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ABSTRACT. This is part one of a two semester course on partial differential
equations. The course was offered in Fall 2011 at the Courant Institute for
Mathematical Sciences, a division of New York University. The primary refer-
ence will be Partial Differential Equations by L. Evans (Ed. 2). Office hours
will be Monday 4-6 pm in 711 WWH. Grading will be 70% final and 30%
weekly homework.
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CHAPTER 0

Introduction

First some notation. Let f : R — R be a function. Throughout the course
we’ll write
d

f(xla"',xd):%f(x17'~'7xi+sv‘"7xd)

oif =
to mean the ith partial of f.

1. What is a PDE?

Let f : R — R be a function with d > 2E| The most general form for a PDE
is a relation

F (2 Of)icrm s @03 ) sy s (D105, 1)) = 0.
ExXAMPLE 1.1. Let f:R? — R. Laplace’s equation is
O2f (x,y) + 05 f (w,y) = 0.

The relation
sin () O, f (2, y) + (0, f (2,))* =0
is also a PDE.

The order of a PDE is the highest number of derivatives which occurs. In the
example above, the first is order two and the second order one. A PDE is linear
if any linear combination of solutions is a solution. The first example above is
linear; the second is not. Very often, we think of the variable z = (z1,...,zq)
as (t,x1,...,24) € R x RY. Here, t denotes time and 21, ..., 24 space. In such a
situation, we speak of an evolution equation.

ExAMPLE 1.2. The equation
Of (t,x,y) + 02 f (t,x,y) + Oy f (t,2,y) =0

is an evolution equation.

Physics has always been a source of good PDE problems: PDE are the language
of physics. In the 18th and 19th century, PDE began with continuum mechanics,
e.g. Navier-Stokes. In the 20th century, quantum mechanics (Schrodinger) and
general relativity (Einstein) arose. Typically, one considers a physical setting and
prescribes data (e.g. the system at time ¢ = 0, or system on the boundary), and
then asks for a solution to the PDE which describes the physics. The first question
is: What is the correct notion of a solution? Consider the PDE

8acf+6yf =0

14 =1 is the realm of ODEs.

Lecture 1, 9/6/11



6 0. INTRODUCTION

for f : R? — R. One notion of a solution is when f € C*, so that d,f and 9, f
are defined pointwise. This is called a classical solution, but there are limitations
to this approach. In particular, physically interesting solutions may not be C*(e.g.
shocks); moreover, for certain data there may not exist any solutions in C*.
Instead, consider the map from the data to the solution. A PDE is said to be

well-posed if

e for any data, there exists a solutiorﬂ

e this solution is unique

e the map from data to solution is continuous.

This definition of well-posedness is due to Hadamard.

2. Four Important PDE

Consider the problem of classification. The simplest case is: d = 2, linear,
constant coefficients, and with order < 2. If the order is 1, then the PDE must be
of the form

ady f (x,y) + 00, f (z,y) + cf (z,y) =0

for (real) constants a,b,c. If ¢ = 0 then this is called the “transport equation”. If
the order is 2, there are three possibilities (up to an affine change of variable):

2 2
2 2
Ouf —02f =0.
The first is known as “Laplace’s equation”, the second as the “wave equation”,
and the third as the “heat equation”. The first is the prototype for an “elliptic”
equation, the second for a “hyperbolic” equation, and the third for a “parabolic”
equation.
In higher d the classification becomes too complicated, but the prototypes
remain important. The transport equation in R¢ is
the Laplace equation is
Af=0if+05f++ 04 =0,
the wave equation in R x R? 3 (¢, ) is
and the heat equation is
Orf —Af=0.
We will spend a good amount of time studying these four equations. The most
important results we’ll see are included in table [1| on the next page.
In this course, we’ll first cover the standard linear equations (Chapter 2 of the

text). Then we’ll cover first order nonlinear equations (Chapter 3). Finally, we’ll
discuss Fourier analysis towards PDE.

2Here the notion of solution may not always be classical.



2. FOUR IMPORTANT PDE

’ Smoothing \ Finite Speed \ Max Principle \ Energy Methods ‘

Transport N Y N Y
Laplace Y N Y Y
Heat Y N Y Y
Wave N Y N Y

TABLE 1. Important results on four linear PDE.






CHAPTER 1

The Transport Equation

1. The Homogeneous Problem

Consider an unknown function u : R x R? — R, (¢,z) — u(t,x). As usual we
write

Ou
Vu = :

Oqu
to mean the gradient of u. Given a vector b € R?, the transport equation is

Ou+b-Vu=0

for u € C'. Another way of writing this is

d
Ovu + Z b;0;u = 0.

i=1
PrOPOSITION 1.1. The general solution reads
w(t,) = f (z—bt)

where f € C! (Rd,R),

PROOF. Observe that the equation can be seen as a certain directional deriv-
ative of u, as

O (t+ A2+ Ab) +b-Vu(t+ A\ x+ Ab) = %[u((t,x)—i—/\(l,b))],

and so the equation reads

d
a[u(t—i—&x—i—)\b)] =0.

Thus
u(t+ A x4+ M) =C (t,z)

for C independent of A\. But we are free to pick any A we want, so pick A = —t and
A = 0 in particular. Then we arrive at

u (0, —th) = u (t,x)
and hence
u(t,x) = f (xz — tb)
once we define
fy) =u(0,y).

9



10 1. THE TRANSPORT EQUATION

Conversely, let us check that f (z — tb), for f € C*, is a solution of the transport
equation:

Ouf (x—1tb) = — > bidif (x — tb)

by the chain rule, and so
Of (x—1tb) +b-Vf(x—1tb)=0.
O

Now we pose a general problem, known as an Initial Value Problem or Cauchy
Problem for the linear transport equation. The problem is to solve

{@u(t,:ﬁ) +b-Vu(t,z)=0 (t,z) eRxR?
u(0,z) =g (x) r€R?
with u, g € C*. Here g is the initial data.
THEOREM 1.2. The unique solution to this IVP is
u(t,x) =g (x —bt).

PRrROOF. Clearly g (x — tb) solves the IVP. Conversely, if u solves the IVP, it
has to read

w(t,) = f (z— th)
by the proposition. Setting t = 0 we get
u(0,z) = f(x)
and hence f = g. So the solution is unique. O
REMARKS.

(1) Why is this called the transport equation? From the solution, we see that
the initial data ¢ is transported in time. This is most easily seen with
d=1and b=1.

(2) The claim and the theorem give a means of defining a notion of solution
for non-differentiable u, g. We saw that if f € C!, then f (x — bt) solves

Ou+b-Vu=0.

Now we may decide that any function f gives rise to a (generalized) so-
lution f (x — bt). This type of thinking will be important later on (e.g. it
gives rise to the notion of a distributional solution).

2. The Inhomogeneous Problem
Consider the problem

Owu(t,r) +b-Vu(t,x) =h(t,x) (t,z) € R xR?
u(0,2) = g (x) xr € R4

with u € C' (R x R4 R),h € C* (R x RYLR) g € C' (RYR) and for b € R%.

THEOREM 2.1. The solution reads

u(t,x):g(xftb)Jr/O h(s,z+ (s—1)b) ds.
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PROOF. Suppose u solves the inhomogenous problem. Then we have

d

au(t—i—)\,x—l—)\b) = (O +b-V)u(t+ A z+ b
=h(t+\z+Ab).

Integrating from —t to 0 gives
0
u(t,x) —u(0,z —tb) = / h(t+ X x+ Ab) dA

—t

/th(s,er(st)b) ds
0

after the change of variable s = t+ A. And u (0, z — tb) = g (z — tb) by assumption.
Conversely,

g(x—tb)—l—/o h(s,z+ (t—s)b) ds

is a solution. O






CHAPTER 2

The Laplace Equation

Let u:R? - R, x = (x1,...,74) — u(x) be a C? function. The equation
Au=0
is called the Laplace equation. Similarly
—Au=f

is called the Poisson equation. If u solves the Laplace equation, it is called a
harmonic function.

REMARK. The Laplace equation arises from electrostatics. Suppose we have a
charge distribution p (z) with # € R3. Then it generates an electric field

E(z)=-V¢(z)
and ¢ solves
A¢p = p.
1. The Fundamental Solution

We begin by looking for a solution which depends only on the radial coordinate,
r = |z|. To do so, we need to write the Laplacian in polar coordinates.

CLAM. If u(z) = u(r) then

2 d-1d
Au = (dr2+rdr>u<r)'

PrROOF. Write r = |z| = \/2% + - - + 27 and apply the chain rule. O
So we look to solve
d? d—14d
1.1 — — =0.
(1.1) <dr2+ r dr)u(r) 0
Write

> d-14d 1—qd [ 41 d
(dr2 * T dr) -\ dru<r) ’
then u solves (L.1)) iff

d
d—1
pa-14
dr
— U (r) =cor™¢

for a constant ¢g. So u solves (1.1)) iff

cr2d4 e d>3
u(r) =
cilogr+co d=2

u(r) =co

b

13

Lecture 2, 9/13/11



14 2. THE LAPLACE EQUATION

where ¢y, ¢ are constants.
DEFINITION 1.1. The fundamental solution of the Laplace equation is
R R
d(d—2)a(d) [z[7=2 =
Here, o (d) is the volume of the unit ball in R?.
THEOREM 1.2. Consider the equation
(1.2) —Au=f
in RY with f € C3 (Rd,R). The map u : R* — R given by

u@ = [ =910 d

is in C* (R%,R), and is a solution to (1.2).

REMARKS.

1) [®(z—vy)f(y) dy is called the convolution of ® and f and is denoted
® x f. Note that ®* f = fx D, i.e.

/@(m—y)f(y) dy:/<1><y>f<x—y> dy.

(2) Formally we compute

A/ (@—y dyf/Atl)xf £ () dy
:—/5m-f(y)d
—f(2)

Of course to make this rigorous we need the theory of distributions. The
crucial idea is that

A,d = 5.

We'll justify this later.
(3) Even though f is compactly supported, ®* f will not be. We can interpret
this to mean that the A operator is not localized.

Recall the Divergence (Gauss) theorem:

THEOREM 1.3 (Divergence/Gauss). Consider a domain D with boundary 0D
and exterior normal N. Then

/didex: F-NdS.
oD
COROLLARY 1.4 (Integration by parts). In particular,

/f (0ig) /D(aif)gd:v—&-/aD(fg)NfidS.

Now we’ll prove theorem [1.2]
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PRrOOF. First we'll prove u € C?. Write

u(:v—i—he}i)—u(x) :/(I)(y)f(x—y‘f'he}i)_f(x_y)d

Since f € C3, f(x_y"'he}j)_f(x_y) = 0,f (x — y) uniformly in y as h — 0. So

/(b(y)f@—y—khefz)—f:c— dy —>/ y)0if (x —y) dy

as h — 0. It’s not hard to show the right hand side is continuous in x, and hence
u € C! and

Y.

o= [ ©w)aif (@)
Repeating the argument gives u € C? with
0;0ju = /‘I’(y) 9;0;f (x —y) dy.

