an idealized picture in which the force VV acts
only when the particle passes through the boundary, by giving the particle a
“kick” in the direction perpendicular to the boundary. In both O, and O_ the
particles move along straight lines as the force VV vanishes in those regions. If
the particle passes from O, to O_, the component of the velocity parallel to the
normal of the dividing surface will change, whereas the other components will
remain unchanged. The trajectory will “bend”. One can calculate the angles of
the trajectories in O and O_ respectively with the corresponding normals, as
in the case of Snell’s law. An easy calculation shows

SiIlOél _ 2<E — Vg) . (1289)
sin as 2(E —Wp)

This can be easily checked also for the case when the boundary is a more general
smooth surface than a plane, although at this point we do not wish to use any
analogue of the Fermat’s principle to prove this at this point, as our goal is ulti-
mately to derive an analogy of Fermat’s principle in mechanics. We can simply
convince ourselves that for the purposes of this mechanical thought experiment
we can replace the boundary by the tangent plane at the point of impact. We
see that — at least in the above situation — the laws governing the mechanical
particles at energy F are the same as the laws of optics, if we choose the index
of refraction as \/2(F — V). This should generalize to general smooth poten-
tials V' by the following argument. We can approximate V by staircase-like
piece-wise constant potentials of the form V.(z) = x.(V(x)), where x.: R - R
is a suitable step function with step £.3!3 For such potentials the analogy with
optics works as above, and we expect that this property should be preserved in
the limit € — 0. We therefore reach the remarkable conclusion, known already
to Euler®4 around 1744, that

A particle of energy E in a potential field V (x) moves along the same trajectories
as the light rays in a material with index of refraction n(z) = \/2(E — V(z)).

We have not really fully proved it, although our consideration above should be
convincing. We will soon have a more rigorous proof. The optical function
T'(z,y) will have a mechanical analogy, which will explain the meaning of the
function S(z,t) we dealt with in previous lectures.

313For example,if [z] is the integer part of z, we can take xe(z) = £[Z].
314Euler studied the question in connection with the so called Maupertuis’ principle.
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Lecture 78, 4/25/2011

We have seen last time that the trajectories of a particle with energy E in the
presence of a potential V' is the same as the trajectories of light in material with
index of refraction y/2(E — V). Let T(z,y) = T(x,y; E) be the correspond-
ing “optical function”, which we studied in the last lecture.?!® Let z,y be a
sufficiently close to each other and let ¢ > 0. At this stage we consider ¢ as a
parameter the value of which will be specified later. The value of T'(z,y) is the

infimum of
/0 VAE =V @) |5(s)| ds (1290)

over the curves z: [0,t] — R™ with 2(0) = « and z(¢t) = y. We note that (1290)
is a curve integral along the curve z(s) written in a particular parametrization,
but its value is independent of the parametrization, the integral is “geometric”
in the sense that it only depends on the curve traced by z(t), and not on any
particular parametrization. We recall that for a,b > 0 we have

1 1
ab < §a2 + §b2, with equality <= a =5 (1291)

Hence we have

t t
/ V2(E - V)|3]ds < / (E—V+%|é|2)ds, (1292)

0 0
with equality if and only if |2(s)| = \/2(F — V(2(s))) for each s € [0,t]. Now

instead of minimizing the left-hand side of (1292), we can try to minimize the
right-hand side, and see if we can find a minimizer which would satisfy |2(s)| =

V2(E =V (z(s))) for each s € [0,¢]. Since E is fixed, minimizing the right-hand

side is the same as minimizing

t
1
I(2) = / S V() ds. (1203)
0

The equation for the minimizers of I(z) is easily obtained from the condition

, d

I'(z)¢ = Zle=ol(z +2¢) = 0 (1294)
for each smooth ¢ = ((s) with ¢(0) = ((s) = 0. We have

P=-VV, (1295)

which, quite luckily, is exactly the newtonian equation of motion. This is the
celebrated Hamilton’s principle:

315Note that now T does not have dimension of time, since the quantity which is integrated
along curves has the dimension of velocity.
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The newtonian trajectories passing from x to y in time t are exactly the critical
points®16 of the integral 1(z) in (1293).

Equation (1295) implies the energy conservation
1,
§|z| + V = const. (1296)

along the trajectory. For a minimizer of (1293) to be also a minimizer of (1290)
for a given F, the condition for equality in (1291) gives

1
§\z|2 +V =FE along the trajectory. (1297)

This will be satisfied if the constant in (1296) is exactly E. To achieve this, we
must choose the right ¢: it is clear that the energy of the minimizer of (1293)
should be high for small ¢ and just above max{V(z),V(y)} for large ¢, so we
should be able to choose t so that the energy is exactly E. Therefore the
minimization of (1292) should be the same as the minimization of (1293) for a
suitably chose ¢, so that the energy along the trajectory is E.

For any x,y and t we can define
f1
S(x,y,t) = inf/ §|z|2 —V(z)ds, z2(0)=uz, 2(t) =y, (1298)
0

where the infimum is taken over all smooth curves z: [0,¢] — R™ satisfying
the boundary conditions z(0) = z,2(t) = y. The function S is called action in
Mechanics, and plays a role similar to the function T'(z,y) in optics. It contains
much of the information about the system. In comparison with optics we have
one more variable ¢, which stems from the fact that the energy is not fixed
and its value influences the mechanical “index of refraction” /2(E —V). In
some sense, rather then having one optical system, we have a one-parameter
family of “optical systems” parametrized by E. So we should also have a one
parameter family of analogues of optical functions. The variable ¢ is in some
sense dual to the variable E. The relation of T'(z,y) = T(z,y; F) defined above
and S(x,y,t) can be seen from (1292), assuming we choose ¢ so that in (1292)
we have equality:

T(z,y; E) = Et+ S(z,y,t), wheret=1t(z,y,F)or E = E(x,y,t) (1299)
In the case of the free particle (V = 0) we easily calculate

2
/. r—Yy

316We will see later that if ¢ is fixed and z,y are sufficiently close (for the given t) the critical
points are in fact minimizers

(1300)
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and also

|z —y| OT |z —y|? oS
= E)= -, E=E = - . (1301
t=t(z,y, F) 5%~ O (z,y,t) 272 oD (1301)

We will see that similar (and additional) relations are true in general, and that
S(x,y,t) satisfies the Hamilton-Jacobi equation as a function of either y (with
fixed x) or z (with fixed y). Moreover, we will also see that S(x,y,t) in some
sense generates the solutions S(z,t) we considered in lecture 75.
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Homework Assignment 3
due on Thursday, May 12, 2011

Show that the Schrodinger equation iuy + Au = 0 in R™ x R has a bounded
smooth solution u(x,t) with the following properties.

L. sup,epn |VFu(z,0)] <1078 for £ =0,1,...,10%
2. At some time ¢y > 0 we have |u(0, tp)| > 1000.

3. There exists T" > 0 such that for each t > T we have
Supgepn | VFu(z,t)| <1078 for k =0,1,...,10%

Hint: use the fundamental solution and the fact that we can “run the equation”
both backwards and forwards.
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Lecture 79, 4/27/2011

We continue with investigating properties of the function S(x,y,t) defined last
time, see formula (1298). For now we will assume that in the range of x,y,t we
will be considering the infimum in (1298) is attained on a unique curve z(s) on
[0,¢] satisfying the boundary conditions z(0) = z and z(t) = y. We first look at
some simple sufficient conditions under which this is the case. Let us set

t
1
1(2) :/ S V() ds. (1302)
0
The functional I will be considered on the set
Z = Z(z,y,t) = {z € W%(0,1); 2(0) = =, 2(t) = y} . (1303)

The set Z is clearly affine, and hence the notion of convexity of I on Z makes
sense. We also define

Zo = Zo(t) = {¢ € W"*(0,1),¢(0) = ¢(t) = 0} (1304)

We have for any 2z € Z and any ¢ € W12(0,t)

d? t
Teleo T+ = [ 1 - DV(C.0) ds. (130)
If we assume that
ID?V(2,2)(¢, Ol < el ¢eR (1306)
and recall that

t t ,
/ 2 = el¢P? ds > y/ 2, CeZo,  when ™ >ctuv T (1307)
0 0

T
c+v’

minimizer of I in Z, which will also be the unique critical point of I in Z. The
condition I'(2)¢ = 0 for each ¢ € Zj gives the Euler-Lagrange equation

we see that I is convex on Z when t < In this case there will be a unique

P=-VV(2). (1308)

(We first get that the equation is satisfied in a weak sense, but if V' is smooth one
sees easily that z is also smooth, by a bootstrapping argument, see lecture 40.)
Under assumptions (1306), (1307), and assuming V' is smooth, the minimizing
trajectory z(s) = z(s,z,y,t) will depend smoothly on z,y,t. We will not go into
the proof of this statement at this point3'® but we will assume in what follows
that S(x,y,t) can be differentiated as necessary.

317This can be seen for example from the Fourier series. It also follows from the variational
characterization of the first eigenvalue of the laplacian, but we have not discussed this topic
yet.

318 Although the statement is heuristically very plausible, is not completely trivial to prove
it unless one approaches the proof in the right way.
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For the minimizer z of I in Z(z,y,t) we will denote
1
p=20), g=2(t), E=glH*+V(2). (1309)

In other words, the velocity of the minimizing trajectory at x is p = p(x,y,t),
the velocity of the minimizing trajectory at y is ¢ = ¢(«,y,t), and the energy
(which is constant along the trajectory) is E = E(x,y,t).
With this notation, we have the following identities, the first two of which are
analogous to (1284), with the meaning of £ and 1 explained in the discussion
following (1284).
z,y,t T,y,t z,Yy,t

O, Bl 9Seud g gy
Heuristically it is not hard to see why these identities should be true. Let z(s)
be the minimizing curve between = and y. Consider S(z,y + ¢h,t). We will
write the minimizer z.(s) for the trajectory between z and y + ch as

ze(s) = z(s) + (s, €), (1311)

where ((0,¢) = 0 and ((t,e) = h. Let ((s) = ((s,0) = lim. 0, ((s,¢). In a full
proof we would have to prove the existence of this limit, but we will not go into
the details of this step. We note that formally we have

S leo(eC(s,)) = C(s). (1312)

We will again take this formal identity without proof. We have
t
1 .
S(z,y + eh,t) = / §|z(s) +eC(s,¢)|> = V(2(s) +el(s,¢€)) ds, (1313)
0

and taking % at € = 0, we obtain, using integration by parts and (1308),

t
%(g;,,t) h= / 2= VV(2)Cds = 2(t) - C(t) =q - h . (1314)
0
This shows that o5 9
z,Y, _
oy " q. (1315)

The first equation of (1310) can be obtained similarly.
For the last equation of (1310), let us note that

t+1 1
S(z,2(t+7),t+7) = S(m, ) + / S V() ds (1316)
t
Taking a% of this identity, we obtain, using w =q,
oS(z,y,t 1
o + LD vy, (1317)
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which implies the third equation of (1310).

Relations (1310) imply that for each fixed y the function (y,t) — S(x,y,t)
satisfies

1
St+§\VyS\2+V:O. (1318)

The function (x,t) — S(x,y,t) satisfies
1
St+§|VmS|2+V:O. (1319)

We recall that when V' = 0, the function S(z,y,t) is given by the explicit
formula (1300).

We note that formula (1298) will make sense under quite general assumptions
(e. g. when V is bounded from below and continuous) for all (z,y,t), so S(z,y, t)
can be defined globally. However, in general it may not be smooth, even when V'
is smooth and all its derivatives are bounded. Roughly speaking, this is due to
the fact that the minimizing trajectories may not be unique for some (z,y,t).
The function still satisfies (1318) and (1319) in a suitable generalized sense.
The investigation of such possibly non-smooth solutions is the subject of the
theory of wiscosity solutions, see a footnote in lecture 75 for references. The
important fact is that one can establish both existence and uniqueness in this
class of solutions. We will not pursue this topic here.

The functions S(x,y,t) can be viewed from many different angles. For example

e I‘elatl'OIlS 95( t) 85( t) 2()
x7y7 x7y’ — Q
8$ ’ y ( )

can be thought of (under some assumptions) as a transformation

o' (x,p) = (y,q). (1321)

These transformations (which can be defined in more general situations by re-
placing S(z,y,t) by quite general functions F(z,y)) have many remarkable
properties3'® which are studied in symplectic geometry. The particle trajec-
tory (together with the velocity) of a particle starting at x with velocity = at
time ¢ = 0 can be thought of as

(x(t),p(t)) = ¢ (2,p). (1322)
The equations of motion

T=p, p=-VV(z) (1323)

319For example, we have seen that a “gradient graph” {p = Vf(z)} is mapped again in
a gradient graph {¢ = Vg(y)}. As an exercise, you can also check that the transformation
preserves volume. (In fact, it takes the differential form dp; A dx; into the differential form
dg; A dy;, with the summation convention understood.)
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can be though of as an infinitesimal version of this transformation.

The function S(x,y,t) can be also used to generate other solutions of the
Hamilton-Jacobi equation. For example, let us consider the equation

1
F, + 5|VF|2 +V =0, (z,t) € R™ x [0,t;) (1324)

with the initial condition F'(z,0) = Fy(z). (In previous lectures we wrote this
equation with S instead of F', but in this lecture we use S for the function
S(z,y,t) above.)
Let us set

F(x,t) = yienlgn(S(y, x,t) + Fo(y)) (1325)
For each fixed y the function (z,t) — M(y,z,t) = S(y,z,t) + Fo(y) satisfies
equation (1324), and hence F' in (1325) can be viewed as the infimum of a family
of functions which already satisfy the equation. We say that F' is an envelope
of the family. It is easy to see that F' should satisfy the equation: assuming the
infimum is attained at y(z,t) and that y(z,t) can be differentiated in (x,t), we
have

F(z,t) = M(y(z,t),z,t),
Ft(xat) = My(y(ﬂf,t)71’,t)yt($,t) +Mf :Mt7 (1326)
VoF(z,t) = My(y(z,t),z,t)Vey(z,t) + My = M,

where we used M, (y(x,t),z,t) = 0, which is valid at the point of minimum
in 3.320

We also note the behavior of S(x,y,t) as ¢ — 0. It is quite similar to that of
the explicit formula (1300) for the case V = 0. In particular S(x,y,t) — oo as
t — 04 for x # y, while S(z,xz,t) = 0 for each t > 0. In view of this it is clear
from (1325) that at ¢ — 04, the infimum over y is achieved at a point y(z,t)
which approaches z as t — 0, and that F(z,t) — Fy(z) as t — 04. Also, the
condition M, (y(z,t),z,t) = 0 gives

which means that the velocity of the trajectory starting at y is VEy(y).
In the special case V' = 0 we obtain, using (1300), that the solution of
1
F, + §|VIF|2 =0, (2,t)eR"x(0,t1), F(z,0)= Fy(z) (1328)

is given for ¢ > 0 by

2
Flot) = inf (=28

ot (L2 4 Ry, (1329)

320We note that for this it is enough to have a critical point instead of the minimum and the
notion of envelope can be extended to this situation.
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which is known as Hopf’s formula, after Eberhard Hopf. This formula de-
fined F for all ¢ > 0, but we have not investigated in what sense the equation
F, + %|V7¢.F|2 = 0 is satisfied after after VF may become discontinuous (when
characteristics corresponding to different values of VF meet). This topic has
been studied in detail, see for example the textbook “Partial Differential Equa-
tions” by L. C. Evans for an exposition.

In the above we viewed the function S(y,x,t) as a function of x with y as a
parameter. In the formula (1325) the exact nature of the parameter y was not
very important, one can use a similar procedure for any family of solutions
¢(z,t,a) of (1324). Here o = (a1, ..., ) is a parameter, and for each fixed o
the function z — ¢(z,t, ) is assumed to satisfy equation (1324). Assume we
have such a family of solutions. We wish to investigate under which conditions
we can generate all solutions (1324), at least locally, from this family, somewhat
similarly to how we generated F'(z,t) above from S(y,x,t). In that case the
role of o was played by .

Let F(z,t) be a smooth solution of

1
Ft+§|VF\2+V:0. (1330)

Let us try to express the derivatives F; = F,, in terms of the derivatives
¢z, (x,0). At a fixed (x,t) we consider the equations for «

Fl(x,t) = ¢x1 (xvtaa)
Fy(z,t) = ¢u(z,t, ) (1331)
Fn(l',t) : (ZSIH(.T,t,Oé)

As (z,t) is fixed, this is just a system of n equations for the unknown a. If
the equations are to be uniquely solvable for all possible values of F;(z,t) at
least locally, in a neighborhood of some given solution, we clearly should have

n unknowns (ai,...,q,), and Jacobian of the mapping a — {¢, (x, )},
should be non-singular. The Jacobian is
{d)ma]‘ (xataa)}Z]‘:l . (1332)

An n— parameter family ¢(x,t, ) = ¢(x,t,aq,...,a,) of solutions of (1330)
such that the matrix (1332) is non-singular at each point is called a complete
integral of the equation (1330). We will see that — at least locally — a general
solution of (1330) can be expressed in terms of complete integrals.
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Lecture 80, 5/2/2011

Let ¢(z,t, ) = ¢(x,t,1,...,ay) be a complete integral of (?7), as defined at
the end of the last lecture. For a fixed (z,t), we consider the map

a— Vyo(z,t,a). (1333)

The matrix ¢, q; is the Jacobi matrix of this mapping, and by our assumptions
it is non-singular. By the Implicit Function Theorem this means that for & € R™
and p = V,¢é(x, t, @) the mapping (1333) is a diffeomorphism of a neighborhood
of @ onto a neighborhood of p. (We recall that (x,t) is fixed at this point.) In
what follows we will assume that all the relevant quantities take values in these
neighborhoods, so that the map (1333) can be inverted. For typical complete
integrals which can be found “in practice” these neighborhoods can be quite
large, but they do not always coincide with the whole space R™, and therefore
in specific examples this issue has to be kept in mind.

Assume that F' is a solution of (1330). For each (x,t) we solve (1331) for «, so
that we find « as a function of (x,t). We can write o = a(z, t).

We should comment on notation. When we consider « as a function of (z,t) and
we write expressions such as V,¢(z, ), there is a danger of confusion. Does this
expression mean that we first differentiate for a fixed o and only then consider «
as a function of (x,t), or do we differentiate the function x — ¢(z, a(z,t))? Will
use the notation ¢, (x, «) for the former situation and the notation V. (¢(x, «))
for the latter situation in case this ambiguity might lead to a confusion. With
this convention we can write V(d(z, @)) = ¢ (z, @)+ P (z, a)a,. The notation
V:d(x,a) can be used in both ways, and we will only use it when there is no
danger of confusion.

We note that we can use (1330) to infer that, in a addition to V,F = V ¢(x, «)
we also have Fi(x,t) = ¢¢(z,t, ). (Recall that for each fixed o the function
(z,t) = ¢(z,t,a) solves (1330).) Hence all the derivatives of F(x,t) at (z,t)
are “matched”:

Fi(z,t) = o¢u(z,t, ),
Fi(z,t) = ¢g(,t,0), (1334)
Fu(z,t) = oo (2,t0).

As (z,t) varies, @ becomes a function of (z,t), as already discussed. Although
we matched the derivatives of ¢ and F' the values of the functions themselves,
F(z,t) and ¢(z,t; a(z,t), are not necessarily matched. To match those, we need
to use a trivial augmentation of the complete integral: from the n— parameter

family for solutions ¢(z,t, a1,...,a,) we obtain (n + 1)-parameter family of
solutions

d)(x,t,al,...,an)—FaO:¢(x,t,a)+ao. (1335)
As indicated, « still denotes the n—tuple (ayq, ..., ay,), without ag. We can use

ag to match F(x,t) and ¢(x,t, a) + ap simply by setting
F(z,t) = ¢(z, oz, 1)) + ao(x,1) . (1336)
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In other words, for each fixed (x,t) the system (1334) determining « is aug-
mented by the additional eqaution

F(z,t) = ¢(x,t, ) + ap . (1337)

We can think about it in the following way. We wish to use the augmented
complete integral ¢(z,t, ) + ap to match the function F and all its derivatives
with ¢ and its derivatives in x,t at each point. We have n + 2 conditions: the
values of the functions, n spatial derivatives and the time derivative. We have
n + 1 parameters at our disposal, which seems to be one too few. However, we
have relation (1330) between the time derivative of F' and the spatial derivatives,
so the n+2 conditions are not independent - there is one relation between them.
Hence n+1 is exactly the right number of parameters. Therefore, at each point
we can uniquely solve the system of equations (1334) augmented by (1337). The
last equation is of course in some sense trivial, which is why we did not include
ap in the definition of the complete integral.

Considering now a = a(z,t) and ag = ag(z,t) as functions of (z,t) we can take
derivatives of (1337) with respect to z; and ¢ (this time also differentiating «
and «ap) and compare the result with (1334). We obtain

Qo + ¢Olk At = 07 (1338)

and
oz, + qf)ak Oy, =0, (1339)
where in both equation summation over k£ = 1,...,n is understood. The way

we arrived at these equations is the following: we assumed we have a solution
F(z,t) and the complete integral ¢(z, t; o) and from that we found the functions
ag(z,t), k=0,1,...,n. We can now reverse this procedure: we can start with
the complete integral ¢(z, ) and if we solve equations (1338) and (1339), the
formula (1336) will give us a solution F(z,t). In this point of view the complete
integral can be viewed as a function generating a suitable change of variables.
The change of variables is given by

b= ¢>x(93,t, 05)7 ﬁ = _¢a($a t,Ot) s (1340)

and we consider these equations as determining a transformation (which depends
on t)

(z,p) = (a, B) (1341)

In particular, for a given ¢, if o, is given, then z,p are given. The equa-
tions (1338) and (1339) can be re-written in terms of o and 3 as

aot — Brage =0, (1342)

together with
Az, — PrQka; = 0. (1343)
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These equations are considered together with (1340). Roughly speaking, our
goal is to eliminate 8 from (1340), (1342),and (1343), and express « as a func-
tion of (x,t). Equations (1342) and (1343) are best understood in terms of
differential forms and contact geometry.3?! We will not go into these topics
at this point, but we note the following: equations (1342), and (1343) are
purely “geometrical” in the sense that if ay(z,t), Bkx(z,t) is a solution and we
then ay(2'(z,t),t' (z,t)), Br(a'(z,t),t'(x,t)) is again a solution for any diffeo-
morphism

(z,t) = (2'(z,t),t (z,1)) . (1344)

Also, note that they are independent of the choice of V in the equation we
started with. We can in fact write down many solutions of (1342) and (1343)
as follows: let f = f(ai,..., a,) be any smooth function. Then for any smooth
functions aq (z,t), ..., a,(z,t) the function

ag(z,t) = fag(z,t),...,an(x,t))
aq(z,t)

a};(x,t) (1345)
B1(x,t) = fo, (1(x,t), ..., an(z,t))

Brn(x,t) = fo, (1(z,t), ..., an(x,t))

The verification that these solve (1342) and (1343) is a matter of simple appli-
cation of the chain rule. (In some sense, all “generic” solutions look like that,
at least locally, but we will not discuss the details - they are not necessary for
our purposes here.)

The equations for S(x,t) in (1345) can be used to eliminate 8 from (1340).
Substituting for beta from (1345), we obtain from the second equation in (1340)

far(@) = =¢a,(z,t,0), k=1,2,...,n. (1346)

The equation says that « is a critical point (for fixed (x,t) of the function
a = f(a) + ¢(x,t,«). If this equation can be uniquely solved for «, we obtain
the desired expression for o as a function of (z,t), and (1336) together with
the first equation of (1345) then give a solution F'(x,t) of (1324). (Note that
the situation is somewhat similar to (1325), with « playing the role of y and
f(«) playing the role of Sp(y).) The initial condition F(x,0) is related to the
choice of f. It should be emphasized that in many cases we do not expect
that (1346) will be solvable of « globally, but only locally, in some open set. In
that case F'(x,t) will also be defined only locally. The important point about

the transformations (1340) given by (1340) is that the variable « is not just a
function of x, it can “mix” both x and p.