Now we’ll compute Au. For simplicity take d > 3 (the d = 2 case follows a
similar argument). By the computation above,

Aum:/ <I><y)Af(x—y)dy+/ B (y) Af (x —y) dy.
R4\ B(0,€) B(0,¢)
First note

/ ®(y)Af(x—y) dy — 0

B(0,¢)

as € — 0. The first reason is because the integrand is integrable on a shrinking
domain. More explicitly,

[ eware-y) dy1<M/

B(0,¢)
Next, observe that

[ eware-wa-| W30 -y
R4\ B(0,¢) R4\ B(0,€)

/Rd\Bos)ZM) )Oif (x —y) dy

0. (- Y ds.
+/BB(OE)Z<I>(Z/) fla=—y)id

/
|y|d 2dy<M

The second integral goes to zero as ¢ — 0, for ® ~ C|x|~(?=2) and so

\/ S @) oif (x—vy) L dS| < Md~ded=t = Me.
8B(0,¢) ly|

Now integrate by parts again to get
—/ Zaz-‘b(y)aif(:v—y)dy=/ AP (y) f(z—y) dy
R4\ B(0,¢) R4\ B(0,¢)

B | Y
/a oy 2B (@ =) o dS
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Again the first integral goes to zero. We compute

1 zt
9;® (z) = " da(d) 2|
and hence
[ Seewfe-plas—- [  Sof-y)ds
2B(0,¢) 55 |yl oB(0,) da (d) e?=1
1
T TOB0.9] Jonen TV
— —f(z)
as € — 0. Putting it all together, we get
Au=—f(x)
after letting ¢ — 0. (]

2. Properties of Harmonic Functions

We’ve shown the existence of solutions v € C? (]Rd, R) to the Poisson equation
in R?. To arrive at uniqueness, we will first prove the “mean value formula” for
Laplace’s equation.

THEOREM 2.1 (Mean value formula). Ifu € C? (R4, R) satisfies Au =0, then

u(x)zf u(y) dS = u(y) dy
0B (z,r) B(z,r)

for any r > 0.

There are numerous corollaries. For example:

(1) u cannot have isolated zeros. (Suppose u (zg) = 0, then by the mean value
formula there exists © € 9B (xg,r) with u (z) = 0 for all > 0.)
(2) u cannot have local maxima/minima.

PROOF OF THEOREM. Another integration by parts. We'll get the first part of
the theorem now. Set

Fo)=f  udsw.
OB (z,r)
It suffices to show F’ =0, as lim, o F (r) = u (x). Change variables to get
F(r):][ u(x +rz) dS(z).
2B(0,1)
Then
F'(r :][ Z0;u(x+rz) dS (z
(r) . ZZ: ( ) dS ()

1
0B (0,1)| /)
=0

rAu(z +rz) dz

by assumption.
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To prove that

u(x) = ]é R

/ udy:// udS,dr.
B(0,r) oB(0,r)

The mean value formula has a converse.

just write

THEOREM 2.2. Conversely, if u € C? satisfies the mean value formula, then it
solves the Laplace equation.

PRrROOF. Argue by contradiction. Assume that u satisfies the mean value for-
mula but Awu # 0. Then in a neighborhood of some point, Au > 0. But then there
exists x,r such that F’ (r) # 0 in the previous proof. O

REMARK. As a consequence one might try to declare that solutions to the
Laplace equation are (integrable) functions which satisfy the mean value formula.
In fact this does not weaken the problem: we’ll see that any solution of the Laplace
equation must in fact be smooth.

Now let U be a bounded, open subset of R? and suppose u € C2 (U, R).

THEOREM 2.3 (Maximum Principle). Suppose u € C? (U), u € C° (U), and
Au =0 in U. Then,

(1) max g u(x) = maxzecou u ().
(2) If u acheives M = max, u(x) at a point x € U and U is connected,
then u= M.

PROOF. It’s easy to check that (2) => (1). (Argue by contradiction.) So we’ll
only prove (2). By contradiction, suppose there exists zg € U such that u (o) = M.
Consider the set E={z:u(z) = M}. Eis

e not empty (zg € E)
e closed (u is in particular continuous)
e open (the mean value formula).

To see the third, take € F and r such that B (z,7) C U. Then by the mean value
formula,

M:u(x):]i( ) dy

which implies that v = M on B (z,r), and hence that E is open. Since U is
connected, £ = U and we are done.
O

REMARK. There is also a “minimum principle”. Replace “max” by “min”
throughout the previous theorem.

Now we can prove that solutions to the Laplace equation are unique, at least
in bounded domains.
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THEOREM 2.4. Consider f € C(U,R), g € C(OU,R). There is at most one
solution of

—Au=f inU
u=g on U
for C2(U)NC° (D).
PROOF. Argue by contradiction. Suppose there are two solutions, u' and u?,
and set w = u' — u?. Then w solves

—Aw=0 inU
w=0 on U

By the maximum principle, we find w < 0 in U. By the minimum principle, we
find w > 0 in U. Hence w = 0 and hence the proof. O

The previous proof used the following consequence of the minimum principle:
If

—Au=0 inU
u=g on oU

and g > 0, then u > 0 throughout U. The max/min principles give us much control
over solutions to Laplace’s equation.

THEOREM 2.5. Suppose u € C° (U) and satisfies the mean value formula. Then
ue C> ().

COROLLARY 2.6. If u is harmonic, then it is C*°.

This says that the Laplace operator is a smoothing operator. Note this is
not at all the same for the transport equation, where the solutions have the same
regularity as the boundary data. The Poisson equation is not smoothing either.

PROOF OF THEOREM. Step 1. Convolution with a smooth function regular-
izes. Let n € C§° (Rd,R) be a smooth function with compact support. Let
feq® (Rd — R). Then nx f € C*°. Indeed we have

(n*f)(x)=/n(x—y)f(y) dy,

and differentiation with respect to x commutes with the integral sign so that
0; (n* f) = 9yn* f. Since 7 is smooth we can repeat the argument as many times
as we please.

Step 2. u can be represented as the convolution of itself with a smooth function.
To motivate this, note that the mean value formula can be written as

u(x) = ]fg L) dy
1

=— u(y) dy

rmC |lz—r|<r
— i [ xpon @ vt d
BRYe] XB(0,r) T —Y)uly) ay.

But xp(o,r) is not smooth, so we’ll have to do some work. In what follows we take
for granted the existence of n € C§° (B (0,1),R) which is radial and has [ = 1.



2. PROPERTIES OF HARMONIC FUNCTIONS 19

Consider the set U, = {z : d(z,0U) > €} for fixed ¢ > 0. Given z € U, we
claim u (z) = u* eidn ( ) From this the theorem follows. Towards the claim, write

€

(u*jdn (6)) () =/€id?7 (‘zl) u(z—y) dy

This completes the proof. O

At this point we know for fixed n that |[D™u| < C'(¢) on U,. But as we get close
to the boundary, the bound may blow up. This next theorem gives us a quantitative
control on the bound. First some notation. We'll call a = (ay,...,a,) € N* a
multi-index and write D* = 07" - - - 99~ The size of a will be |a| = a1 + -+ + an.

THEOREM 2.7. Suppose u is harmonic in U and B (xz,r) C U. Then for all «
there exists Cy so that

« OOl
D% (z)] < mHUHLw(B(x,r))
and
D* < Co
| U(ZL‘)| = yntlal ||u||L1(B(ac,r))
hold for all n.
NoTE. Evans gives a complete expression for C,,.
How can we understand this theorem? Consider the problem
—Au=0 inU
u=gq on OU

for g € C(OU). Suppose there exists a bounded solution w, then by the theorem

there exists C' so that o

|d (z,0U)[*

PROOF. Take 7 as in the previous proof and define U, = {z : d(z,0U) > r} =
{z: B(x,r) CU}. By the previous proof, we know u(z) = (ux 50 (2)) (z) if
x € U,. Now differentiate. Explicitly, we have

Doua) = [ iz (00 (1)

o COt
— D"u(z)| < M/B(E,T)W(y)'dy

|0Fu (x)| <

where |D%n| < C,. This implies the second estimate, from which follows the
first. O
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This has as consequence the next theorem.

THEOREM 2.8 (Liouville). Suppose u € C? (R%,R) is harmonic and bounded.
Then u s constant.

ProOOF. We saw that for any z,

C
|Du| < |u| dy.
n+1
r B(z,r)

By assumption, |u| < M so

C/
|Du| < —.
7/-774

Now let r — oo to conclude the result. O

As a corollory we get uniqueness on R¢.

COROLLARY 2.9. If f € C2 (Rd,R), then any bounded solution of —Au = f
equals f*® + ¢ for some constant c.

PROOF. First, we show f x ® is bounded. Suppose supp (f) C B (0, R), then

%@ (2)] <M/B(OR)|<I><x—y>dy

<M [© (y)| dy
B(z,R)
<M 1® (y)| dy
B(0,R)
=M.
Now suppose w is bounded and satisfies —Aw = f. Then w — ® x f solves
A(w—®*f) =0 and w — ® x f must be bounded. So by Liouville w — ® * f
must be constant. O

But ¢ can be arbitrary. To restore complete uniqueness, we need to reduce our
scope.

DEFINITION 2.10. u vanishes at oo if sup,_g|u (z)| — 0 as R — oo.

COROLLARY 2.11. Suppose f € CZ andn > 3. The unique solution of —Au = f
in R which vanishes at 0o is ®  f.

PROOF SKETCH. To show f x ® vanishes at oo, write

f*ﬂI)(w):/f(y)@(:v—y) dy

and argue about the size of ® when x is far from y. To get uniqueness, suppose
w solves —Aw = f and vanishes at co. Then w = fx® + ¢, but as fx P — 0 as
x — oo we must have ¢ = 0. O

EXERCISE 2.12. Work out the details in the previous proof.

Recall that a function v : R — R is analytic if

1 (03 «
u(x+h)= Z w\D u (x)|h™.
a€eNk keN '
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THEOREM 2.13. If u is harmonic in U C R?, then u is analytic in U.

PROOF SKETCH. Write
_ D% « - Do «
w@+h)= Y m |'D ) he + Z D (z+th)h
a€Nk k<N |al= N+1
for some 0 < t < 1. We want to show the error goes to zero as N — oo. To do this

we need a stronger version of theorem 2.7 See Evans for the complete proof. [

THEOREM 2.14 (Harnack’s I@quahty). Suppose U is an open, bounded set and
V is a connected, open set with V. C U. Also suppose u is harmonic in U. Then
there exists a constant C' (independent of u) such that if u >0 on U, then also

supu < Cinf u.
v \4
Proor. We'll show for any x,y € V, u(x) < Cu(y) for some C. Let r =

1d(V,0U) so that B (z,2r) C U if z € V. Assume |z — y| < r, then by the mean
value formula

1
T B o
1
= B2 Jon "
_ Bl
=BG

So the claim holds for |z — y| <.

Now suppose z,y are arbitrary. It is possible to find N balls B (x,r) (N
uniformly bounded) which cover V' and have B (z;,r) N B(x;+1,7) = 0. Then
u(z) < CNu(y) and since N is bounded we are done.

O

3. Green’s Function

Now we generalize the notion of fundamental solution to general open sets.
Recall the fundamental solution

cologlz] d=2
@ =
) {| d>3

and the uniqueness result, that for f € C2 (Rd) the problem
Au=f inR?
u—0 as|z]— o0

has the unique solution

u(@) =@ f ()= [—9) 7 () dy
Now consider the problem
Au=f inU
u=yg on OU

Again we want to write u = ® x f, but for some other ®. At the very least, we’ll
need to be able to integrate over the boundary of U. So we have

Lecture 4, 9/27/11



22 2. THE LAPLACE EQUATION

DEFINITION 3.1. Suppose U C R? is an open set. We say the boundary OU
is C™ if, given any zy € QU, there exists r > 0 and an invertible ¢ € C" (Rd,Rd)
with ¢~1 € O™ (Rd,Rd) so that U N B (xg,r) = ¢ (]R‘i N B (xo, r)) (equivalently,
such that OU N B (zo,7) = ¢ (OR%) N B (x0,7)).

We'll need to correct ® to match the prescribed boundary condition.
DEFINITION 3.2. The corrector ¢* is the solution of
{ s (y) = in U
9" (y) = (Ji—y) on U -
Of course, we don’t know yet if such a solution exists. But grant it for now.
DEFINITION 3.3. The Green’s function for A is
G(z,y) =P (x—y)— 9" (y).

REMARK. G = 0 on 9U and A,G = 0 on U except at x, where (formally)
AG =6,.

THEOREM 3.4. G is symmetric.
To show this, we recall

PROPOSITION 3.5 (Green’s Identity). For ¢,¢: U — R,

/¢>Aw bAG = /¢—— 2

where a—¢ =N -Vo.

PROOF OF THEOREM. Apply Green’s identity on U\ [B (z,€) U B (y,€)] tow (z) =
G (z,2) and v (2) = G (y, 2). Note that Aw = Av =0 and v|y; = w|y, = 0, so we

get
/ ov ow ov n ow
We— — V= = —W—— +v——.
oB(z,e) ON ON oB(ye)  ON ON
Taking € — 0 yields v () = w (y) and hence the result. O

EXERCISE 3.6. Fill in the details in the above proof.

THEOREM 3.7. Suppose U C R? is a bounded, open set with OU € C?. Given
fe€C?(U) and g € C?(dU), the unique solution in C? to

—Au=f inU
u=gq on U
18 0C
0= [ ceniwi- [ L@ d.

PrOOF. Step 1. This is the only possible solution. Suppose u is a solution of
the problem. Then Green’s identity on U\B (z, €) yields

oD ou o ou
u(y) AD (z — —q>Au=/ _e 2t _ W e 2
/U\B(m) (W) A® (z —y) ov ON " ON  Jopwe ON 0N
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Notice that A® =0 on U\B (z,¢€), and that

o ou
T e
/aB(m,@ van ~ Pon — U@

as € — 0. Applying Green’s identity on U for v and ¢* yields

lolou ou
AP (y) — ¢"Au = — " =—.
/UU(y) ¢" (y) — ¢" Au /aUuaN e
And notice that A¢p” = 0 in U. Taking ¢ — 0 and subtracting yields the desired

formula.
Step 2. The formula solves the equation. We have

Au—A/ (x—y dy—&—A/qﬁz (y) dy — A

Observe

oG
9 (y) dy.
oo ON (y)

A/U@(xfy)f(y)dy:ff(x)

5[ oW 1wdy= [ 8,67 0) 1 ) dy =0

since Az¢Y (x) = 0. And the third term is zero as well, so Au = —f.
Now we check that u = g on 9U. Set ¢ € OU. Note that G (z¢,y) = 0 for all
Y, SO

and

oG

u(z9) = — o ON (z0,y) 9 (y) dy.

Take the following steps:

(1) Show u has continuous extension around .
(2) Extend g inside U.

(3) Apply the divergence theorem on U\B (z,€).
(4) Let e — 0.

This will prove the theorem.

EXERCISE 3.8. Fill in the details of the proof.

So we have reduced the problem to showing there exists ¢* which solves
A7) =0 U
¢"(y) =®(r—y) ondU’
Before we entertain an existence theorem for generic open sets, we’ll try to build

intuition with a classical example — the upper half—plane.

3.1. The Upper Half-Plane. Now we set U = R, i.e. we consider the
problem

Au=0 onR?
u=g onaRi.

Note that the previous theorem does not apply, for R‘_f_ is not bounded. Still, we
proceed by solving

Ayd® (y) =0 in RY
¢"(y) =@ (r —y) onIRY
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and then writing down the Green’s function.

We'll produce a corrector ¢® explicitly. Given x = (zl, e ,xd) € R‘j_, set
T = (xl, ozt f:rd). We claim that a solution to the corrector problem is
given by ®(Z —y). Indeed, A, ®(ZT—y) =0if y € R‘j_, and if y € aRi then
O (z—y)= (T —y). (P(x) depends only on |z|, and |z —y| = [z —y| =T —y|.)
Thus the Green’s function for the upper half-plane is

Gy =2@@—y -2@T-y).
A quick calculation, and then we’ll write down the full solution in the upper-
half plane. Motivated by the previous theorem, we note ® (z) = IZIC% and compute

0,4® (2) = (d —2) cd%. Thus,

d
x
THEOREM 3.9. A solution of
Au=0 on Ri
u=g on 8Rff_
for g € CZ is given by
0 2z 9(y)
u(x) = —G(x,y)g(y) dy = / dy
()= Joms 3G DI W=7 | o=y
forx e R‘i, extended by continuity to aRi,
PrOOF. Step 1. Show Au =0 in R‘i. We have
u(z) = Oya (®(z —y) =2 (T—y))g(y) dy

d
ORY.

for z € RZ, and both ® (z — ) and ® (T — y) are harmonic in = as long as = # v,
Step 2. Show u can be extended by continuity, and that its boundary value is
g. Write 2’ = (2',...,2%7!) and similarly 3/, then

u(z' h) = Co/ ((m/ B y,; . h2)d/29 (v') dy'.

Write

h

h B 1 1 B 1 P -y
o N Opa=1, aj2 ~ Opa—1 h
((x—y) +h) ((wy) _|_1>
:R¥~1 - R. We have thus

Co .
= (e (5) ) )
Now Z > 0, [pa-1 Z < 00, and in fact ¢o [ Z = 1. We want to show u (2/, h) — g (2')
as h — 0.

CrLam. [ 257 (w/;y) g(y) dy — g(z') as h — 0, provided Z > 0, [ Z <

00, Co f Z =1, and g is continuous.

where Z (z) = W
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PROOF. Take 2/ = 0 and fix € > 0. Take R so that fl Z (z) dz < € and

take 0 so that |g (z) — g (y)| < eif |z —y| <. Then

Co _y/ / / Co _y/ 12 1
Z dy = Z d
hd—1 < h >g(y) Y /y’>Rh hd=t ( h )g(y) v
Co —y/
+/ Z( >g 0) dy
\yl<rn h4T1 h ©)

! /y’<Rh hjglz <_;i/> (9(¥y") —g(0)) dy.

The first integral is < esuplg|, the second is within € of g (0), and the third is
< €. O

z|>R

EXERCISE 3.10. Check the details above.
This completes the proof. O

We have found a solution
224 9 (y)
f— d
0= g | T

Au=0 onRi
u=g onaRi

to the problem

with g € C2. Suppose d > 3. Then we claim this is the unique solution in the class
of C? solutions which go to zero at infinity, i.e. which satisfy

lim sup |u(z)| =0.

—X|z|=R
On R?, we used Liouville’s theorem to conclude this. But Liouville’s theorem fails

in the half-plane. Indeed, suppose 7o € R?, then ® (x¢ — y) is harmonic for y € Ri

but
1 1

< .
|zo *y\d |T/0\d

P (z0—y) =

So how should be proceed? The only other tool we have is the maximum
principle. To demonstrate uniqueness, it suffices to prove that the unique solution
to

Au=0 on R‘i

u=0 on 6Ri

u—0 at oo
isu = 0. Fix € > 0 and take R so that |u(z)| < € if || = R. Consider U =
R% N B (0, R). By the maximum principle, |u| < € in U. Let ¢ — 0 and R — oo to
get the result.

3.2. The Ball. Now take U = B(0,1) € R?. Again, to find the Green’s
function one has to find the corrector, i.e. the solution of

—A¢T =0 in B
¢"(y) =@ (z—y) ondB’

Lecture 5, 10/4/11
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EXERCISE 3.11. Check that the corrector for the unit ball is

6% (y) = @ <|w| <y ;P)) '

Hint: Harmonicity is translation invariant and the fundamental solution is homo-
geneous. )

So the Green’s function for the unit ball is

G o) =2 - (jel (v~ 25 ).

Hence the solution of
—Au=0 inB
u=g on 0B

is

B 11— |z?
u(x) = /8 s T g @) 45 W)

The kernel
11— |z?
da (d) [z — y|*

K (z,y) =
is called the Poisson kernel for B (0,1).
EXERCISE 3.12. Check that u extends to the boundary 0B and satisfies u = g
there.

4. Energy Methods

Recall the maximum principle, which gave control to the L>°-norm of harmonic
u. Another approach is to study the L?- and H'-norms

luls = [ 1uf
Il = [1val*

These are the so-called “energy methods”. The first result we’ll see is uniqueness.

THEOREM 4.1. Let U be a bounded, open set with smooth boundary. There
exists at most one solution u € C? (U) of

—Au=f inU
u=g on U
where f,g € C?.
We already proved a version of this with the maximum principle. Now we’ll

prove the result with energy methods.

1 1

PROOF. Assume there are two solutions u!, u?. Set w = u' — 2, then w solves
—Aw=0 inU
{w =0 on oU
We have —Aw = 0, so

/Uw (—Aw) dx = 0.
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Integrating by parts yields
/ |Vw|? dx = 0,
hence Aw = 0. But then w = 0 and so we’re done. O

Now define the energy functional

E(u) = / <;|Vu|2 fu> dx

and the admissible functions
A:{UGC’Q(U), u=gondU}.
THEOREM 4.2 (Dirichlet’s Principle). u solves the problem
—Au=f inU
{u =g on U
with f,g € C? iff u minimizes E (u) over A.

PROOF. Assume that u solves the problem. Take w € C? (U), then —Au—f =
0 so

/ (—Au— f) (u—w) dz = 0.
U
Integrate by parts to get
/|Vu|2 —Vu-Vw— fu+ fude =0
U

or equivalently

/ (IVul]® — uf) doe = /(Vu -Vw — fw) du.
Cauchy-Schwarz gives
1 1
Vu-Vw < §|Vu|2 + §|Vw|2
and so

/(|Vu|2 _ uf) dx < / <;Vu|2 + %|Vw|2 _ fw) dz

which says E (u) < E(w). (Note this also implies « is the unique minimizer —
consider Cauchy-Schwarz more carefully.) B
Now assume u is a minimizer. Take ¢ € C? (U) with supp (¢) C U, then

E(u+¢)=E(u)+€/(VU~V¢—¢f) da:+e%/|v¢|2dx
1
:E(u)+e/¢(—Au—f) dz+62§/|v¢|2dx

after integration by parts. For small €, only the linear term matters; since we can
take e positive or negative, it must be that

/¢(—Au— f) dz =0.
But ¢ was arbitrary, so it must be that
—Au—f=0.
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This gives an interesting way to look for solutions to the problem. It takes
some functional analysis to make it work.



CHAPTER 3

The Heat Equation

We begin with Fourier’s law. Consider a material and assume that the energy
is
energy =c- T
for some constant c. (We'll take ¢ = 1 implicitly from here on.) Then Fourier’s law
says that the energy flow is
q=—kVT.

(Again, we'll take k = 1.) If we have a domain ) inside the material, then

aenergy inside 2 = —flow of energy across 0f)

or

E/T(x,t)dx:/ q-dS = VT -dS.
dt Jo o9 o9

By the divergence theorem,

i de:/Ade

and passing the derivative under the integral gives
/ (0T — AT) dx = 0.
Q

As Q is arbitrary, we get
T — AT =0.

So now the problem is to find u : R x Rt — R, (x,t) — u (z,t) which solves
the heat equation
Oyu — Au = 0.
Fourier invented Fourier series to solve this equation. If time permits, we’ll cover
this towards the end of the course. Instead, we’ll now try to find a fundamental
solution.