321Tn terms of differential forms, equations (1342) and (1343) have a simple meaning: we
search for integral sub-manifolds of the field of hyper-planes in the (2n + 1)-dimensional space
QQ, X1,y ...,Qn,P1,...,0n given by the one-form dag — Brday.
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We will not go too much further in this direction - we have only scratched
the surface of the large area of contact geometry and the systematical study of
transformations of differential equations. Both these topics were initiated by the
work of S. Lie around 1872. The interested reader can consult for example the
book “Applications of Lie Groups to Differential Equations” by Peter Olver, or
the paper “A Brief History of Contact Geometry and Topology” by H. Geiges,
Expositiones Mathematicae 19 (2001), 25-53.

One can obtain some information about the functions a(x,t) by elementary
means. We have seen — see (1252) — that we have

(¢i)e +¢(¢i); + Vi =0. (1347)

and also (since ¢(z,t, ) solve (1324) for any fixed «)
Git + 0 + Vi =0, (1348)

where we write f;, fi; for fi, and f; ., respectively, and we use the convention
discussed before (1334) concerning whether or not the notation implies differ-
entiating a(x,t) in ¢(x,t,«). Carrying out the differentiation in (1347) and
subtracting (1348), we obtain

Piay Ut + Piay, @jtka; = 0. (1349)
Since the matrix ¢;q, is non-singular by our assumptions, we infer that
apt + Qjape; =0, k=1,...,n, (1350)
which is the same as
age + Fyjope, =0, k=1,...,n. (1351)

This means that the parameters «, = a(x,t) are constant along the charac-
teristics of the solution F'(z,t). The same is true for ay = ap(z,t), and one can
easily establish by calculating ag; + Fiaz, = 0.

The fact that ax(x,t) are constant along the characteristics of the solution
F(z,t) means that each given characteristic of F'(z,t) is also a characteristic of
the solution (z,t) — ¢(z,t, «) for some fixed «, which depends on the charac-
teristic. Using the statement concerning (1267) in lecture 75, we see that the
quantities

Bk = _¢ak (I7taa(xat)) (1352)
are also constant along the characteristics of F(x,t).
We note that the above consideration also imply that once we know the complete

integral ¢(z,t,a), we can determine the characteristics (and hence also the
newtonian trajectories) as follows. We again consider the equations

b= ¢£(x7taa)7 /6 = —gba(x,t,oz) ’ (1353)
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and consider these equations as determining a t— dependent transformation
(z,p) ¢« (a, B) (1354)

If we keep a, 8 on the right-hand side constant and vary ¢ the variables (x, p) on
the left-hand side will move along a curve (x(t), p(t)), where z(t) is a newtonian
trajectory and p(t) = &(t) is its velocity. The initial point z(0), p(0) of the tra-
jectory can be chosen by varying the constants «, 5. We see that the knowledge
of the complete integral of the Hamilton-Jacobi equation enables us to calculate
the trajectories. The calculation of the elliptic orbits of the planetary motion
in lecture 75 was a special case of these principles.

The method of finding the complete integral of the Hamilton-Jacobi equation
remains since its invention by Jacobi in 1830s one of the most powerful methods
for expression solutions of the newtonian (or lagrangian) equations of motion
by means of integrals.

We mention some examples.

An example of a complete integral is given by (1270), (1271), with E, M playing
the role of a,, as. Note that the variables F, M “mix” both x and the velocity p.
If we only consider changes of variables in the coordinate x, one cannot achieve
the simplification.

For the free equation S; + %|VS|2 = 0 we can write down a complete integral
in more than one form. For example we have

1
oz, a) =a-x— §|a\2t. (1355)
Another possibility is a version of the function S(z,y,t) we considered before

e —y)?

Pz, t,y,s) = —s)’ (1356)

Where y plays the role of . Here we have the extra parameter s which can be
used instead of the parameter ay above in augmenting the integral.

In dimension n = 1 we only need one parameter to obtain a complete integral,
and it can be taken to be the energy E. One seeks S(x,t) in the form

S(x,t,E) = —Et + f(x, ), (1357)

The equation for f is

S =BV, (1358)

from which we get

f(z,FE) = j:/\/Q(E —V(z))dz. (1359)
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The role of a; is played by E. The equation

oS dx
By = 3 —t4+ / \/Q(Eii—‘/) = const. (1360)

gives the trajectory x(t).

In general, it is difficult to find complete integrals for systems in dimension
n > 2 in a closed form. Having such an integral means that we can find the
equations for trajectories in a closed form, which is of course difficult in general.
One can prove that a complete integral always exists at least locally, but one
can rarely find it in a closed form.

We will briefly mention the general first-order equations
F(z,u,Vu) =0 (1361)

where u = u(x1,...,2,) and F is smooth function on R™ x R x R™. The partial
derivatives u,, are traditionally denoted by p; and we also write p = Vu. With
this notation, the equation is often written as

F(z,u,p)=0. (1362)

These equations are best understood in terms of the contact geometry we al-
ready mention above. Here we will restrict ourself to some simple considerations,
which nevertheless should give a good idea about the nature of the equation.
Overall, the situation is quite similar to the more special Hamilton-Jacobi equa-
tions such as (1324) which we considered in previous lectures. One difference
is that in the form (1362) the role of all the variables is the same, there is no
distinguishes variable such as the variable ¢ in (1324). The key to understanding
the equation is again in the equations for p; obtained by differentiating (1362).
(There is again some geometry behind these equations, which we will not dis-
cuss.) Taking B%f of (1362), we obtain

0=Fy, + Fuug, + Fp,pje, = Fo; + Fupi + Fp, Dia; - (1363)

This equation shows that the information about p; propagates along integral
curves of the vector field b;(z) = Fj, (z, u(x), p(x)). let us assume that a solution

u is given. Let z(s) be a curve with

dlL’i
=F,
ds pi

Along the curve we have, from (1368)

= By (@, ul@), p(@)) = bi(a). (1364)

dp;
=—F, — F,p;. 1365
Is ; P (1365)

To close the equations, we need an equation for u along the curve (1369). The
equation is

du dx;

2 — oy, =t = pF, . 1
To = e = pify, (1366)
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We have the system

dx; dp; du
= i e —F‘L - Fu I - — Pi
ds P (s : P ds ¥

F,, . (1367)

These equations define an ordinary differential equation for the triple (z,u,p).
Assume that X is an n — 1-dimensional surface in R™ and that the values of u, p
are given for each point « € X, so that F'(x,u,p) = 0 on X. The Cauchy problem
for (1362) consists in finding an extension of u from 3 to a neighborhood of ¥ so
that F'(z,u,p) = 0 is satisfied in the neighborhood. If for some = € ¥ the vector
F,, is tangent to X, then Z—Z and 3—;‘ are given on one hand by the values of u, p
on the surface, and on the other hand by (1367). The two requirements may
not be consistent, in which case the Cauchy problem is not solvable. Therefore
we will consider the Cauchy problem only for the situation when the vectors Fj,
are transversal (not tangent) to ¥ at any point. In this case the ODE (1367)
will give us a system of curves z(s), u(s) in R"™ x R parametrized by the points of
3. In a neighborhood of ¥ these curves will fill up an n— dimensional surface,
and one can show that in some neighborhood of ¥ this surface is a graph of a
function solving F'(z,wu,p) = 0. The details of the proof are quite similar to the
local existence proof for (1251), which we did in lecture 75, and we omit the
details. The procedure also shows that the solution is unique, as at each step is
fully determined by the data, there are no “free parameters”.

Above we assumed that the data on ¥ were both v and p. If only w is given,
we can still calculated the derivatives in the directions tangential to >, which
gives us n — 1 coordinates of p, but it does not give us the derivative in the
direction normal to Y. That has to be determined from the equation. At
each point x € ¥ we know all the tangential components of p and hence the
equation F'(x,u,p) = 0 should can be used to get information about the normal
component of p. The normal component may not be determined uniquely by
the equation - we may have several solution. (This happens for example for the
simple eikonal equation |Vu|? = 1.) If this happens, the solution of the Cauchy
problem is not unique, and if we wich to recover uniqueness, the choice of the
normal derivative at of u at ¥ has to be specified.

The notion of the complete integral is similar to that we have discussed for the
Hamilton-Jacobi equation (1324). A function ¢(z,a) with a = (aq,...,ap) is
a complete integral of (1362) if it solves the equation in x for each fixed «, and

the matrix
¢a1 ¢a11‘1 ce (balx"
¢a2 ¢a2$2 v (bag:r” (1368)
¢an ¢an$1 ce (banxn

is non-singular. The last condition comes about as follows. Assume we are given
a solution u(x) and we wish to match it with the complete integral. At each
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point z we wish to find « so that

Ug, (2) = @, () (1369)
Ug, () = ¢, (z,0).

We have n+1 quantities on the right-hand side, but they satisfy equation (1362),
and therefore we expect that we will need n parameters to match them with
the right-hand side, for suitable a. Matrix (1368) is the Jacobian matrix of the
map

Pz, @)
bz, (7, @)

a— (1370)

b, (T, )
which we wish to be invertible, at least locally. Hence the condition that the
matrix be non-singular. Most of the consideration which we did for the complete

integral of the Hamilton-Jacobi equation (1324) can be extended the above more
general situation, but we will not pursue this topic at this point.

329



Lecture 81, 5/4/2011

Today we start discussing the wave equation
uge — Au =0, (1371)
and also its non-homogeneous version
ugr — Au = f(x,t). (1372)

The function v will be assumed to be a scalar function on some subset of the
space-time R™ x R, with z € R™ and t € R.

Historically, equation (1371) might have been the first PDE studied in some
detail. It appeared in a 1747 paper by d’Alembert, who arrived at it in con-
nection with vibrations of strings. In this context, we imagine that a string
vibrates (with small amplitude) around its equilibrium state in the direction
perpendicular to the string. The quantity u(x,t) denotes the displacement from
the equilibrium at location = and time ¢. For the usual strings, such as guitar
strings, for example, u(x,t) really is a vector in the plane perpendicular to the
string, but we can consider the idealized situation in which the string vibrates
only in one direction, in which case the function u can be considered as a scalar
function. This is the case we will consider.??? The equation arises in many other
situations. For example, it described the propagation of small-amplitude sound
waves in air (and other media). In this case u(x,t) represents the density (or, al-
ternatively, the pressure) at the point x at time t. The wave equation also plays
an important role in the analysis of Maxwell’s equations of electrodynamics. It
is through this connection that the analysis of the wave equation (together with
Maxwell’s equations) and the group of transformations which leaves it invari-
ant, lead to profound changes in the foundations of Physics, culminating with
the special theory of relativity (A. Einstein, 1905) and the general theory of
relativity (A. Einstein, 1915).

There are many ways in which the equation can be arrived at. Let us consider
for example the derivation based on Hamilton’s principle which we discussed in
lecture 78. We consider small oscillations of a string, with u(x,t) having the
same meaning as described above. The variable & parametrizes the string, we
assume z € Q = (a,b). We allow a = —oco and b = oo as a possibility. The
boundary condition at a,b are u(a,t) = u(b,t) = 0. 3?* In the case a = —o0
we can simply assume that u(x,t) = 0 for sufficiently large negative x. A-priori
it is not clear that this is a good assumption - for the heat equation or the
Schrédinger equation the assumption would not work,??* but we will see that

322There is not much loss of generality, since the “general vibrations” can be thought of as
superpositions of the vibrations in given planes.

3230ther conditions can also be considered. For example u(a,t) = 0 can be replaced by
ugz(a,t) = 0.

324When f = 0, it would imply that the solution vanishes identically.
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it works well for the wave equation. (If we were unaware of this, a reasonable
formulation of the boundary condition at z = 0o would be to demand that u
decays to 0 “sufficiently fast” as © — +00.)

In our derivation below we will not much use that z is one-dimensional, we can
also think about € R™ (or a subdomain  of R” with v = 0 at the boundary
of Q, for example). For n = 2 we can think of vibrations of a drum. Note that
both the string and the drum are under some tension when at rest. This is an
important point. One can also consider vibrations of a rod or a plate, but these
are not described by the wave equation.?2°

Considering a prescribed motion u(z,t) (not necessarily a “real motion”), where
Vu is small, the quadratic part of the kinetic energy at time ¢ is given by

1
Ekinctic :/ §P |Ut($,t)‘2d$ 3 (1373)
Q

where p denotes the density of the string/membrane. In principle p can be a
function of x, but we will mostly consider the case when p is constant.

We turn to the potential energy. The terminology in the derivation below will
correspond to the case of the string, n = 1, but some of the considerations
can be made in any dimension, if the terminology is changed accordingly. The
potential energy will be coming from the elastic energy stored in the material
of the string due to tension. Since there is some tension in the string even when
the string is at rest, our potential energy at time ¢ will really be the increase of
the potential between the rest state u = 0 and a state u(z,t) at time ¢. In other
word, we will take

Elastic energy Elastic energy

when v = u(z,t)  whenu=0 (1374)

Epotential =

We imagine that the change in the elastic energy comes from the slight increase
of length of the string when in the state u(x,t). If the change of length is §l
and the tension of the string is P, we have,

FEpotential = P 8l + higher order terms.32¢ (1375)
We have
1
ol = / (V1+|Vu(z,t))? = 1)de = / §|Vu(x,t)|2 dx + higher order terms.
Q Q
(1376)

325The right equation in this case is ust + A%u = 0.

3261f n > 2, then P should be thought of as a kind of stress tensor. If the tension is isotropic
(no preferred directions) then P can be still considered as a scalar (representing the tensor
Pé;;)and 6l in the formula should be interpreted as the increase of area. If the tension is not
isotropic, then P must be considered as a tensor and the formulae become more complicated.
In the isotropic case when P can be considered as a scalar, its dimension is energy per unit
area.
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Hence
1
Epotential = P/ §|Vu(x, t)|? dz + higher order terms. (1377)
Q

When the spatial derivatives of w are small, the higher order terms can be
neglected, and we can take

1
Epotential = P/ ilvu('xa t)|2 dx . (1378)
Q

By Hamilton’s principle, the real motion will correspond to u(z, ¢) for which the
integral

f2 2o 1
I(u) = / Eyinetic — potential dt = / / *P|’Uat (JC, t)|2 - *P|VU(Z‘, t)‘z dz dt
t1 t1 Q 2 2

(1379)
is at a critical point among the functions u with fixed u(x,t;), u(z,t2) and the
prescribed behavior at * — oo (or at the boundary of Q, if a bounded domains
is considered). 327 In other words, the real motion u(x,t) satisfies

d
I'(we = Zle=ol(utep) =0, (1380)

for each smooth ¢ compactly supported in R™ x (t1,t2). It is easy to see, using
the same calculation as in lecture 21 (see (283) and (284)) that this means that

pug = PAu. (1381)

When p is constant, the equation can be brought to the form (1371) by setting
x = /%', Also, equation (1381) is often written in the form

ug = 2 Au, (1382)
with
P
c=4/—. (1383)
P

When c is constant and (1382) is considered in a bounded domain 2, with, say,
the Dirichlet boundary condition at 92, one can express the general solution in
terms of the eigenfunctions ¢ of the laplacian, see (1190), as

u(z, t) = Zk:[ak cos(v/ A ct) + c\l;% sin(v/Ag ct)] i () (1384)

where — at least formally —

Y axdu(z) = u(w,0), Y bidi(x) = ui(z,0). (1385)
k k

327We note that I(u) is not bounded below on the class of u(z,t) we are considering, and
hence we cannot say that I attains its minimum in that class.
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We see that the vibration of a string/membrane can be thought of as a super-
position of harmonic oscillations with frequencies

[\ P
we =/ Are = kT' (1386)

w2 k2

For the case of a string of length L, we known A, = "5~ and hence
P wk
=4/— —. 1387
W oI (1387)

We can also see from (1384) that a general solution almost periodic, similar to
what we have seen for the solutions of the Schrodinger equation in lecture 71.

The formulae (1384) and (1385), together with basic results about convergence
in L? and in H} for the series (1385) also give a solution of the boundary-
initial-value problem consisting of finding a solution of (1382) with u|sq = 0
and satisfying the initial conditions u(z,0) = ug(x), u(z,0) = ui(z). We leave
the details for the reader as an exercise.

We could also consider the Neumann boundary condition % = 0 at 99 (in

which case we use the eigenfunction with the Neumann boundary condition),
or the more general mixed conditions considered in the first semester for the
elliptic problems. The results will be quite similar to the case of the Dirichlet
boundary conditions.

We see that one of the main features of the solutions of (1382) with constant c
in a bounded domain, under quite general boundary conditions, is the almost
periodicity. This is similar to what we saw for the Schrodinger equation in
lecture 71.

The above calculations do not reveal the finite speed of propagation of distur-
bances for the solutions of (1371). This is one of the most important features
of the wave equation which we have not seen in other equations we have con-
sidered, with the exception of the first order equations (such as the transport
equations considered in lecture 73, or the Hamilton-Jacobi equations considered
in lecture 75.

The finite speed of propagation is easily seen in dimension n = 1 for Q = R,
when we can find in a simple way the general solution. We work with (1371),
when c is normalized to 1. Letting ¢ = x —t and n = x + t, and recalling that
n = 1, equation (1371) becomes

gy = 0. (1388)

Assume that u is a distribution satisfying (1388). Wring the equation as

—us =0 1389
877 Ug ) ( )
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we see that there exists a distribution a(§) in the variable £ so that
ue = a(§), (1390)

where we also denote by a(£) the distribution on R? defined by

<a,p >=/ <a,p(-,n) > dn. (1391)
i

Choosing any distribution A of one variable such that A’ = a, we see that

0
51— A©) =0. (1392)

This means that there is a distribution B(n) of one variable such that
u—A(&) = B(n). (1393)
Hence the distribution satisfying (1388) is of the form
w=A(€) + Bn), (1304)

where A, B are distributions in one variable. It is clear that if u is given by a
locally integrable function, then both A and B are given by locally integrable
functions. Going back to the original variables x,¢, we see that the general
solution of
Upp — Uz =0, (z,t) e R xR (1395)
is given by
u(xz,t) = A(x —t) + Bz + 1), (1396)
where A, B are arbitrary functions or distribution (depending on our regularity
requirements) in one dimension.

Let us now consider the natural initial-value problem (“Cauchy problem”) for (1395),
which is the following: given up: R — R and u1: R = R, find u: RxR - R
satisfying (1395), with

u(z,0) = ugp(z), ug(x,0) = up(x). (1397)

This problem is an analogue of the finite-dimensional problem of finding the
trajectory of a particle with given initial position and velocity.

We have not specified any regularity requirements concerning w,ug,u;. It
is enough to assume that all quantities involved are distributions. Substitut-
ing (1396) into (1438), we obtain

up(x) = A(z) + B(x), ui(z) = —A'(z) + B'(z). (1398)

Let U; be a distribution in R with U] = wu; (which is determined modulo a
constant). Then (1439) gives

1 1
A=guo—U1),  B=(uw+l), (1399)
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where U; is only given up to a constant. Hence
1 1
u(z,t) = i(uo(x —t) +ug(z +1)) + g(fUl(x —t)+Ui(x+1)),  (1400)

and we see that the ambiguity of the constant involved in the definition of U
does not cause any problems, as the expression does not change if we change U
be a constant.

Formula (1400) shows that the “initial disturbance” wg,u; propagates with
speed 1. If both ug and uy are supported in an interval [«, 8], then the solution
u(z,t) at time t is supported in the interval [ — [t], 8+ [¢]]. The solutions of the
form A(x —t) and B(z +t) are called traveling waves. They represent profiles
moving at speed 1 or —1 respectively. Unlike the solutions of the Schrédinger
equation, the solutions of the 1-dimensional wave equation exhibit no disper-
sion. The “wave packets” represented by A(z —t) and B(x + t) preserve their
form, they do not disintegrate. In terms of the Fourier variables we have

Az —t) = S / A(€)et&m=E0 g (1401)
27 Jr
and recalling the discussion of the wave packet in lecture 68, we see that the
dispersion relation is w(§) = €. Hence the group velocity is dw/d€ = 1, indepen-
dent of €. In a similar way, the dispersion relation for the wave packet B(x +t)
is w(§) = —¢ and the group velocity is —1, independent of £. We emphasize
that the “no dispersion” picture applies only to spatial dimension n = 1. In
dimensions n > 2 the solutions of the wave equation do exhibit some dispersion.

The finite speed of propagation can also be proved by working with energy and
its flux in space-time. The proof is the same for all n > 1. We consider solutions
u(z,t) of (1371) in R™. We assume that u(x,t) is as regular as needed for the
calculations below. We set

1
e=e(z,t) = §(u? + |Vu|2)7 ¢ = qj(z,t) = —usuy, . (1402)

A direct calculation shows that u;; — Au = 0 implies
er+q5; =0. (1403)

The quantity e represents energy density, and the vector g represents energy
flux. Identity (1403) describes how the the energy density evolves with time.

Lemma

Assume that u satisfies uy — Au = 0 and that u(z,0),us(x,0) vanish in By, g =
{z, |x —xo| < R}. Then u(z,t) =0 for all (z,t) with |x — x| < R — |t|.

Remark

Although in our proof we will assume that u is “sufficiently regular”, the state-
ment remains true if we only assume that u is a distribution. The precise
formulation is as follows. If u is a distribution satisfying u;; — Au = 0, then
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(i) The distributions u(-,t) and wus(-,t) are well-defined for each ¢.

(ii) If the distributions u(-,0) and w(-,0) vanish in By, g, then the distribution
u vanishes in the set {(z,t), |x — 20| < R — [t|}.

One can compare this statement to the uniqueness theorem for the Schrédinger
equation from lecture 69, except that we can only assume that u is a distribution
(and not necessarily a tempered distribution).

Proof in the case when u is sufficiently regular

For regular u the statement can be proved by a simple application of (1403).
Assume zy = 0 without loss of generality and define for 0 < t; < R define

O={(z,t),0<t<ty, x| <R—t} CR" xR (1404)

Let v = (v1,...,Vn, V) be the outward unit normal at 9O (defined everywhere
except for the (n — 1)—spheres {(z,t1), |z| = R — t1} and {(z,0), |z| = R}.
The key point is the inequality

evg +q;v; >0 (1405)

on the “slanted boundary” {(z,t) € 0O, |z| = R —t}, which is easily seen from
the Cauchy-Schwartz inequality. In addition to (1405), we also have (g,e) = 0
on the “lower 1id” {(z,t) € 00, t = 0} of O and (¢,e) - v = e on the “upper
lid” {(x,t) € 00, t=t1} of O.

Identity (1403) shows that

/ q;vj +evg =0, (1406)
00

and by the above observations about the integrand we see that (g, ) - v vanishes
at the boundary, implying that e = 0 on the “upper lid” {(z,t) € 00, t = t1}.
This is true for any ¢; € (0,R), and we see that the first derivatives of u
in O vanish. Hence u is constant in O and since © = 0 on the “lower lid”
{(z,t) € 00, t = 0} of O, it has to vanish everywhere in O. The proof for t < 0
is analogous. This finishes the proof of the statement when u is “sufficiently
regular”.

When we only know that w is a distribution, we can proceed as follows. Let
¢ = ¢(x) be a mollifier in x, with ¢.(z) = e "¢(z/e) as usual. We define

ue = ux P, (1407)

where *’ denotes the convolution in x only. As an exercise, you can show that
ue is smooth. Moreover, assuming that u(-,0) and u(-,0) are well-defined, it is
cleat that u.(-,0) and ue.(-,0) vanish in By, r—.. Applying the above calculation
to u. with R replaces by R — ¢, we obtain the result.