1. The Fundamental Solution

Look for a solution of the form
1 T
u(et) = 6 (55).
We have
o x —a—g— x of—a T
0 — A)u(z,t) = —at~*" 14 (ﬁ) — gt~ 1x-v¢(t—ﬁ) I (t?)
= -t (y) = Bty Ve (y) + 1A (y)

29
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after setting y = xt~”. We want this to be zero for all t > 0, so it will be convenient
to require the exponents on ¢ to all be the same; thus take § = 1/2. Then the
equation to solve is

~ag— 5y V6(y) + 5 (y) = 0.

We’ll see soon that it is best to take o = d/2. Now if we further assume ¢ = ¢ (r),
we get the ODE

n 1, , n—1,
R I Ch =0
So— e+ 0"+ 0
which is solved by
2
¢(r)=Ce™" /4,
DEFINITION 1.1. The fundamental solution for the heat equation is

d (t,x) — (4,’”)71,/26 4 t> O )
0 t<0

Cram. Forall ¢t >0, [ @ (¢t,2) dz = 1.

PROOF. Note [ @ (¢,z) dz does not depend on t. So it suffices to show [ @ (1/4,z) dx =
1. But it is a standard result that

/e_gc2 dx = /7
R

so after integrating iteratively we’re done. O
Now we are equipped to consider the standard initial value problem.
THEOREM 1.2. A solution of

Ou—NAu=0 t>0
u(t=0)=yg

with g € C? is given by
1 _lz—y|?
u(ot) = @(0)x9) @0) = — o [ g )
(4mt) Rd

Recall the solution to Laplace’s equation in the upper-half plane. Now we can
think of RY x Rt = ]Ri“ to intuitively understand the solution above. In the
upper-half plane, the boundary data was matched since the closer we got to the
boundary the more concentrated the kernel became. It’s the same here — the smaller
t gets, the more concetrated the kernel becomes. But as it’s integral is always one,
u(t,z) — g (x) as t — 0. Here are the details.

PROOF SKETCH. First show that u solves (0 — A)u = 0. Write

u(t,z) =/<I>(x—y7t)g(y) dy

then apply 9; — A and commute with [. For y fixed, (8; — A;) @ (z —y,t) =0 so
we're done.

Next, show that u has the right initial data. More precisely, extend u by
continuity up to ¢ = 0 and check that u (0,z) = g (x). Observe that

u(t,z) = (tdl/g‘l’ <ﬁ> *g) (2)
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where ® (z,t) = 5 ¥ (z/V1). Since ¥ >0 and [V =1 we see u (t,2) — g (z) as
t— 0. (]

REMARKS.

(1) uw e C* fort > 0. This follows because convolving with a smooth function
regularizes. In light of this, we say the heat equation homogenizes the
data. Since the heat equation models a diffusive process, this is physically
intuitive.

(2) The equation exhibits infinite propagation speed. Consider compactly
supported g = u (¢t = 0). Note that for ¢ > 0, the kernel is non-zero for
any z. So as soon as t becomes positive, u will be supported everywhere.
Then information will have traveled at infinite speed.

2. Duhamel’s Principle

We want now to solve the non-homogeneous problem. Consider first an ODE

%u —Lu=0
u(t=0)=g
This has the solution
u(t) = e’y
Now consider the problem
%u —Lu=f
u(t=0)=g

This has solution

t

u(t) =etg+ / e=9L £ (5) ds.
0

To check, write

(i _ L) w=etOLF(t) = f(t)

after commuting the derivative and hitting the upper bound t.
This has an analogue for PDE. But we have to be careful. The key fact above
was that €% = J. But now, the fundamental solution is
C _lz—y?
W@ It
which does not make sense for ¢ = 0. We’ll still be able to translate the Duhamel

formula for ODE into a sucessful formula for the heat equation. For us, L = A and
eDf = (1) f.

D (z,t) =

THEOREM 2.1. A solution of

Ou—Au=yf t>0
u(t=0)=gyg

with bounded f,g € C? is
t
u(t,z)z@(t)*g+/ O (t—s)* fds.
0

REMARK. This is easy with distribution theory, since then (9, — A) ® = §. But
we don’t want to take the approach.
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PROOF SKETCH. First u (¢t = 0) = g. Note that

|/ (t —s) f) (x) ds| < tsup|f| — 0
as t — 0 for

|/<I>(t—s,x—y)f(y) dy|§/|<I><t—s,x—y>||f<y>|dy
Ssuplf\/@(t—s,x—y) dy

= sup|f|.
Now (0¢ — A)u = f. We need to show

t
—A)/O /@(t—s,m—y)f(%s) dyds = f.
Write

/ot/‘l’(t‘s’x‘y”(yﬁ) dyds=/0t/¢(s,y)f<x—y,t—s) dyds

by the change of variables s’ =t — s, ' = 2 —y. Then

—A)/Ot/<1><s,y>f<x—y,t—s> dyds = /Ot/<1>(s,y)(f'%—Am)f(a?—y,t—S) dyds

(2.1) + /<I> (t,y) f (x —y,0) dy.

/Ot/¢>(s,y><6t—Ax>f(x—y7t—s> dyds = /Ot/cb(s,y)(—as—Ay>f(x—y,t—s> dyds

_ /OE/Q(s,y) (0, — A,) f dyds
+/:/q>(s,y) (=0, — A,) f dyds.

/06 / P (s,y) (—0s — Ay) f dyds — 0

as € — 0, and after integration by parts

// (5,9) (~05 — A fdyds—// 0, — A,) ® (s,y) f dyds

/ (t,y) f(x —y,0) dy
+/<1><e,y>f<x—y,t—e> dy

We have

The first integral is zero, and the second cancels out the term [ ® (¢,y) f (z — y,0) dy
in (2.1). The third goes to f (x,t) as € — 0, so we’re done. O
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3. Properties of Solutions

We'll follow a similar program to what we saw with the Laplace equation. First
we’ll prove a mean value formula. From this we’ll derive a maximum principle and
then uniqueness; we’ll also conclude a result about smoothness. The domain we’ll
consider is a so-called “parabolic cylinder”:

DEFINITION 3.1. Given an open, bounded set U C R?, it generates the parabolic
cylinder Ur = U x (0,T]. We'll say it’s boundary is T'r = U x {t = 0}UJU x [0, T].

NOTE. The definition of boundary above is not the same as usual. It is tailored
to our study of the heat equation.

As with the Laplace equation, we might want to consider an open ball B (z,r) C
Ur to derive a mean value formula. However, ¢ and x no longer play symmetric
roles. Also there is now directionality in time; solutions become more smooth as
time goes forward, and not the other way around. The right thing to do is to
replace B (z,7) by level sets of the fundamental solution,

E (zo,to,7) = {(s,y):q)(:coy,tos) > :d}

THEOREM 3.2 (Mean value formula). If u € C? (Ur) satisfies Opu — Au = 0,
then

1 |z —yl?
u(x’t)zzw[m ¢ )u(y’s) i sz W

whenever E (z,t,r) C Up.

REMARK. This is a weighted average (in contrast to the mean value formula
for Laplace’s equation).

PROOF. The equation is translation-invariant, so take x = ¢ = 0. Consider the
function

¢(r>:%/ u(y, ) 2 dyds.
dr E(0,0,r) S

We need to show ¢’ =0 and ¢ (r) — u (0,0) as r — 0. We’ll only do the first here.
The second is straightforward. By the change of variables (ry’ 28 ) = (y,s) we
have

2
¢ (r)= / u (ry, r23) % dyds.
E(0,0,1) S

2
/ (yi(“)iu + 2rs@tu) % dyds
E(0,0,1) S

S
—
=
=
|

L / i dyds + — / 20, Y dya
= y'u;——- dyds up—— dyds
rdtl E(0,0,r) 52 rdt+l E(0,0,r) s

=I+1I

(We’ve introduced Einstein summation.) Set
d d lyl®
U =log®(y,s)+ logr® = . log (—4ms) + ,

~— 4 dlogr
s
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with ¥ =0 on 9F (0,0,r). Then write
1 ,
I = —/ 2u 'V, dyds
r L Joo0o0m

1 / -
= — dugy'V + 4dus V) dyds
L E0,0,m ( v

1 (4 P
= —Adug ¥ + 4wyt [ —— — )| dyd
rdtt /E(o,o,r) [ U Ay ( 2s 452 yas

where we’ve integrated by parts in y; twice. So we’ve obtained
1 2d
I = —/ —4dus VU — —u;y* ) dyds — 1.
rd+l E(0,0,7) §

Now us = Au by assumption, and after integrating by parts in y; we find

2d
/ (4du3\11 — uiyl> dyds = 0.
E(0,0,r) S
Hence I + I =0 so ¢’ =0. a
EXERCISE 3.3. Show ¢ (r) — 1 (0,0) as r — 0 to complete the proof.
THEOREM 3.4 (Maximum principle). Suppose U has smooth boundary. If u €
C? (W) satisfies Oyu — Au = 0, then
(1) maxg—u = maxr, u,
(2) If U is connected and u acheives its mazimum on Ur\DI'r, then u is con-
stant.
REMARKS.

(1) This fits with our interpretation of the heat equation as averaging. This
intuition is confirmed by the maximum principle.
(2) There is also a minimum principle.

ProOF SKETCH. If suffices to prove (2). Suppose v is maximized at (zo,to) ¢
I'r with u (zo,t0) = M, and find r so that E (zg,to,7) C Ur. Then by the mean
value formula

1 |z — y[?
u (2o, to) = 47‘d/E( ) )u(yas) mdyds,
To,to,T

and since this is a weighted average we conclude u = M on E (zg,tg,r). This
implies u = M on U x [0, %], and since this holds for all ¢y the claim follows. O

EXERCISE 3.5. Fill in the details in the proof above. Note the clopen argument
used in the proof of the corresponding result for Laplace’s equation does not work
because (zg, tp) is not in the interior of E (xq,to, 7).

As a result we get uniqueness.
COROLLARY 3.6. The problem

ou—Au=g inUr
u(t=0)=f onU
u(t,z) =h on AU x [0,T]

has at most one solution u € C? (Ur).
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PROOF. Suppose u,u are two solutions, then define w = u — u. By linearity,
Oyw — Aw =0 in Up, and w = 0 on I'p. By the maximum principle, w < 0 on Urp.
By the minimum principle, w > 0 on Ur. Hence w = 0. (]

THEOREM 3.7 (Maximum principle in R%). Let u € C? solve
{&u—Auzg in Ry x RY
u(t=0)=f
with bounded f € C, and suppose
u(z,8)] < Ael*”
for constants A,a > 0. Then u is bounded and supu < sup f.
As a result, we get uniqueness in a class which allows for growth at infinity.
COROLLARY 3.8. The only solution u € C? to
{6tUA’ng in Ry x R?
u(t=0)=f
with bounded f € C' and with
lu (2, 1)] < Aecl”
is given by u (t) = ® (t)  f.
The proof of the corollary goes as usual. So we’ll only discuss the theorem here.
PROOF SKETCH OF THEOREM. It suffices to take max f > 0. Set T so that

4aT < 1. We'll prove first that sup,coppu < maxf. Find € > 0 so that
4a (T +€) < 1, and define

(2,1) = u (. 1) i 2y
v(z,t) =u(z,t) - ——————————€TTFe—
4(T +e— t)d/ 2

for § > 0. By the same computation which shows the fundamental solution solves
the heat equation, one can prove the extra term on the right solves the heat equa-
tion. So v solves the heat equation.