The only remaining issue is to show that u(-,t) and u(-, t) are well-defined under
our assumptions as distributions. This can be seen from the identity

/ ue(z,t0) e (T, to) — uet(z,t0) (2, to) dz = / / ue(prr — Ap) dw dt
n tO n
(1408)
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once we know that we have enough test functions ¢ compactly supported in
R™ X [tg, 00) such that ¢:(z,t) and ¢(x,tg) can be chosen as arbitrary smooth
compactly supported functions of x, with ¢ — Ay compactly supported in R™ x
(to,00). The existence of such test function will follow from our consideration
about the Cauchy problem for general n. (The case n = 1 follows quite easily
from (1400)).
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Lecture 82, 5/6/2011

In lecture 13 we saw that the equation
Au=f (1409)

in R"™ is invariant under the symmetry group of the Euclidean space. This means
that for any symmetry

T:zeR" - Tr=Qx+b (1410)

where @ is an orthogonal matrix and b € R", the laplacian commutes with the
natural action of T" on functions. The action of T" on functions is usually defined
by

(Tw)(z) = u(T™ ). (1411)

The statement that the laplacian commutes with this action means that
ATu =TAu (1412)

for any sufficiently regular function (or, in fact, any distribution). We can also
write simply
AT =TA. (1413)

Let us now consider the situation for the wave equation, which we will write as

0%u

20 Au=f (1414)
One sets
xo =ct (1415)
and
02 02 02
O= - — — — - — = 1416
oz 013 ox? (1416)
so that we can write (1414) as
Ou=f. (1417)
We will use the notation x = (zg,x1,...,%,). (In (1414), when we write u =
u(z,t), we use z for (x1,...,2,) and so, strictly speaking, we have a slight

conflict of notation, but we will see that it will not create problems.)

We are interested in finding the transformations

T:zeR"™ - Qr+beR"™ | with Q aregular (n+ 1) x (n + 1) matrix
(1418)
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which commute with the wave operator (1416).
07 =70. (1419)

It is clear that the condition (1419) will impose restriction only on @, the
translation b can be arbitrary.

Let us look at this question in a slightly more general context. We consider an
operator
82
= ais ,
* 890131;)

where {a;;} is a regular symmetric matrix and summation over repeated indices
is understood. Let us consider a regular matrix ) and the corresponding linear
mapping z — Qz. For a function u = u(x) we will denote Qu the function x —
u(Q71z). We are interested in characterizing the matrices () which commute
with L in the sense that

L (1420)

LQu = QLu (1421)

for each sufficiently regular function uw. (We could also demand this for each
distribution w, it would not make a difference.) As in (1413) we will write

LQ = QL (1422)

when (1421) is true for each w.

We will use the standard notation (x,y) for the canonical scalar product, i. e.

(z,y) = z3y; - (1423)

Lemma

With the notation introduced above, the following conditions are equivalent
(i) LQ = QL

(ii) The quadratic form x — (A™'z,x) is invariant under Q, in the sense that
(A~1Qz,Qx) = (A~'x,x) for each x.

(iii) The quadratic form x — (Az,x) is invariant under Q° (the transpose ma-
trix), in the sense that (AQ'x, Q'z) = (Az,z) for each x.

(iv) QAQt = A.

The proof is elementary and is left to the reader as an exercise. The reason
that A=! appears in a natural way is obvious if we start distinguishing the
upper and lower indices, writing vector coordinates with upper indices, co-vector
coordinates with lower indices, and summing over repeated indices only when
one of them is an upper index and the other is a lower index. (This is the full
Einstein convention.) In this notation we should write

z=(x",x,...,Tp), (1424)



so that coordinates have upper indices. The partial derivatives of a function

ou

— 1425
ot Y ( )
are co-vectors, and should be treated as lower indices. The operator L should
be written as
Lu = a" O = auy; (1426)
Oxi0xI e

with upper indices in @*. This correspond to the quadratic form on co-vectors
(607 gla s 7£n) given by

L(€) = aV¢¢; (1427)
which appears naturally when we take the Fourier transformation
Lu(§) = —a&¢;a(8) = —L(€)a(e) . (1428)

(The Fourier variables £ are “dual” to . As x are vectors, £ must be considered
as co-vectors, so that the expression ¢ - z in €¢'® is dimension-free.)

On the other hand, a* does not define any natural form on the x’ as these
have upper indices. To be able to act on z* in accordance with the full Einstein
convention rules, we must “lower the indices” of a* to a;j, which corresponds
to taking the inverse matrix. The dual role of the Fourier variables is also seen
from the formulae

Qu=Q', LQu(&)=—L©)a(Q'), QLu(¢)=—L(Q'€)a(Q%) (1429)

which immediately imply the equivalence of (i) and (iii) in the above lemma,
although this proof probably cannot be considered as elementary proof. (The
elementary proof mentioned above is based only on the chain rule and a simple
manipulation of matrices.)

For any given A as above the set of all @ satisfying one of the equivalent con-
ditions of the lemma form a group. These groups have been studied in detail in
geometry. The A relevant for the wave equation is

1 0 0
A— o -1 ... O (1430)
0 0 -1

and the corresponding group of matrices @ is called the Lorentz group. (Note
that in this case we have A = A™1))

Let us look at the Lorentz group in more detail in the 14 1 dimensional space-

time R'*1, in which case it is usually denoted by O(1,1). We have four obvious
elements of O(1, 1), the matrices

( S > . (1431)
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From the point of view of the wave equation these transformations tell us that
that if u(x, z1) solves the wave equation, then u(+xg, £x1) also solves the wave
equation. This is not a surprise. Less obvious transformations in O(1,1) are
given by the following matrices

cosha sinha
Q) = ( sinha cosha > ’ @ EeR. (1432)

We note that
Q01)Q(a2) = Qon + az2) (1433)

and we see that the matrices Q(a), @ € R form a group, often denoted by
SOT(1,1). As an exercise you can show that the group O(1,1) has four con-
nected components, one of them being SOT(1,1) and the other three being

( (1) _(1) )So+(1,1), ( 7(1) (1) )so+(1,1), ( *é _(1) >50+(1,1),

(1434)
The situation is somewhat analogous with the orthogonal group O(2), which
has two components: the component SO(2) parametrized by

R(a) = < cosar msima > ., acR. (1435)

sin « CcOoSs «

and the component

( (1) | >50(2). (1436)

The group SO (1,1) is from many points of view the most interesting part of
0(1,1).

The reader can check that writing x = Q(«a)z’, going back to the original
variables (z1,t) and (x],t'), and setting v = ctanh @ we obtain the classical
expressions
x) + ot! i+ 5
xlzL, b= — (1437)

122 v
c2 c?

Returning to the notation & = (zg,21) = (ct,x1), and defining * — 2’ by
x = Q(a)z’, the reader can also verify that the action of Q(«) on the general
solution (see (1396))

u(z) = A(z1 — x0) + B(x1 + x0) (1438)

Qu(z) = Az —z() + B(z) +xp) = A((w1 — z0)e®) + B((z1 +xo)e™ ) (1439)
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We see that the new solution is still a composition of the right-moving and
left-moving wave packets (as it must), but the energy of the right-moving wave
packet increased (and it became more focused, with higher frequencies), whereas
the energy of the left-moving wave packet decreased (and it became de-focused,
with lower frequencies). At the same time, both wave packets still move at
speed c.

The Lorentz group of the space R"*! is denoted by O(1,n). It has again four
connected components. The connected component containing identity is de-
noted by SO*(1,n). It obviously contains the rotations in the (z1,...,x,)

variables (which do not “mix” z¢ with (z1,...,2,)) and the transformations
generated by matrices (1432) in the (x¢,21) plane, which “mix” xg,x; while
leaving s, ..., 2z, unchanged. (The latter symmetries are sometimes called

Lorentz boosts.) These two types of transformations generate the whole group
SO™T(1,n), and hence, in some sense, there is no new type of symmetries in com-
parison to what we have seen in dimension 1+ 1 and rotations in R"”. However,
the two types of symmetries - rotations and boosts - interact in a non-trivial
way, and therefore the group structure of SO (1,n) is interesting.32®

So far we have viewed the Lorentz group as a convenient tool to generate new
solutions of the wave equation from the old ones. Historically, the significance
of the Lorentz group for the Theory of Relativity and our understanding of
the notions of space and time appeared in a context which is related to the
above considerations, although the main point was not in the mathematics itself,
but rather in its interpretation in the context of experimental observations of
phenomena described by Maxwell’s equations (which are very closely related to
the wave equation).

The equations of classical mechanics are invariant under galilean coordinate
transformations

t=t, z=12"+ot. (1440)
Here we think of (z,t) as a “stationary” coordinate system,2? and (2/,t') as a
system which moves with respect to the stationary system at a constant speed v.
The notions of time and space are at first assumed to be the same “obvious”
notions which have been used already by Newton. Assume we have some scalar
physical quantity u(z,t) which satisfies the wave equation

0%u
c20t?

in the stationary system (z,t), with ¢ a constant independent of (z,t). The
observer in the system (z’,t") can follow the same quantity u, but u will now

—Au=0 (1441)

3281n fact, as a group SO (1,n) can be identified with the identity component of the group
of symmetries of the n—dimensional hyperbolic space. This can be seen by considering the
action of SO (1,n) on the hyperboloid z3 — 2% — ... 22 = 1.

329The notion of “stationary” is only relative, even in classical mechanics, and we use this
term only to make the description easier.
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depend on the coordinates (z,¢'). The quantity u expressed in the coordinates
(2/,t") will be a new function u’ of (', t'), which is related to the original function
u(zx,t) by

u' (2 ) = ulz’ +ot’ ). (1442)
The equation satisfied by «’ in the (2’,t") coordinates will be
o w0\,
Tk —Agu' =0, 1443
(cat’ c 81‘%) “ “ ( )

which is different from the wave equation (1441). By observing the quantity u
in the system (z/,t"), we will be able to determine v and see that the coordinate
system (z’, ') is in motion. For example, in dimension n = 1 the general solution

of (1443) will be
u (@ t) =A@ — (c—v)t') + B(a' + (c+v)t'), (1444)

and we see that when v # 0 the wave packets traveling in one direction have a
different speed from the wave packets traveling in the opposite direction. The
stationary system (z, t) will have a special status among all the systems obtained
from it by galilean transformations, in that it will be the only system where u
satisfies the wave equation. (In dimension n = 1, it will be the only system
where the wave packets have the same speed in both directions.) The situation
just described arises for example when we observe oscillations of a long string
while moving along the string at constant speed. In that case we will see exactly
the solutions described by (1444).

Not so long after Maxwell found the complete equations of electrodynamics in
1865, it was realized that a similar situation should occur with Maxwell’s equa-
tions. By watching carefully various electromagnetic phenomena, one should be
able to identify among all the systems related by galilean transformations the
one system which is “truly at rest”. The experiments are not easy due to the
smallness of the ratio v/c for velocities v available for the experiments and the
speed of light ¢. During 1880s physicists designed ingenious experiments which
were sufficiently accurate. However, the conclusion from these experiments con-
tradicted the prediction about the existence of a special system at rest. There
were no terms equivalent to the term with vy /c in equation (1443). It appeared
as if the right equation in any (inertial) system was exactly the wave equation,
as if the transformation between the systems (x,t) and (2/,¢) was not given
by (1440), but rather by (1437) (assuming the motion was along the x;—axis
and the transformation of the coordinates xo, x3 was trivial: zo = ), =3 = z5.)
As the coordinate system is not intrinsic (it is always somewhat artificially
chosen by the observer), this required a careful re-examination of many notions
about coordinate systems and time, which had been up to then taken for granted
without much analysis, based on some intuitively plausible expectations. The
conclusion from these investigation®3° is that the correct transformation be-

330formulated in a definite form in 1905 in the famous paper “On the Electrodynamics of
Moving Bodies” by A. Einstein, available online at
http://www.fourmilab.ch/etexts/einstein/specrel /specrel.pdf
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tween inertial coordinate system is indeed (1437). Moreover, the laws of the
Classical Mechanics have to be adjusted so that they become invariant under
these transformations too, rather than under (1440).

Our next task will be to derive the fundamental solution of the wave equation
and representation formulae for general solutions.
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We start our study of the fundamental solutions of the wave equation by estab-
lishing some useful technical fact about distributions. We will see that in higher
dimensions the fundamental solutions of the wave equation are distributions
which are not given by locally integrable functions, and the technical points
which we now establish give a quite transparent way to express the various
formulae we will be dealing with.