We want to apply the maximum principle on B (y,r) % [0, T'] for a certain choice
of r. Observe that on B (y,r) x [0,T],

0 r2

e T — —0o
4T +e—t)"?
as r — 00. So for big enough 7, v < 0 on 9B (y,r) x [0,T]. Given such an r, the
maximum principle on B (y,r) x [0,T] says

v(y,t) < sup (f+ - (something))
B(0,r)

< sup (f + 9 - (something))
Rd

v (@,1) < AcW+)* _

— sup f
Rd
as § — 0. O
EXERCISE 3.9. Fill in the details in the proof above.

Finally we have a result on smoothness.
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THEOREM 3.10. If u solves Oyu — Au = 0 on Ur, then it is smooth on Ur.

REMARK. The proof is similar to the corresponding result for Laplace’s equa-
tion. The idea is to use the mean value formula to write v as convolution with a
smooth kernel.

There is a quantitative version of this result.
THEOREM 3.11. If Oju — Au=0 on A = {|y —xl<r t—r?<s< t}, then

Chi
Slj‘p’DiDéU‘ < WHUHLI(A)
where C; depends only on k..

REMARK. Again, the proof is similar to the corresponding result for Laplace’s
equation.

4. Energy Methods

The maximum principle concerns the L*-norm of u, i.e. sup|u|. As we've seen
before, considering the L?-norm of w, i.e. fu2, can lead to new proofs. Here is a
uniqueness result.

THEOREM 4.1. There exists at most one u € C? (Ur) which solves
{&u —Au=f inUrp
u=g on I'r
with f,g € C.
PROOF. Suppose u, @ are two solutions. Then w = u — % solves

Ow—Aw =0 in Urp
w=20 on Ty’

As usual, we multiply d;w — Aw = 0 by w and integrate to get

/5)tw(t) ~w (t) dm—/Aw-wdw:O.
Integrating by parts yields
%&t/wz (t) dx + /|Aw|2dac =0,
and thus )
5@/11)2 (t) dx <0.
Since [w? =0att =0, [w? =0 for all ¢ > 0. This completes the proof. O



CHAPTER 4

The Wave Equation

So far we've seen the (linear) transport, Laplace, and heat equations. Now
we’ll study a more complicated transport equation — the wave equation. The wave
equation for a map u: R x RY — R, (t,2) — u (t,2) is

0P — Au = 0.
Since the equation is second order in time, to determine a solution we need to
specify u (t = 0) and wu; (t = 0). (This is a general phenomenon in PDE — the order

in time of the equation determines the amount of initial data needed to prescribe
a solution.) The initial value problem corresponding to the wave equation is thus

O?u— Au=0
u(t=0)=f

The wave equation describes the physics of light and sound. Consider plucking
a string and try to describe the resulting oscillations. The equation that governs the
displacement of the string is non-linear, but linearizing yields the wave equation.
More generally, consider an elastic material and let wu (¢,z) be the displacement
of x. For small u, the force which the material exerts (to first order) is given by
Hooke’s law: F' = —Vu. (We've normalized the spring coefficient.) Newton’s law
in a domain €2 says

5}/ Owu (x,t) do = Vu - dS.
Q o9

(We'’ve taken density to be one everywhere.) After applying the divergence theorem
and rearranging terms,

/ (97u — Au) dz = 0.
Q
This holds on all domains €2, hence

Of — Au=0.

1. One-Dimensional Wave Equation
Take d = 1 and consider

Ugp — Ugg = 0
u(t=0)=f
ut(tZO)Zg

The trick is to notice 97 — 92 = (9 + 0z) (8 — Bz), so if 87 — 92u = 0 then upon
setting v = (0 — 0y) u we see (O; +0z)v = 0. So v satisfies the homogeneous
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transport equation, and hence v (z,t) = a(x —t). Now wu solves (0; — 0,)u =
a (x — t), the non-homogeneous transport equation, and hence

x+t
u(az,t)zb(x—%—t)—ké/ a(z) dz.

—t
We have yet to identify the functions a,b. To do so, we use the data. From the
formula, we see u(t =0) = b(z) and du(t =0) = b (z) + a(z). So the data
determines b = f and a = g — f’. So we get

1 x4+t

@) =f@rtty [ 9@~ @) d
r—t

and hence the following theorem.

THEOREM 1.1 (d’Alembert). The solution of

Ugp — Ugg = 0
wlt=0)=f
u(t=0)=g

8

x4+t
u(a:,t):%(f(x+t)+f(x—t))+%/ g(2) dz.

—t
A proof would follow the discussion above, but would also demonstrate the
formula solves the given problem. This is not a hard calculation.
REMARKS.

(1) The equation is not smoothing, but we gain a little reguarity. If f € C™
and g € C™ 1, then w € C™. This behavior is closer to the transport
equation then to the Laplace or heat equation.

(2) The equation exhibits a finite propagation speed. Let ¢ = u(t =0),
then if supp(¢) CB(0,1/2), supp (u) C B(0,t+ 1/2). In fact, supp (u) C
B (t,1/2) U B(—t,1/2). So signals propagate at speed one. This is an
example of Huygen’s principle.

As with the transport equation, we could define a class of solutions for f €
L', g € L'. These are the so-called “weak solutions”, which we will not study here.

We want to solve the wave equation in higher dimensions. The next theorem
concerning reflection in d = 1 will prove useful.

THEOREM 1.2. Let f, g € C%. Then the unique solution of
Ut —Uge =0 >0, x>0
u(t=0)=f x>0
u(t=0)=g x>0
ulx=0)=0 ¢t>0
18
w(at) = @D+ @-)+5 [ g(z)de w2120
’ Y@t —ft—a)+3 [ gz dz t22>0
PROOF SKETCH. Let u be a solution, then extend it for all x as an odd function
to v. Then v solves the wave equation on R?. So we have a formula for v. (]
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2. Three-Dimensional Wave Equation

First consider any d > 2. We want to solve

Utt—AUZO
u(t=0)=g

Define the spherical means

U (2,7,1) = ]ém,r) w(y, ) dS(y)
G(z,7r) = ][amm,r) g(y) dS(y)

Huno=i;m”hwwww»

LEMMA 2.1 (Euler-Poisson-Darboux). Fiz x, then U solves

d—1
Uy — Uy — - U.=0
so long as u solves the wave equation.

PROOF. It’s easy to differentiate U in time to get

Uy = ]{93 uge (y,t) dS(y).

Differentiating w.r.t. r is more challenging. We have

UmwzﬁmWﬂ@ﬁdﬂw

:][ u(x +rz,t) dS(z)
8B(0,1)

after a change of variables. Differentiating, changing variables back, and applying
the divergence theorem yields

o-U = z-Vu(z+rz,t) dS(z)
aB(0,1)

:][ n-Vu(z+y,t) dS(y)
9B(0,r)

1
=" Audy.
‘83 (0, 1)|7’d_1 /B(x,r) wa
Now observe g1 J
- —d d—
Upr — . U, = rt % (T 1U7“) y
so we multiply U, above by r%~1 and differentiate:
1
d—1
r U, = ———— Audy
|aB (07 1)| B(z,r)
% d 1
d—1
il U,) = AudS(y).
") = GEG D] Loy MY
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Now multiplying by r'~¢ again gives
d
pimd — (rd_lUT) = ][ AudS(y).
dr OB(x,r)

Hence
d—1
Utt — Urr — 7UT = ][ (utt — Au) dS(y) =0
r OB (z,r)

so long as u solves the wave equation. O

Now we specialize to d = 3. Then the equation in the previous lemma becomes
2
Utt — Upp — ;Ur =0.

Ast— 0, U and 9;U are given by the data; as 7 — 0, U — u (z,t). The idea is to
reduce to d = 1 by considering U (r,t) = rU (r, ), since

2 . .
Utt - UT’!‘ - ;U’I‘ =T (Utt - Urr) .
So if u solves the wave equation, then by the lemma we see
0 == ﬁtt - 0rr~

P:stﬂ(),UHéandﬁtf]ﬂFIwhereé:rGandH:rH. And as r — 0,
U — 0. Putting it all together, we have arrived at the one-dimensional problem

t 0 r,t>0
Ut=0=G r>0
Ut=0)=H r>0
(r=0)=0 t>0
This is the one-dimensional wave equation on the half-line, for which we have a

formula (see theorem [1.2)). As r — 0, U — u, and so we end up with a formula for
u solving the three-dimensional wave equation.

THEOREM 2.2 (Kirchhoff formula). In d = 3, the solution of

Utt—AUZO
ut=0)=y

is given by
u(z,t) :][BB( ) [t-h(y)+g(y)+Vg(y) - (y—x)]dS(y).

REMARKS.

(1) The wave equation in d = 3 is not regularizing. A more detailed descrip-
tion requires Sobolev spaces.

(2) The wave equation in d = 3 exhibits finite speed of propagation, and
obeys Huygen’s principle. Given compact data, u is supported in the
“light cone” corresponding to the data. (D1)
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3. Two-Dimensional Wave Equation

For d = 2, the same strategy does not apply. Instead, the idea is to look at
R? as a subset of R? and apply the results of the previous section. Explicitly, if
u (t, 21, 12) solves uy — Au = 0 in R x R?, then v (t, 21, ¥, 73) = u (t, 71, 22) solves
vy — Av = 01in R x R3. This is the so-called “method of descent”.

Let us be more explicit. Suppose u solves

ugr —Au=0 in R x R?
u(t=0)=g onR?
u (t=0)=h onR?
Define @ (¢, 21, 2, 23) = u (t, 21, 23), then u solves
ﬂtt—Aﬂ:O in]RxR3
u(t=0)=g onR3
U (t=0)=h onR3
So w is given by a formula, and then we can extract u. The idea is that
u(t,z,2) =u(t, 21,22, 23) :/ fty,y2) dy
aB]R;;((CEl,Iz,O),t)

where f does not depend on y3. So we can smash down the ys-coordinate and go
back to R2.

THEOREM 3.1 (Poisson formula). In d = 2, the solution of

ugg —Au=0 in R x R?
u(t=0)=g onR?
u (t=0)=h onR?

8

1][ tg(y) +t°h(y) +t(y —z)- Vg (y) dy.
B(x,t)

u(x,t) ==
(=3 2=y —xf?
REMARK. There is still a finite propagation speed. But w is no longer supported
only on a light cone. Physically, this says that if sound obeyed the wave equation

in R?, then once sound was observed it would never go away. Huygen’s principle is
certanily violated here.

4. Energy Methods

Although we no longer have a maximum principle, we can still acheive unique-
ness through energy methods.

THEOREM 4.1. There exists at most one solution of
ug —Au=0  in U x[0,T]
u(t=0)=gyg on U x {t =0}
Ou(t=0)=h onUx{t=0}
u=1 on OU x [0,T]
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ProoF. It suffices to consider the homogenous case. Multiply u;; — Au = 0 by
ug, and integrate over U to get

/ Ut Ut —/ UtAU =0.
U U

Rewriting the first term and integrating by parts on the second yields

1
fat/ (ut)2+/ Vu,Vu = 0.
2 U U

Integrating by parts again,
1
2" { / (ua)* + |vu|2] ="
2 U

which holds for all ¢. Since [, (u)?* 4 |[Vul? = 0 at t = 0, we're done. O

Next we have an energy version of the light cone. This is a localized version of
the previous theorem.