Let Q C R™ be an open set and
$: Q>R (1445)
be a smooth function. Let u € 2'(R) be a distribution. When can
wog € 7'(Q) (1446)

be well-defined in a natural way? Some assumptions are clearly needed. For
example, when ¢ takes on a constant value c on a set E C () of non-zero measure
and v is a locally integrable function which is not well-defined at ¢, then u o ¢
is not well-defined.

Assume for a moment that w is sufficiently regular and let ¢ € 2(Q2). We

have the following formula, which is a special case of the more general co-area

formula®3!.

[ ue@Ivo@let)ds= [uw) [ p@anrtwdy
Q R o~ (y)
where H" ! is the (n — 1) —dimensional Hausdorff measure, and ¢~!(y) denotes

the set {z € Q, ¢(z) = y}. If V¢ does not vanish in 2, we can write

= U T # n—1 T
Jeane@ar= [ue) [ o) oot @ dy. o

Here and below we use the convention that an integral of any function over an
empty set is always 0. Letting

o(y) = x 1 x

and considering the map
=9, (1450)
formula (1448) suggests defining u o ¢ by
<uop,p>=< u,p > (1451)

for any distribution v € 2’(R). For this definition to work, we need to verify
that ¢ — @ is a continuous map from 2(Q) into Z(R). This can be seen from
the following formula

331Gee for example the book “Geometric measure theory” by H. Federer, Theorem 3.2.12
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Lemma

In the situation above, let L: 2(Q) — 2(Q) be defined by

. Vo

Ly =div ( ap) . 1452
Vor (1452)

Then d
—3=Lop. 1453
g =Ly (1453)

Proof
For any smooth v: R — R we have

'@ = fvx~sz: v(o(x x)dx
[ == [ —vitot)) o ww)de = [ v Leta) s, (454

which proves the statement of the lemma.

Using the lemma it is not hard to show that under our assumptions on ¢ the
map ¢ — @ continuously maps Z(£2) into Z(R). We leave this to the reader as
an exercise.

Remark: Formulae (1448) and (1449) do not look very “intrinsic”, in the follow-
ing sense: the left-hand side of (1448) depends on  with the Lebesgue measure
and the map ¢. However, the right-hand looks much more “metric” - the def-
inition of both H"~! and V¢ uses quite more than the Lebesgue measure and
¢. The function ¢ can be defined in a more intrinsic way as

_4d
dy Jon{p<y}

¢(y) o(r)d. (1455)
This definition involves only the same objects as on the left-hand side of (1447).
An alternative way>3? to show that (1455) is (under our assumptions) a smooth
function of y is by a suitable change of variables. First, we note that writing ¢
as a finite sum of functions with small support, we can assume without loss of
generality that ¢ is supported in some ball B where the gradient V¢ is “almost
constant”. In B we can introduce new coordinates zi,..., 2] so that 2} = ¢

(in B). In the new coordinates we obtain

2(y) :/ oy, b, ..., 20 VA(y, @y, ..., 20 dxly . .. dx!, (1456)
B

for some suitable smooth function A (which is related to the Jacobian of the
transformation = — 2.

332Gee for example Section 6.1 of the book “The Analysis of Linear Partial Differential
Operators I” by L. H”ormander, Springer 1983.
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We see that formula (1451) indeed gives a good definition of the distribution
u o ¢. Moreover, is is easy to see that the definition agrees with the usual
meaning of u o ¢ when u is a locally integrable function. It is also easy to check
that the usual formulae remain valid. For example, one has

V(uo¢) = (Vu)(d(x))Ve. (1457)

Example 1

Let us use the usual notation ¢ for the Dirac mass on R (located at 0). Then
§ o ¢, which also will be written simply as §(¢(z)) is the measure dH"~1/|V¢|
restricted to the surface ¢~1(0).

Example 2

Using the same notation as in Example 1, the distribution ¢’(¢(x)) can be
identified with the distribution ‘g—%vww(gg))). It can also be identified with

Wé@(m)) as long as ¢,, # 0.

Let us now return to the study of the fundamental solutions of the wave equa-
tion. We will use the notation
0? o2 0? 02

A= — — 2 ... _ — (1458)

H= o otz 0x3 Ox?

The equation for the fundamental solution is

Ou(x,t) = 0(x,t), (in R™ x R) (1459)

where § = §,,41 is the Dirac at 0 mass in R” x R. One can also consider the
initial-value problem

Ou(x,t) = 0 in R* xR,
u(z,0) = 0 (1460)
u(x,0) = d(z), with § = J,,, the Dirac mass in R™.

which — as we will see — is closely related to (1459), although the solutions
obviously cannot be identical (with one giving ¢ and one giving 0 as the right-
hand side). We recall the remark in lecture 81 that for a distribution u(x,t)
satisfying Ou = 0 in R™ x R the distributions u(z,0) and u:(z,0) are well-
defined, see (1408).

Another natural initial-value problem is

Ou(x,t) = 0 in R" xR,
u(z,0) = () with § = §,,, the Dirac mass in R". (1461)
ur(z,0) = 0,
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The Fourier transform of a tempered distribution in the space-time R™ x R
will be denoted by @, and the Fourier variables will be denoted by (&, 7), with
&= (&,...,&), so that we have

u(g, ) = /]R Ru(x,t)e_i&_”t dx dt . (1462)
nx

For distributions this identity is only formal, and we define @ by formula (686)
from lecture 47.

By the uniqueness lemma in lecture 82 and the remark after it we know that the
solutions of problems (1460) and (1461) respectively are unique. On the other
hand, equation (1459) has many different solutions, as the equation Ou = 0 in
R™ x R has many different solutions. This can be seen for example by looking
at the equation for the Fourier transform. In the Fourier variable the equation
Ou = 0 becomes

(-2 4+ &+ +)a=0. (1463)
Any measure p supported on the “light cone”
O:{(€7T)a7-2_§%_"'_£72z:0} (1464)

is provides a solution 4 = p of (1463) and if the distribution p is tempered, its
inverse Fourier Transform gives a solution of the free equation u = 0.

Above we considered Lorentz transforms @ in R™ x R and use the notation Qx
with = (zg, 21, ...,2,). We now slightly change our convention and will write

Q:R"XR—-R"xR, (x,t) = Q(z,t) . (1465)
The action of @ on functions is defined again by
Tu(z,t) = uw(Q ! (x,1)). (1466)
This extends naturally to distributions by
< Tu,p >=<u, T o>, (1467)

where we have used | det Q| = 1, which is satisfied for any Lorentz transforma-
tion. We will also use the term Lorentz transformation for the transformation
T on the distributions and can identify it with the matrix Q.

It is easy to see that for the Dirac mass 6 = §(z,¢) in R™ x R we have
T6=14§ (1468)

for any Lorentz transformation, and since we also have TUJ = 0T, the solutions
of (1459) are invariant under Lorentz transformations: if u is a solution, so is
Tu.

348



One can also consider the question whether the problem (1460) or the prob-
lem (1461) are invariant under Lorentz transformations. It is quite easy to see
that then cannot be invariant under the full Lorentz group, but it makes sense
to consider the invariance under the subgroup O"(1,n) of Lorentz transforma-
tions consisting of the transformations preserving the direction of time. As an
exercise, you can consider this problem, which is not as obvious as the invariance
of (1459). We will return to this question later.

We can add additional conditions on the solution which will enforce uniqueness
for (1459). Natural cases to consider are

(i) w vanishes for t < 0. (More precisely, the distribution w vanishes in the open
set R x (—00,0).)

In this case the solution u is uniquely determined by the uniqueness lemma in
lecture 81 and the remark following it. We will denote this unique solution by
G™. Strictly speaking, we have not yet proved that G* exists, but we will see
shortly that this is indeed the case. We note that since (1432) is invariant under
the Lorentz group and condition (i) is invariant under its subgroup O*(1,n)
consisting of the Lorentz transformation which preserve the direction of time,

we must have
TG =G, TeO(1,n). (1469)

Note that the uniqueness lemma also implies that G must vanish outside the
convex hull of the positive light cone

Ct ={(x,t), * =23 —---—22 =0,t>0}. (1470)
We will use the notation
C* = convex hull of CF = {(x,t), t> —a? —--- =22 >0,t>0}. (1471)

We will see later that for n = 3,5,... the support of G is exactly C*Lwhich
is not obvious at this point. For n = 1,2,4,6,... the support of G is CT.

(ii) u vanishes for ¢ > 0.

This situation can be mapped into (i) by using use the transformation u(z,t) —
u(z, —t). The solution (if it exists) must be unique and will be denoted by G~.
We have

G (z,t) = Gt (z, 1), TG~ =G, TeO"(1,n). (1472)

The solutions Gt and G~ can be combined to obtain additional natural solu-
tions.

(iii)
G = %(G* +G7) (1473)
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This is a solution of (1459) which is invariant under the full Lorentz group and
is supported in C = C*t U C~. One can show that these properties determine
G uniquely.333

One can also consider the function
K=Gt-G~. (1474)

As OG*T =0OG~, we have
OK =0. (1475)

Also, K is supported in the C' and is invariant under Ot (1,n). We will see
later that K is the (unique) solution of (1460). Once we know that K is a
solution of (1460), it is easy to see that the time derivative K; of K is a solution
of (1461).334

In addition to the four functions G*,G~, G, K there are other distinguished
solutions of (1459), such as the so-called Feynman propagators used in the
quantum field theory. We will encounter them later, they will appear naturally
in connection with some of the methods used to calculate the fundamental
solutions above.

We now turn to the task of calculating some the above solutions. The calcu-
lations are all classical and can be found in a number of textbooks. There are
several methods which can be used. We mention the following.

(a) Fourier transformation in .

(b) Fourier transformation in (z,t).

(¢) Analytical continuation from fundamental solution of the euclidean laplacian
82 6‘2 82
w2 o T T aar

(d) Reduction to an ODE by the use of the Lorentz invariance.

(e) The method of spherical averages (in odd dimensions) combined with the
method of descent for even dimensions.

We will first briefly consider the Fourier transform in z. For this method we
will write

8(x,t) = 8(x)8(t) (1476)

3331t can be done with the tools which we have, but it is somewhat more difficult than the
uniqueness in (i) or (ii).

334The only part of this statement which is not immediate is (Kt)¢(x,0) = 0. To see this,
we note that — assuming K solves(1460) — we have K¢t (x,0) = AK(z,0) = A0 = 0.
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and consider take the Fourier transform of (1459) in z. Let 4(&,t) be the Fourier
transform of u in . Equation (1459) gives

(€, 1) + €7 A€, t) = a(t). (1477)

To calculate G, we solve (1477) with the “boundary condition” @(€,¢) = 0 for
t < 0. One can easily find the (unique) solution. It is given by

sin([¢]t)
a(é,t) = { H 20, (1478)

0 t<O0.
This gives the spatial Fourier transformation of G¥.

The space-time Fourier transformation of G must obviously be equal to —T%HEIZ

away from the set {—72 + [£|? = 0}. If one solves the ODE (1477) (taking into
account the condition that @(,t) vanishes for ¢ < 0) by using Fourier transfor-
mation in £, one obtains

1

é?,:..i—" s(t% —|€?). 1479
(€7) =pv. e — s o ). ()
In a similar way
— 1
G=(&T1)=pV. ——— i si S(t% —|€]?). 1480
(€7) =p¥. e + s o ). (1480)

We also note that — taking the spatial Fourier transformation of the prob-
lem (1460) — we obtain the initial-value problem

(&, t) + |EfPa(ét) = 0, teR,
u(€,0) = 0, (1481)
at(évo) = 1.
The solution is )
a(e,t) = Slngg't), teR. (1482)

We see that the solution of (1460) coincides with Gt for ¢ > 0. Denoting by
0(t) = £0,00)(t) the Heaviside function, we can express that by the identities

G (z,t) = K(z,0)0(t), G~ = K(z,t)(—0(—1)). (1483)

This is an illustration of the Duhamel’s principle which we discussed in some
detail in lecture 53 in connection with the heat equation. Relations (1483) also

imply
Gl t) = %K(x,t)sign (). (1484)
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We see from this that K is invariant under the subgroup O (1, n) of the Lorentz
group.