THEOREM 4.2. Let u,v solve

uy — Au =10

u(t=0)=g

8tu(t:0):h1
and

vy — Av =10

v(t=0)=go

6t’()(t:0):h2

Suppose g1 = g, h1 = hy on B (x,t) C R Then u = v in the light cone.
PRrROOF. Assume u solves

Ut — Au =0

u(t=0)=0  on B(x,t)

O (t=0)=0 on B(z,t)
and define

e(s) = / (Jue]® + [Vul?) dy
B(z+s,t—s)

Differentiating in s gives

1d 1
~——e(s) = / Ugtgy + VuVuy — f/ lue? + |Vul?
B 2 Jon

2ds
1
:/ ututt—utAu—F/ un - VudS — f/ lug|? + |Vul?
B oB 2 Jon

after integrating by parts. The first term is zero, but the second is not of one sign.
But we can use Cauchy-Schwarz to guarantee the second and third together are of
one sign. Applying Cauchy-Schwarz yields

’/ wmn - Vu| < %/ (Jue)® + [Vul?) dS
oB oB

and hence “Le (s) < 0. Since e (0) =0, e = 0 for all s.



CHAPTER 5

First Order PDE

Now we study nonlinear pde. “First order” here indicates that the only deriva-
tives which show up in the equation are first order derivatives. Previously, we
derived explicit solutions as much as possible and then derive properties of the
equations via those solutions. With nonlinear pde, this is rarely possible.

The setting is as follows. We have an unknown map « : R — R and a function
F:RY xR x R* - R. The pde is

F(Vu(z),u(z),z)=0

on R%. A more general formulation is with v : U — R where U C R is an open
set and F: R? x R x R? — R. Given I' C U a subset, the boundary (initial) value
problem is

F (Vu,u,z) =0 inU
u=4g onT’

Where do such pde arise? The equations of continuum mechanics (e.g. fluid
mechanics) are conservation laws in divergence form. A typical law looks like

Oy f + divg = 0.

This is a first order pde. Wave propagation (Hamilton Jacobi) is also a source of
first order pde.

ExAMPLES 0.3.

(1) The Eikonal equation is
IVl = 1.
(2) The Hamilton Jacobi equation is
owu+ H (Vu) = 0.
(3) The Bergers equation is
Owu + ud,u = 0.

1. Characteristics

Let u:RY - R and F : R? x R x R? — R. Usually we indicate the arguments
by writing F' = F (p, z,z). The pde we are trying to solve is

F(Vu(z),z(x),z)=0.
The idea is to somehow replace the pde by an ode. Then it will be easier to solve.
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Let us parametrize x as x (s), then the unknowns are

x (s)

z(s) = u(z(s))

p(s) = Vu(z(s))
Supposing u is a solution, we look for a path z in R? so that we can find an ode
involving only z (s), 2 (s),p(s):

xr X
z =G z
D D

By the chain rule,
Z(s) = i i (s) ui (x(s)) = 'y,

i=1

with summation implied. Also, p’ (s) = d;u (x (s)) so that
P (s) = 2T uyy.
Now if we differentiate the pde w.r.t. the kth coordinate, we find
Wi Fp, +upF, + Fy, = 0.

Choosing © = V, F, we arrive at

Z=p-V,F

p=—pl, =V, F.
Thus we have found a closed ode involving only z, z,p. Note that everything is

parametrized by s, i.e. x = x(s),z2=2(s),p=p(s),and F = F (p(s),z(s),x (s)).
We have proved the following theorem.

THEOREM 1.1 (Method of characteristics). Suppose u solves

F(Vu,u,z) =0 inU
{u =g onT’
If X solves
X (s) = VpF (Vu (X (s) , u(X (), X (5))
then p(s) = Vu (X (s)) and z (s) = u (X (s)) solve

REMARK. Roughly, the theorem says that if you have prescribed data on
I' € U then the solution u is determined locally by an ode. That is, if we know
u, Vu at some point xg, then we can compute u, Vu on the whole characteristic
{X (s),s € R} simply by solving an ode. It can be shown this ode is nice enough
to have a unique solution (locally).

Before we see some examples, consider the possibility of using characteristics
to build up a solution to the pde, starting from I' C U. If all the characteristics
emanating from I' do not cross, this sounds like a plausible way to discover solu-
tions. But if characteristics cross, we’ll only get local solutions. Worse yet, if a
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characteristic lies tangent to I', then the boundary data is inherently restricted.
The worst possible situation would be when I' itself is a characteristic.

1.1. Linear Equations. The easiest case is the linear case. Let F (p, z,z) =
b(z)-p+ c(z)z, then the pde is
b(z) - Vu(x)+c(r)u(x)=0.

Once we assume F (p(x(s)),z(x(s)),x(s)) = 0 on the path z (s) then the ode
given above becomes

{ﬁc (5) = b(z(s))
2(s)=p-b(x) = —c(x(s)) 2 (5)

Note we don’t need the evolution equation for p as the ode above is closed. This is
due to our assumption on F' (which is justified since we are interested in solutions,
afterall).

EXAMPLE 1.2. Let’s specialize to the transport equation,

O +a-Vyu=0

where we've set © = (¢,y) and u = u (t,y). The ode becomes
t(s)=1
y(s)=a
2(s)=0

so u is constant on the line {(s,yo + as)} for any yo. Hence the solution is
U(t,y) :u(t:(),y—at)

This process shows us something deeper than just how to solve the transport
equation. Indeed, the characteristics are the lines on which data propagates. This
constrains the boundary data which can be prescribed — a well-posed problem will
have all characteristics intersecting the boundary exactly once. Also notice that all
the information is propagating at finite speed. And there is no smoothing.

EXAMPLE 1.3. Let U = {(ml,xg) ’:vl >0, 29 > 0} and let T'= {2z, =0} NU.
Solve
{an'lum2 — ToUg, =u inU

u=g onT’

Now, F, = ( _ng ) and so the ode is
1
Zi?l (S) = —X2
IC.Q (8) =1
2(s)=z2
Integrating gives
r1(s) =
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where we’ve imposed the initial conditions
a1 (0) = {
To (0) =0
2(0) = g (21)

Now the characteristics are arcs of circles.
Pick (X,Y) € U then the solution of the ode reaches X,Y if

{x?coss =X

)sins =Y

and so with 29 = v/ X2 + Y2 and s = arctan (Y/X). So the solution is
u(X,)Y)==z2(s)=g () e’ =g (\/ X2+ Y2> garetan(Y/X)
which fills out the whole space.

1.2. Quasilinear Equations. The pde is quasilinear if F (p, z,x) is linear in
p, e if F(p,z,x) =b(x,2z) -p+c(x,z). Then V,F = b(z, z) so the ode becomes

{:ic =b(z,z)
z2=—c(x,2)
As before, we’ll assume F (p, z,z) = 0 on the path x (s).
ExXAMPLE 1.4. Bergers equation is
O + uld,u =0
with ¢, z,u € R. Given data g at ¢ = 0 we have the initial value problem
{@u +udu=0
u(t=0,2) = g(x)
(This is a simplification of the Euler equation:

du+u-Vu=—-Vp

for t € R and x,u € R%) Here, (¢,z) plays the role of z, b(x,2) = ( i ), and

¢(x,2) = 0. So the characteristic equation is

t(s)=1
i (s) =z (x(s))
2(s)=0
The data is
t(0)=0
z (0) = xg
z(0) = g (z0)

Integrating yields
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Do the characteristics fill up the whole space? Pick (T, X) € R?, then

T=s
{X = x0 + sz (x0)
iff
X =20+ Tg(x0).
So for general T, g the Berger’s equation does not have a unique solution — the
characteristics may cross! And at a crossing point, u becomes multivalued (indeed
no longer C?) so the whole framework of characteristics breaks down. But observe

that if ¢ is a decreasing function, then there exist unique global solutions. Crossing
of characteristics is linked to the formation of shocks (as in fluid dynamics).

2. Local Existence of Solutions

We have seen two objections to the existence of general global solutions to first
order pde. The first example had to do with choosing a bad surface I' on which
to impose initial conditions (i.e. in the transport equation). The second had to do
with crossing of characteristics (i.e. in Bergers equation). But we can acheive local
existence. Recall we aim to solve

F (Vu,u,z) =0 onU
u=gqg onI'

withu:U CRY - R, F:R?xRx U — R, and I' C U a smooth boundary.

CLAIM. In order to solve close to xg € T, it is possible to consider that I is
flat and equal (locally) to OR%.

PROOF SKETCH. It is possible to find neighborhoods V, W of z(, z and a smooth,
bijective map ® : V 3 29 — W > x so that ®(T'NV) = RN W. Then set
v =uo ® 1, which solves an equation of the form

{G(Vu,v,z) =0 inW

u=god! on R-1NW
iff u solves
F(Vu,u,z) =0 onU
u=gqg onT
Hence the claim. ([l

Now we have zo € R4™! which is naturally identified as a subset of R?. We
want to find a neighborhood W of xy in R? so that

F(Vu,u,z) =0 inW
u=g on W NR4!

has a solution. This is called “solving locally”. And we hope to use the method of
characteristics. Observe that, locally, characteristics are smooth and do not cross
(an ode result). But they might lie tangent to R?~!, in which case it would be hard
to prescribe arbitrary data on I'. A most degenerate case would be if a characteristic
were to lie completely in R41.
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DEFINITION 2.1. We say xo € R is a characteristic point if the characteristic
through ¢ is tangent to R4~ 1.

We want to solve F'(Vu,u,z) = 0 by the method of characteristics, i.e. we
want to solve

& =V,F

Z=p-V,F

p=—pF: = V. F
with the data x (0) = z9,2 (0) = u (20) ,p (0) = Vu (2¢) on R4~1. But a priori, we
have no way of saying what Oqu (x¢) is; we only know that u = g on R4~!. But
still we can say d;u = 0;g on R4~1 if i < d — 1. For the dth derivative o = dqu, we
resort to the pde and demand

0= F((019) (o), (029) (x0) ;- - -, (Qa-19) (z0) , @, g (o) , To) -

DEFINITION 2.2. The data X = (019 (%0),...,04-19 (z0),, g (x0),x0) are
called admissible if F (X) = 0.

Now suppose we have z, a so that X is admissible. Is it possible to find 3 ()
so that
F (019 (0),--.,0a-19 (z0), B (2),g(x),z) =0
B(z0) = a
OF

close to xq? By the implicit function theorem, this is possible so long as Ppa (zo) #

0. Then we can extend the data locally away from xy and carry out the method
of characteristics. is the analytic expression of the non-tangency condition from
before.

THEOREM 2.3 (Implicit function theorem). Let f: R4 x Rg — R be smooth
and suppose f(0,0) = 0. If 93f(0,0) # O then there exists a smooth function
¢:R — R close to (0,0) so that f (o, B) =0 <= [ =¢(a).

Now apply the theorem to our problem with
f(avﬁ) = F(alg(a)a . '7adflg (Oé) 7ﬁag(a) 7a)
and at (z9,0). Then the condition dzf (0,0) # 0 becomes

Op, F (019 (20) 5 - - -, 0a-19 (x0) , pa (70) , g (w0) , X0) # 0.

Call (x9,0) € T non-characteristic if this condition is satisfied. Then by the implicit
function theorem, we find admissible data (01g (x),...,04-19 (z),pa (x),g(z),x)
for z € T close to xg. The geometric interpretation of xy being non-characteristic
is that the characteristic line through x¢ is not tangent to I'. Now we are ready to
solve the pde.

THEOREM 2.4. Consider the bup

F (Vu,u,z) =0 inR?
u=g onT'=RI"1 cRY

and assume I is non-characteristic at xo. Assume

(019 (z0) ,--.,0a-19 (z0) ,pa (z0) , g (x0) , To)



2. LOCAL EXISTENCE OF SOLUTIONS 49

is admissible, so we can find admissible data for x in a neighborhood of xy. Then
there exists an open interval I of 0 and an open neighborhood W C T' of xg so that
the solution (X (s,2'),z(s,2'),p(s,2')) of

X=F,
z=p-F,
p=—F.p—F;

with initial data X (s =0,2') = o', z(s=0,2") = g(a'), p(s=0,2") = p(z') is
well-defined for (s,x’) € I x W. Moreover, there exists a neighborhood V. C R of
xo so that the mapping I xW — V, (s,2') — X (s,2') is bijective. Finally, for any
T eV let (s,2') solve X (s,x') =T and define u(T) = z (s,2’). Then u solves the
bup in V.

REMARK. This says that we can build up a solution locally by the method
of characteristics. Recall we always had z(s,2’) = u (X (s,2)) in the method of
characteristics. So the definition of u above quite natural.

PROOF. Step 1. Solve the ode. Invoke a general ode result.

Step 2. X : I x W — V is bijective. Apply the inverse function theorem.
Recall for F : RY — R, if dFy is invertible, then F is a local diffeomorphism. So
we compute dX (s =0,2" = xzp):

95X (s,a') =V, F (s,2")
({)IiXk (0, JJ/) = 5ik7

and so
Op, F' Op, F' - Op, F
1 0
dX (0,350) = 1
1 0

This is invertible as I' is non-characteristic at zg.
Step 3. Solve the pde. Prove that

F(p(s,z"),2z(s,2"),X (s,2')) =0
for all s,z’. It is true for s = 0, and
OsF (p, 2, X) = po,F + 20, F + X0, F
= (=Fp—Fu) Fy+ (p- Fp) Fz + FpF.
=0.

This is not suprising, given how we derived the characteristic equations.

Step 4. Show p (s,2’) = Vu (X (s,2’)). Combined with step 3, this gives the
theorem. Indeed, given T € V pick (s,2’) so that X (s,2’) = T. Then by the
previous step,

0=F(p(s,2'),z(s,2"), X (s,2")) = F(Vu(Z),u(T),7)

and so u is a solution. We admit the following claim.
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CLAIM. The following relations hold:

sl s)=pX) = Zp 2, 8) X7 (2, 5)

zi (@', s) = p? X7.
Note that (s,2’) can be viewed as functions of Z due to the relation X (s,z’) =
T <= (s,2') = X1 (). Now differentiate to get
Oz, [u(T)] = 05, [2 (s () , 2 (T))]
=5z, + x'% z;
= sz, p" XF + x’%ikaj’-“
by the claim. So
Or, [0 (@) = p* (52, X" + 273 XF)
= P, (X" (s,2"))
_ pk&xifk
which finishes the proof.
(]

This completes our discussion of local existence. Uniqueness comes for free by
the method of characteristics (modulo choice of admissible data). In practice, there
is usually only one choice of admissible data.

3. The Hamilton-Jacobi Equations

Let us now consider an important first order pde. The Hamilton-Jacobi equa-
tions are

u(t=0,z)=g(x)
where 4 : R x R — R and H : R? x R* — R. As usual, it is possible to restrict u
to an open subset U C R?. We would like to solve these equations. The first thing
to try is the characteristic method.
The characteristic equations are

X=F

z=p-F,

p=—-F.p—F,

{Ut + H (Vyu,z) =0

We have a time variable, so make the replacements
X — (X0, X)
z— Z
p— (po;p) -

We have
F(p07paZaXOaX) = Po +H(p7X)
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and hence )
Xo=1
X = VPH (X,p)
Z=po+p-VpyH
pPo=0
p=-V.H(X,p)
Notice we can take the second and last ode together to form a closed system.

DEFINITION 3.1. If H : R x R? — R, then the ode
X =V,H
p=-V,H
is called Hamilton’s equation. The function H is called the Hamiltonian.

Next we introduce some basic variational principles, with the aim of studying
Hamilton’s equation.

3.1. Calculus of Variations. We start with a function L : R x R¢ — R, to
be thought of as dual to the Hamiltonian H. (L is called the Lagrangian.) Label
the entries as L = L (z,p).

DEFINITION 3.2. The action functional I; on paths w : [0,t] — R? is given by
t
I, [u] :/ L(w(s),w (s)) ds.
0
THEOREM 3.3. Fiz points x,y € R%. A minimizer of I, in the class
Ay ={we C? ([0, ] ,Rd) s w(0) =z, w(t) =y}

satisfies the Euler-Lagrange equation

(3.1) %WL (w(s),w' (s)) = VoL (w(s),w' (s)).

REMARK. This is called the least-action principle. Fermat observed in the 17th
century that light obeys a form of this principle; it has since then been realized that
physics as a whole obeys this principle.

PROOF. Suppose that w is a minimizer. Take ¢ € C™ ([O, t] ,Rd) with supp (¢) C
(0,t). Then

¢
I(w+ e) :/ L(w+ep,w + €d’) ds
0
¢
=1 (w)+e [/ ¢ VoL (ww')+¢" - V,L(w,w) ds] + 0 (€%).
0
For I (w) to be minimal, we need

t
/0 ¢ VL (w,w')+¢ - V,L(w,w') ds=0.

Integrating by parts yields

¢
/ @ [V,@L (w,w") — iVIOL (w,w’)] ds = 0.
0 ds
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This holds for all ¢, so it must be that

VoL (w,w') — %VPL (w,w") =0

which is Euler-Lagrange. (I
EXERCISE 3.4. Check the last step of the proof.
Here is a classical application of this theorem.

EXAMPLE 3.5. Motion of a particle in a field. Let L (z,v) = ml|[v]|? — ¢ (z).
Then V,L = mv and VL = —V¢, so Euler-Lagrange reads
mi = -V (x).

This is Newton’s equation. Note that the Lagrangian L does not have a clear
physical meaning, e.g. it is not the energy. But somehow this process results in the
physics we know.

The Euler-Lagrange equation is a second order pde on R?. Hamilton’s equa-
tions, on the other hand, constitute a first order system on R? x R?. We’ll introduce
a new variable to make the transition from second order to first order.

DEFINITION 3.6. The generalized momentum is given by
p(s) = VoL (z(s),2(s)).

Now we make an assumption. If z and p are given, we assume there is a unique

v so that
p=V,L(z,v).

Furthermore, we assume the map (x,p) — v (z,p) is smooth. Then we can freely
switch between (z, %) and (z,p).

DEFINITION 3.7. The Hamiltonian H associated to the Lagrangian L is given
by

H(l‘7p) =p-v (:Evp) - L (37,’() ($7p)) .
ExaMPLE 3.8. Continuing the last example, we find V, L (z,v) = mv so that

p = muv. So then H (x,p) = % + ¢ (x). Notice H has a physical meaning here —
it is exactly the energy. The assumption that p and v are in smooth, one-to-one
correspondence means here that m # 0.

All of this is interesting because of the following theorem.

THEOREM 3.9. If x solves the Euler-Lagrange equation (3.1) for a given La-
grangian L, then (z (s),p (s)) withp (s) = V,L (2 (s), & (s)) solves Hamilton’s equa-
tions

p=—V.H (z,p)
where H is the Hamiltonian associated to L.

PRrROOF. Recall that & (s) =v (z(s),p(s)). So

%H(p’x) = aizi(p-v(p,x)—L(v(p,x)’x))

=P Vg — kavl;,- — Ly,
= —Ly, (z,2)

{Jb = V,H (x,p)
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since p = V, L (z,%). But x solves Euler-Lagrange, and thus

d . .
V.H (p,x) = =V, L(x,&) = —p.

ds
Similarly,
Ol (px) = 2 (p-vpa) ~ L(v(p.2).x)
Op; Opi

=" (p, )+ p-vp, — kav;fi

=" (p,)
and thus

VpH (p,x) = v (p,x) = &.
Hence the result. g
ExaAMPLE 3.10. Again we go back to the classical example. In the Lagrangian

picture, L (z,v) = %02 — ¢ (x) gave the Euler-Lagrange equations

mi = -V (x).

To switch to the Hamiltonian picture, we set p = mwv. Then the Hamiltonian
becomes H (z,p) = Qimp2 + ¢ (z) and Hamilton’s equations read

{p - V6@

PROPOSITION 3.11. H (2 (s),p(s)) is constant along trajectories of

t=V,H
)= -V, ,H
Proor. Compute

d

%H(x(s),p(s)) =¢-V,H+p-V,H
=V,H-V,H-V,H -V,H
=0.

Thus H is contant along trajectories. ([

The relation between the Lagrangian picture and the Hamiltonian picture is
best explained with convex analysis. Recall the following definitions.

DEFINITIONS 3.12. A set S is called convex if for all z,y € S we have that
Ar 4+ (1—=XN)y € S for A € [0,1]. A function f : R? — R is called convexr if the
set {(z,y),y > f(x)} is convex, or equivalently if f(Az+ (1—X)y) < Af(z) +
(1—X\) f(y) for all z,y € R? and A € [0, 1].

Now consider H = H (p) and L = L (v) the Hamiltonian and Lagrangian
functions. Let us assume that the mapping v — L (v) is convex. This is very
much related to our previous assumption that the equation p = V, L (v) uniquely
determines v from p, and holds for all examples of interest (e.g. the classical example
from before). Let us also assume that L (v) /||v|| — oo as ||v]| — oco. This means
that the graph of L grows faster than linearly.
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DEFINITION 3.13. If L is convex, its Legendre transform is given by
L7 (p) =supfv-p—L(v)}.

Recall we associated a Hamiltonian H with a given Lagrangian L, via
H(p)=p-v(p)—L(vp).

PRrROPOSITION 3.14. Suppose we are given a smooth Lagrangian L for which v —
VoL (v) is bijective. Then the Legendre transform of L is its associated Hamiltonian
H,ie L*=H.

Proor. Consider the map v — p-v — L (v). It reaches a unique maximum,
for it is a concave function which goes to —oc as the input goes to oco. To find the
maximum, differentiate in v, so demand

Vo(p-v—L(w)=p—V,L(v)=0.
This holds iff p = V, L (v), so iff v = v (p). Hence
sup{p-v—L()}=p-v(p) = L(vp)
and hence the claim. ]

THEOREM 3.15 (Convex duality). Set H = L*. Then,
(1) H is convez,

(2) T8 — o0 as ||p|| — oo,

(3) H* = L.
PROOF. Proof of (1) is as follows. We have
H (p) =sup{p-v—L(v)}
which is a supremum of linear functions. So it is convex. Explicitly,
HQ(p+ A =2p) =sup{hp-v+(1-Np" 0= L)}

< Asgp{pw—L(v)}Jr(1—A)Sgp{p’-v—L(v)}

=NH (p)+(1—NH(®p),

and so H is convex.
Proof of (2). Fix R > 0 and take v = Rp/||p||. Then

H (p) =Sgp{p-v—L(v)}

>p. RE 1 (RP>
[p]] |pl|

> R|lp|| = sup L
9B(0,R)

which implies
H(p) _ , SWono.r L

lpll — Il
Taking p — oo and then R — oo yields the result.
Proof of (3). Write

H(p)ZSgp{p-v—L(v)}Zp-v—L(v)
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for all v. So then,
L(v)=p-v—H(p)

for all v, p and hence
L(v) = st;p{P‘v—H(p)} =H"(v).
In the other direction,
H" (v) = sup{p-v—sup{p-r—L(T)}}
= szpinf{p- (v—r)+L(r)}.
p T
Fix v, then as L is convex, there exists s € R? so that

L(r)>Lw)+s-(r—v).