One can see this from looking at the Fourier transform of K, which can be
calculated from (1479), (1480), and (1474) as

K(&,7) = —2misignT 6(7% — [¢]?). (1485)

We now discuss the Fourier inversion of the distribution (1482). We will assume
t > 0. Letting p = ||, we have

1 sinpt e,
u(z,t) = @) /n 5 e'sT dg . (1486)
Note that Example 1 in lecture 48 shows that for n = 1 we have u(z,t) =
€ (@) = 3(0(x —t) + 6(z + 1)), as one can also obtain from our discussion
of the case n = 1 in lecture 81, see (1400). If you have done the optional part of
homework 2, you will also notice that the case n = 3 is easy: in that case u(x,t)
will be the rotationally invariant measure of the sphere of radius » = ¢ whose
total mass is ¢. This can also be written as u(z,t) = ;1-6(¢t—|z|). Independently
of the relevant part in the homework assignment 2, you can check the last result
simply by calculating the Fourier transform of u(z,t) in the variable z, it is not
a hard calculation.

For general n = 1,2,... we can still calculate the inversion (1486) in a relatively
straightforward way. If we do not use additional tricks, the calculation is perhaps
a little tedious, but we outline the main points, just to illustrate that a direct
calculation is possible in this case. The function @(&,t) is a smooth function of &
in R™, but it has slow decay as || — 00, and the integral (1486) is not absolutely
convergent. We can regularize it by adding a factor e™¢# to the integrant, and
calculate the integral

1 sin pt ;

— - 3
ue(z,t) = G / p e~ Pe’sT dE . (1487)
By the symmetry considerations in lecture 50, we know that the function . (x,t)
is radially symmetric in x, and it is enough to calculate it at x = (r,0,...,0)

for r > 0. By a slight abuse of notation, let us write u.(r,t) for the value of u.
at such an z (and a given t). Let us write a general £ € R™ as

E=pn, p=0, nes" (1488)
We have
ue(ryt) = ﬁ /000 /an #efape”pmpnfl dndp (1489)
We will rewrite this as
ue(r,t) = ﬁ /an /000 sin pt e""P1 P p" 2 dp dny . (1490)
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We note that for n = 2 the integral p can be evaluated explicitly, as the factor
p"~2 then disappears. We can achieve a similar effect for general n > 2 by
writing

n—

ue(r,t) = (—1) 2

1 > )
23t"_2 o) / / sinpt PP dpdn, n=24,...
)" Jon—1 Jg

(1491)
and
=8 gp— 1 > irpni—
ue(r,t) =(=1)"2 0] QWL7Z_1/O cospt e P dpdn, n=3,5,...
(1492)

The integrals over p can now be evaluated explicitly by writing
sin pt = o- (€' — e~ "), and cos pt = 3(e'** + e~""). We obtain

(n—2)

1 1 1 1
t) = (~1) " an-2 — - d
ue(rt) = (=1) t (monl;lzi(—u—¢mh+g ﬁ—mm1+a> g

(1493)
forn=2,4,..., and
(n=3) 1 1 1 1
t)y=(-1)"= op 2 = d
ue(ryt) = (1) to(2m)n /Sn—l 2 <—it—irn1 +5+it—ir171 +E> g
(1494)
for n = 3,5,.... To evaluate the integral over the sphere, we note that for a

general function f = f(n1) we have

(n—=3)

/ Fm) dn = 5772 / o)1 — )7 (1495)
gn-1 —1

. (n=3) .
Note that when n is odd, then the term (1 — n3) = is a polynomial. For n
even we can write

/ f(m)dn =152 /7T f(cos)(sina)" "2 da, (1496)
Sn-1 0

which can be written as a curve integral over the unit circle in the complex
plane, which can be evaluated by the residue theorem. Moreover, the integrals
in (1494) and (1495) need to be evaluated only modulo polynomials of order
< n —2in t, due to the presence of the time derivative in the formulae. There
is still some calculations to be made, and at some point we have to take the
limit € — 0, but it is clear that in principle we can obtain the formulae for
the solution GT from this direct calculation. As an exercise you can finish the
calculation in the cases n = 2 and n = 3, which are quite easy. We will obtain
the final formulae for the solutions by a different method, and therefore we will
not pursue the above calculations further.

Let us now turn to the method (c) of the analytical continuation from the
fundamental solution of the (n + 1)—dimensional laplacian.
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Let us consider the operator
Li=——F5 75— — —. (1497)
1

The wave operator corresponds to taking a = ¢, but we will start with a real.
We know what the Green’s function of L, is when a = 1. A simple change of
variables gives the Green’s function for general a € R, a # 0 as

Go(z,t) = aGy(z, at) (1498)
For n > 2 we have
a 1
Galz,t) =cp—— o ey 1499
(o t) = e s ) (= DJ57] (1499)
We have
L,G, = 6(x,t), a € R\ {0}. (1500)

We note that G, (considered as distribution) can be analytically continued to
the complex domain in the half-plane

O={a€C,Rea>0}. (1501)

The precise meaning of this is that for each test function ¢ € Z(R"™ x R) the
complex-valued function

a— Gap (1502)
R» xR

can be analytically extended from (0, c0) to O. The operator L, is transparently
defined for a € C\ {0}, with analytical dependence on a.

We have, by definition,
/ GuLag = 9(0), a € (0,00) (1503)
R™ xR

and by analyticity this must be true also for a € O. For each fixed a € O the
function G, is locally integrable, with similar regularity properties and decay
at co as 1. In the analytic continuation above we of course must not cross the
imaginary axis (which is the boundary of @). However, we can hope to define

Gi= lim G, (1504)

a—i,a€O

assuming the limit exist in the sense that

<Gue>= lim < Gue>= lim Gap (1505)

a—1i,a€ a—1,a€0 Jpn R

exists for each test function ¢. Moreover, if the map ¢ —< G;, ¢ > (which we
now assume is well defined) turns out to be continuous on Z(R" x R), it will
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have to be a fundamental solution of the wave equation. We recall that the
wave equation has many fundamental solutions, and at this stage it is not clear
which of them will be singled out by the above procedure, if it works. However,
we can easily see that GG; cannot be any of the solutions discussed above, as we
have to have

Gi(x,0) = ¢, (1506)

lzn=1°
The calculations are simple for n = 2, as in this case the functions
Ga, a € O,la —1i| < 1/2 are uniformly locally integrable. As an exercise, you
can show that for n = 2 the distribution G; is well-defined and is given by a
locally integrable function

1
Gi(,t) = 4#,/t§7|x|2 ’ \ ,
pay eyl t* < |z
Although we know that it is a fundamental solution of the (24 1)—dimensional
wave equation by the above procedure of analytic continuation in which we
have enough regularity to pass easily to the limit in this case, it is still a good
exercise®¥ to check directly that OG; = d(x,t). Since the wave equations is
linear and has real coefficients, it is easy to see that, in this case with n = 2

t2 > |z|?
(1507)

0 ReG; =6, OImG;=0. (1508)

The function Re G; coincides with the solution G defined by (1473). From (1483)
and (1486) we see that for n = 2 in we have

— t>af,
G*(x,t) = 2w/ 82— || (1509)
0 elsewhere .

We can also define the function G_; by an analogous procedure. It clear that
G_; = G; (complex conjugate) and G* = 1(G; + G_;).

It is interesting to check what is happening with the functions G, in terms of
the space-time Fourier transformation. By taking the Fourier transform, the
equation L,G, = § becomes

2
(G5 +&+ 4+ =1. (1510)
Formally this gives
R 1
Go.(&,1) = . (1511)
A N P
For a = ¢ or a = —i this expression is ambiguous, due to the strong singularities

near the zero of the denominator, but when a € O, the formula defines a locally

335which may not be easy if we do not go about the calculation in the right way
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integrable function. For example, we can take a € O with a%. = —1+ic with a
small € > 0, which gives
R 1

G, = . 1512
et — T2+ €3 4+ E2 ( )

In the limit ¢ — 0 this regularization is equivalent to the so-called Feynman
regularization

. 1

G == )

F,e 15_72+§%++§727,

which is used in the quantum field theory. (Note that, unlike G, for Rea > 0, the
approximation Gp . is Lorentz invariant.) The solution G; which we calculated
above for n = 2 is therefore the so-called Feynman propagator.

(1513)

The problem of regularization of the expression
1
T e

is related to the composition uo¢ of distributions we discussed earlier, see (1451).
We define

(1514)

P, T) =T+ +- -+ £ (1515)
The function ¢ maps R™ x R onto R, and its gradient (¢-, ¢¢,, ..., d¢,) does
not vanish in R™ x R\ {(0,0)}. Hence for any distribution of R the distribution
u o ¢ is well-defined in R” x R\ {(0,0)}. (Eventually we will want to extend
uo ¢ to R® x R, but let us ignore this issue for the moment.) In particular, we
can take for u various regularizations of the expression

1
u(y) = -, (1516)
Yy
which we discussed in lecture 46. The natural choices are
1 . .
ui(y) = p-v-o uz(y) = Jim s uz(y) = Jim _— (1517)

We can now consider the distributions Ay = ug o ¢, k = 1,2,3. They are at
first defined only in R™ x R\ {(0,0)}, but it is easy to show that they can be
extended uniquely to R” x R when n > 2. Their inverse Fourier transformations
give different fundamental solutions of the wave equation. The solution given
by A; is the solution G in (1473), and the solutions given by As, A3 correspond
to the solutions G; and G_; (or Feynman propagators) obtained either by the
Feynman regularization (1513), or by the analytical continuation above. We
will not have the time to prove all these statements, but they are perhaps worth
mentioning.

We will now calculate the solution obtained by the analytical continuation for
n = 3. In this case we have
a

al®,t) = 55—, 151
Gale,t) 4An2(a?t? + |x|?) (1518)
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where we have used (755) to evaluate (n—2)|S" | for n = 3. Writing a =i +¢
for a small € > 0, we have
1+¢€

Giye = — .
T Am2((—1 + e2)2 + |z + 2iet?)

(1519)

Letting ¢(x,t) = —t2 + |x|?, formula (1519) suggests that G; (defined by the
limit (1504)) is well-defined and that G; = A o ¢, where the distribution A is
defined in (1517). In other words, we should have

1 1

i 2 2

Gi (:ZJ, t) =
It is not hard to show that the distribution (1520), originally defined in R3 x R \ {0},
extends to R? x R and that it indeed coincides with the limit (1504).

As in the case n = 2, we have
O ReG; =9, O ImG; =0, (1521)

and the function Re G; coincides with the solution G defined by (1473). From (1483)
and (1486) we infer that for n = 3 in we have

L6t — |z)?) t>0
27 9 9
¢ @) { 0 elsewhere . (1522)

Recall that we have discussed the interpretation of ¢ o ¢ in Example 1 (follow-
ing (1457)). You can verify that, in the case n = 3 we are now considering, we

can also write
S(t—|z|)

Gﬂ%ﬂ:{ Izl t20,

(1523)
0 elsewhere .

The distribution G defined by (1522) or (1524) can be interpreted as a measure
supported on the positive light cone C* (defined by (1470)). The measure is
invariant under the Lorentz transformations which preserve the time direction
(the group O™ (1, 3)).

Let f be a smooth function in R?® x R which vanishes for ¢ < ty. The (unique)
solution of the Cauchy problem

Ou = f(z,t) inR3 xR, u(z,t) =0 fort <ty (1524)
can be written, in the case n = 3 we are considering, as

flx+y,t—y|)

w(z,t) = (GT % (. t) =
)= (@ s = [ TETEL

dy . (1525)

The integral (1525) is sometimes called the retarded potential of f.
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The Cauchy problem
Ou=0 inR3x [ty,00), u(z,tg) =0, wu(zo,to)=ui(z) (1526)
can be solved by using (1525) with
f(z,t) = up(z)d(t — to) . (1527)

The equivalence of (1529) and (1524) with f given by (1530) is a form of
Duhamel’s principle mentioned earlier. In the case of (1529) we obtain

1
wet) = s [ wle)dy = (-to) i (0) dy
47T(t - to) \y|:t—to |S"D,(t7t0)‘ Sza(t*to)

(1528)

Finally, the solution of the Cauchy problem
Ou=0 inR3x [ty,00), u(z,to)=uo(x), uslxo,to) =0 (1529)

can be written as

U(l‘, t) = Ut(za t) ’ (1530)

where v(z,t) is given by replacing u; by ug in (1531).

Let us look in more detail at the space-time Fourier transform of G;. When
n = 3 the operator Ly defined by (1497) is the four-dimensional laplacian. It
has the special property that its fundamental solution is mapped by the Fourier
transform on a multiple of itself. More precisely, for n = 3 we have (see (743)
and (750)) R

Gi(&,7) = (2m)?G1(&, 7). (1531)

For a > 0 this implies
Ga(&,7) = (2m)%aGy/a(é,7) (1532)

and by analytic continuation we have this for a € O. Taking the limit ¢ —
i,a € O, obtain, for the case n = 3 we are considering

Gi(&,7) = (2m)%i G_i(€,7). (1533)

From (1486),(1522), and (1485) we also obtain, in the case n = 3 we are con-
sidering
1
K(z,t) = Py signt 6(? — |z|?), (1534)
™

and R
K = —(2n)%K. (1535)

We have seen that the method of analytical continuation can be quite effective.
In fact, one can use it to calculate the fundamental solutions in any dimension.
Here we will not carry out the calculations for n > 4, but we can refer the
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reader to Theorem 6.2.1 in the book “The Analysis of Linear Partial Differential
Operators I” by L. Hormander, Springer 1983, where the calculations are done
(in a slightly different way) for general n.

Even without calculation we can easily reach the following important conclu-
sion. In dimensions n = 3,5,... the analytical continuation G; will be purely
imaginary everywhere, except possibly at the light cone. This suggests that the
fundamental solution G should be supported exactly at the light cone. This
is what we have seen above for n = 3. On the other hand, in dimensions
n = 2,4,... the analytical continuation G; will be real in the “solid cone” C',
suggesting that the support of the fundamental solution G will be all the “solid
cone” C. This is what we have seen above for n = 2. We will confirm all this
by another method.

Let us try to find the formula for the solution G in general dimension by ex-
ploiting the Lorentz invariance. Let us set

g=t>—a? - . —22 . (1536)

We know that G must be supported in the “solid light cone” C, and that it is
invariant under the full Lorentz group. Moreover, there requirements and the
condition JG = § determine G uniquely. If G was a function, the invariance
under the Lorentz group and the condition on the support of G would easily
imply that
G(z,t) = f(t* —af - —a3) = f(q) (1537)
for some function
[T R—=R, f=0o0n (—00,0). (1538)

If we only know that G is a distribution (invariant under the Lorentz group and
supported in C'), can we infer that there exists a distribution f on R (vanishing
in (—o0,0)) such that G = foq? It is a good (and non-trivial) exercise to answer
this question, but we can try to side-step it as follows. We can try to find a
distribution f such that f o ¢ gives a fundamental solution with the required
properties. If such f can be found, then by uniqueness of G, we know that the
assumption G = f o q is justified.336

Let us then seek G in the form G = f og. We have to have OG = 0 in
R™ x R\ {(0,0)}. An easy calculation shows that for a smooth function f this
would mean

4f"(q)g+2(n+1)f'(¢) =0,  f=0in (—00,0) (1539)

We can only assume that f is a distribution, but we have seen above that
f o q is still well-defined. Moreover, the usual chain rule formula remains valid.

3360n the other hand, if it turned out that no function of the form f o g can satisfy our
requirements, we could not conclude that G does not exist without having a rigorous proof
that G has to be of the form f ogq.
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Therefore our task is to the distributions in R satisfying (1539) (where ¢ is
considered as a coordinate in R), keeping in mind that they do not have to be
represented by functions. In other words, we have to find the distributions f on
R supported in [0, 00) such that

/Rf(S)(‘l(Sw(S))" —2(n+1)¢'(s)ds =0, ¢€I(R). (1540)

In the class of distributions f vanishing on (—o0,0) we can uniquely define the
operation of taking the primitive function [ f of f (also called anti-derivative)

by
S =f. (1541)

We will write

ff:f(_l) ; fff:f(_Q) yoe e andf:f(O)vf/:f(l)af,/:f(Q)a"'
(1542)

Lemma

Consider the class of the distributions on R vanishing on (—oc0,0). Let k be
an integer. Then f satisfies (1540) if and only if f¥) satisfies (1540) with n
replaced by n + 2k.

Proof

By simple integration by parts it is clear that f’ satisfies (1540) with n replaced
by n + 2 if and only if

/Rf(S)((‘lsw’(S))” — QR+ 1¢'(s)))ds =0,  pe2(R). (1543)

The proof will be finished if we show that this is equivalent to (1540). Clearly (1540)
implies (1543). Assume now that (1543) is satisfied and let ¢ € Z(R) be given.
We can find a smooth function ¢ supported in (—oo, zg] for some zg € R such
that 1" = ¢. The function ¥ may not be in Z2(R), but since it vanishes in
(xg,00) and f is supported in [0,00) we can apply (1543) with + replaced by
¥m, where n € Z(R) is such that n = 1 in (—1,29 4+ 1). This gives (1540) and
the proof is finished.

The solutions of (1540) are easy to determine in (0,00). In that interval the
equation implies that f is smooth and, by standard ODE methods we obtain
that )

f(s)=as™"2 +b, s>0 (1544)

for some a,b € R. A more subtle point is to determine the solutions in a open
interval containing 0. This is however easy for large negative n. When n is large
negative, then f(s) = a(s+)_% (where s; is the positive part of s, defined
as s for s > 0 and 0 for s < 0) will solve (1540) in R. If solutions of a different
form existed, one would also have non-trivial solutions supported at 0. These
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would have to be finite combinations of the Dirac mass and its derivatives. It
is easy to check that for n large negative such solutions do not exist. (They do
exist for n positive!). Therefore, for n large negative the space of solutions is
1— dimensional, with

fls) = a(ss)™F (1545)

where a is a constant. By the lemma above, the space of solutions is one-
dimensional for any n.

If we determine f by the above procedure, we know that the distribution f(q)
will be well-defined and (n — 1)— homogeneous in Q2,41 = R" x R\ {(0,0)},
with O0f(g) = 0 in that set. One can look more closely at the definition of f(q)
and check that it is in fact a well-defined distribution on R™ x R. Alternatively,
one can use the following lemma.337

Lemma

Let u be a distribution in R™ \ {0}. Assume u is a—homogeneous for some

a > —n. Then u can be uniquely extended to an a—homogeneous distribution
in R™.

Proof

We first construct a suitable “partition of unity” (often called the Littlewood-
Paley partition), which is often used in Harmonic Analysis. Let ¢ € Z(R")
with ¢ = 1 in a neighborhood of 0. Consider the function ¢(z) = V(%) — ¥ (x).
(Clearly ¢ vanishes near 0.) For any integer k define ¢ (x) = ¢(2¥z). Then the
series ), ¢(x) consists only of a fixed finite number of non-zero terms for each
x € R"\ {0}, and ), ¢r(x) =1 for each x € R™ \ {0}. For each ¢ € Z(R") we
define the extension @ by

< U, >= Z < u,ppp > . (1546)
k

The key point is that, using the a—homogeneity of u we can write (with slight
abuse of notation)

<, bup >= / u(@)d(22)p(x) do = / 2Ry () b (y)p(2Fy) dy . (1547)

the function ¢(y)¢(27*y) can be estimated in Z(R") uniformly for k > 0, and
we can take the sum over k > 0, due to the factor 2~ ¥("+4) and the assumption
n + a > 0. We leave the rest of the proof to the reader as an exercise.

The lemma shows that f(q) can be considered as a well-defined distribution in
R™ x R, which moreover is —(n — 1)—homogeneous. This means that [f(q) is

337See Theorem 3.2.3 in L.Hérmander’s book “The theory of linear partial differential oper-
ators I” for a more general statement (with a different proof).
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a well-defined distribution which is —(n + 1)—homogeneous. Moreover, Of(q)
is supported at (0,0). It is easy to see that this means that Of(q) is a multiple
of the Dirac mass § = dp41.

We have determined the solution G up to a multiplicative factor. To determine
it exactly, we can proceed for example as follows. It not not hard to see that
the solution G satisfies (formally)

Gt (z,t)dr =t, t>0. (1548)
Rn

In view of (1473) this means that

G(z,t)dx = |;—‘, teR. (1549)
R’!L

Let us assume that in R™ x R we have G(x,t) = f,(q). Formally this means
that

/fn o) dz = |S™ 1|/ Fa =V — /2 £>0. (1550)

By the lemma above we have

frv2 =cnfy - (1551)
We can write (for ¢ > 0)

= |87 f5 g2 — 2yt dr

D+

Sn+1 n— n
Ss 1|f0 en (=5 (2 = 12)) P+ dr =
n41 00 _ n+1 n
I‘gn,ll‘cn2|5" 1|f0 fa2—=rH)rn=tdr = ‘gn ll‘ n§% :ﬁcn,%
(1552)
We infer that )
for2= =11 (1553)
T
We know that 1
fi(s) = 19(3), (1554)

where 6 is the Heaviside function, defined by 6(s) = 1 for s > 0 and 6(s) = 0
for s < 0.

We also know that

fa(s) = { T 50, (1555)

0 s<0

The three equations (1551),(1553) and (1554) determine G = f,(q) is any di-
mension. For example, for odd dimensions we have
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1
n=2k+1 = Ga,t)= 475“—1)(152 —|z%). (1556)
78

In a similar way

1 e
n=2%k = Glz,t)= 7Tk_lfz(’“ D2 —z)?), (1557)

where fs is given by (1555).

Note that in each case the solution is —(n — 1)—homogeneous (and note also
that n —1 = n+ 1 — 2). The Heaviside function 6(s) can be considered as
0—homogeneous, the Dirac mass §(s) as (—1)—homogeneous, its derivative ¢’(s)
as (—2)—homogeneous, etc. So, in some sense, the situation is quite similar to
the laplace operator: in that case the fundamental solution is (a multiple of)
the right power of |z|? which makes it solution —(n —2)—homogeneous. For the
wave operator we have a similar heuristics if we replace |z|? by 2 — |2|? (as is
natural in view of the Lorentz invariance). In dimensions n = 1,2 the analogy
is straightforward. In dimensions n > 3 we must interpret the “naive” formula
((t2 = |z[2)4)~ "% correctly.338

For practical calculations with the fundamental solutions (1556) and (1557), it
is useful to keep in mind formulae such as

FE @2 —r?) = <23%>k f(t2—r?) = <2rgr)k f(t2—7r?). (1558)

As an exercise you can consider the following question about sound propagation
in general dimension. Assume that the propagation of sound is described by
the linear wave equation Ou = f(x,t), where wu is for example the deviation of
pressure from some rest value, and f(x,t) describes a “sound source”. Assume
we have a sharply localized source of sound which can be modeled as f(x,t) =
0(x)g(t), where g is smooth, compactly supported in (¢1,¢2) and § = ¢, is the
Dirac mass in R™. Consider the problem

Ou=g(t)6(x) mR"xR, u=0fort<t, (1559)

and determine the function ¢ — u(z,t) for a given x # 0. You will see that only
in dimension n = 3 the signal at z, given by u(z, t) will be “undistorted”, in the
sense that ¢ — u(zx,t) will be, in some sense, a (scaled and delayed) copy of g(t).
In all other dimension ¢ — u(z,t) will be a non-trivial transformation of g(¢).
In dimensions n = 3,5,. .. the signal will not have “echoes” (which is related to
the fact that the fundamental solution G is supported on the light cone CT).
On the other had, we will see echoes in even dimensions, when the support of
the fundamental solution G+ is the full “solid light cone” CF, see (1471).

338 There is more than one way to do it - in addition to the heuristics mentioned above, one
can also consider analytical continuation in n, for example. For more details see Theorem
6.2.1 in the book of L. Hormander quoted earlier.
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In our discussion above we only very briefly mentioned the method of spherical
averages, which enables one to obtain quite quickly good representation formulae
for solutions. In fact, it may be the quickest and also the most elementary ways
to arrive at the representation formulae for solutions. The method can be found
for example of the textbook “Partial Differential Equations” by L. C. Evans,
and also in the textbook with the same title by F. John.
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