Taking p = s,
H* (v) > ir;f{s~ (v—=r)+L(r)} > L(v)

and hence the result. O

3.2. The Hopf-Lax Formula. Now we solve the Hamilton-Jacobi equations

{5‘tu — H(Vu) =0

u(t=0)=gyg
via the characteristic equations
X =V,H
p=0

2=V,H(p)-p—H(p)

Recall the full characteristics take the form (Xo, X, z,po,p), but the ode above is
enough (it is a closed system). The initial conditions are X (0) = z, p (0) = Vg (z),
and z (0) = g (z). It is possible to integrate:

X (s)=xz+sV,H (Vg (z))

p(s) =Vg(z)

2(s) = [y [VpH () -p— H (p)] dt
But the mapping (z,s) — X (s) =z + sV, H (V4 (x)) is only bijective for small s.
(Characteristics may cross.) Can we work around this?

We aim to prolong u beyond where (x,s) — X (s) ceases to be bijective. Ob-
serve that the characteristic equation can be written as

X = V,H (p)
p=0
,é:L(X)

The idea is to recast these in a variational manner. Before characteristics cross, u
will satisfy

w(z,t) = inf {/OtL(X(s)) ds+g(X(0))}.

X(t)=z
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The characteristic equations show that X is constant for the minimizing path.
Hence the minimizing path looks like v (s) = y + 7 (z —y), where y = X (0). So
the variational problem becomes

wlwt)= it {tL (m;y> + g(y)} .

This is called the Hopf-Lax formula. One can prove that this formula admits a
solution valid for any time. In what sense will the extended solution be a “solution”
to the pde? Although it cannot be a classical solution, one can prove the following;:

e u will be Lipschitz continuous.

e Hence u will be a.e. differentiable.

e At the points where a derivative exists, u satisfies u; + H (Vu) = 0.
e u(t=0)=g.

Hence u solves the pde a.e. and satisfies the initial data.

4. Conservation Laws

Let u: R xR?Y = R, (t,z) — u(t,z) and F : R — R be given. A conservation
law is any pde of the form

{@u+v$@wm):o
ut=0)=g

There are conservation laws for vector-valued u, but they are not understood in
general. In fact, the conservation laws we consider here are very close to the best
that we can say about such equations.

First we apply the method of characteristics. The characteristics (X, z,p) are
of the form (T, X, z,pr,p) where F' = pp + F’ (z) p. The characteristic equations
are

T=1
X = F'(2)
z=0

Thus if » is a smooth solution, then it must be constant along lines of the type
(s,x0 + sF' (u)). But as we saw in Burger’s equation

1
Opu + gﬁqu =0

that the solution does not remain smooth for all time. Instead, shocks form in finite
time. So we need a more general notion of solution.

4.1. Integral Solutions. A classical solution of a pde is a map u which is

everywhere differentiable and satisfies the pde pointwise. Assume now that u is a
classical solution of

{@u+v$@ww)=o
u(t=0)=gyg

Take v € C§° ([0, o0] % ]Rd), multiply the pde by v, and integrate on R, x R;". So

0= /000 / (Opu + Vi F (u)) vdxdt.
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Now we integrate by parts in both ¢ and x to get

0=-— / (t=0)v dx—/ /uvt dxdt—/ / ) v, dadt
—/gm(t:O)dx—/o /uvtdxdt—/o /F(u)vmdxdt

where we have used the initial data. So we make the definition

DEFINITION 4.1. w is said to be an integral (weak) solution if it satisfies

/g~v(t:0) dx+/ooo/[uvt+F(u)vz] dxdt =0

for any v € C§° ([O, 00] X Rd). Such solutions are also said to be solutions in the
sense of distributions.

PROPOSITION 4.2. If u € C1, then it is a classical solution iff it is an integral
solution.

If u is piecewise C'' and C°, then it may be continuous across some smooth
hypersurface I' € R? while not being C' across I'. But we still have

PROPOSITION 4.3. If u € C° is piecewise C*, then it is an integral solution iff
it satisfies the equation pointwise away from T.

PROOF SKETCH. Take v with support away from ¢ = 0. Then integrating by
parts away from I' we find

/ /uvt—i—F ) vg| dedt = / /ut—i—V F (u)]vdadt

since the boundary terms cancel by continuity. But u; + V. F (u) = 0 away from T'
so the RHS is zero. O

Suppose now u is piecewise C'' but not continuous across I'. We specialize to
the case d = 1, s0 u : Rx R — R. (D1) Suppose u is C! away from I' = {z = s (t)},
then if u is an integral solution u will also be a classical solution away from I'. Let
u; and wu, be the restrictions of u to the domain on the left of I', T';, and to the
domain on the right of I', I'.. We ask: when will u be an integral solution?

Suppose u is an integral solution, then for all v supported away from t = 0 we

find
0= // [veu 4+ F (u) vg] dadt

-J]+1 )
_ / /F (e + Vo F ()] v dadt — / / g + Vo F (u)] o dadt

—l—/[ulu + F (u) Udl // u, v + F (uy) 1}vdl
r

where v is the normal to T'. Since the first two integrals are zero (u is a classical
solution away from I') we find

0:A[V2 (ug — uy,) + 0! (F (w) — F (uy))] vdl =0
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for all v. Therefore,
v (g —up) + v (F (w) = F (u,)) =0
itself. Since we have parametrized I by = = s (), we find v?/v! = —5(¢) and hence
(4.1) F(u)—F (ur) =8 (u —uyp).
This last relation is called the Rankine-Hugoniot condition.

THEOREM 4.4. u is an integral solution iff u is a classical solution away from
I’ and (4.1) holds along T.

REMARK. In situations where the pde comes from physics, it turns out that
condition (4.1)) represents a physically correct requirement on solutions.

4.2. Burger’s Equation. We only look at d = 1. Recall Burger’s equation is

{ut + % (uQ)z =0

u(t=0)=gyg

Solutions u are constant along lines of with slope wu, i.e. of the form {(s,zq + su)}.
So the characteristics have slope g (xg) where g = u (¢t =0), and thus can cross.
(D2)

Consider u given by u; = a and u,, = b. (D3) Then (4.1]) becomes

Lo 1oy,
5((1 —b’)=5(a—0)

and so we require $ = (a+b) /2. Therefore, u will be an integral solution iff
I={z=3(a+b)t+z0}. So

a T atb
u(@,t) = {b xiig’lzﬂ’;

is a solution.
Now consider the initial data

1 <0
gx)y=<1—-2z 0<z<1.
0 rz>1

The characteristics look like (D4). The solution above works to the right of = 1.
Working out the details shows that

1 <1
u(z,t)=¢32 t<z<1
0 z>1

is a solution as well. (D5) We can use this last solution on ¢ < 1, and then glue to
the solution above to find a global solution (this requires a gluing lemma).

Have we finished the whole story? There is a big problemhere: non-uniqueness.
Consider Berger’s equation with the initial data

g(w)Z{O vy

1 >0



4. CONSERVATION LAWS 59

Here are two possible solutions. We have the shock wave

0 z<i
u(w,t) = * 2,
1 £C>§
and the rarefaction wave
1 z>t
u(r,t)=¢%2 0<z<t.
0 z<0

Another possibility would be that for some time there is a shock wave, and then it
becomes a rarefaction wave.

Can we find a condition to exclude (non-physical) solutions? (D6) Our criterion
is as follows: An entropy solution is a solution such that at any shock, characteristics
points towards the shock. This will resolve the problem is non-uniqueness. There
are other reasons that we choose entropy solutions:

e Information propagates along characteristics. Solution which are not en-
tropy solutions have information propagating away from a shock. This is
non-physical.

e Smooth solutions are better than discontinuous solutions.

e The entropy criterion ensures that the solution is stable (w.r.t. the data
and the equation).

In general, a shock will be entropic iff F' (u;) > $ > F' (u,), i.e. iff
F(w) — F(uy)

F’ >
(w) —

> F' (u).
This is known as the Lax condition.

EXAMPLE 4.5. Let

0 <0
gx)=<1 0<zr<1
0 z>1

be the initial data. We look for the entropy solution. For Burger’s equation, the
Lax condition becomes
1
u > 5 (u; + up) > uy,
so the only entropic shocks are those such that u; > w,. Gluing the rarefaction
wave and the shock gives

0 =<0
x

w(a =4t Tt .
1 t<z<l+i
0 z>1+%

The two meet at ¢ = 2. Past ¢t = 2, we look for a solution of the type

0 =<0
u(r,t)=¢% 0<z<s(t).
0 z>s(t)
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The Rankine-Hugoniot condition becomes

and so s (t) = v/2t. Therefore an entropic solution past ¢ = 2 is

0 <0
z 0<ax<V2t.
0 x>¢27‘

Observe that for Burger’s equation, the Lax condition simply becomes u; > u,..
This is true in a more general setting.

u(x,t) =

PROPOSITION 4.6. If F' is strictly convex, then a shock T is entropic iff u; > u,
across I'.

Next, we go back to the Hamilton-Jacobi equations in an effort to understand
why the entropy condition gives uniqueness.

4.3. The Lax-Oleinik Formula. Integrate the relations
ur + Vo F (u) =0
u(t=0)=g

from 0 to x to get

Ut“‘F(Uz) :F(Ux) (0)
U(t=0)=h

where U = fom udz. This is almost Hamilton-Jacobi, expect for the undertermined
integration constant. Alternatively, we can start with Hamilton-Jacobi

Ui+ FU,;)=0
Ut=0)=h
and then differentiate w.r.t. x to get
ur + Vo F (u) =0
u(t=0)=g

where u = d%U, g= d%h.
The steps above suggest that we can go freely between the conservation law
and the Hamilton-Jacobi equations. Formally, at least, the above implies the Lax-

Oleinik formula
u(z,t) = % (myin {tL (mt—y) +h (y)})

with L = F* (for convex F'). The next theorem justifies all of this.

THEOREM 4.7. Let F' be strictly convex and g € L.
(1) The Laz-Oleinik formula gives

w(z,t) =G (m - yf””)
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for almost every x, where G = (iF)_l, and where y (x,t) is the point at

dx
which
&w@ﬁﬁﬂ(x;y)+h@)

reaches its minimum (which is unique for almost every x).
(2) u is an integral solution of

us + Vo F (u) =0
u(t=0)=g
(3) u satisfies the estimate

(4.2) u(z+z,t) —u(x,t) < —z

¢
t

fort,z>0, z€R.
(4) w is unique amongst solutions satisfying (4.2]).

REMARK. (3) says in particular that if u contains a shock, then u, < w; and
hence the shock is entropic. To see this, send z — 0 in relation (4.2) and argue
that the sign of equality cannot hold otherwise there would be no shock.

ExXAMPLE 4.8. Let us see what the theorem says for Burger’s equation, where
F (u) =u?/2. Then u (x,t) = (x — y (z,t)) /t where y (z,t) minimizes

(z—y)°
o

We will sketch a proof in the case of Burger’s equation, where F (u) = u?/2.

Y — —|—h(y)

PROOF SKETCH. Step 1. Fix 1 < x3, then there exists y; so that Z,, (y) is
minimized at y;.

Cram. If y < yq, then

2 2
(@2 =y1)” ;tyl) +h(y1)<7(x22_ty) Y h(y).

The claim is easy to show. Indeed, if o = z; then the statement holds as an
inequality. Differentiating both sides w.r.t. x5 gives that d%;zLHS < %RHS.

Step 2. Set y(x,t) = inf {y ‘ Zys (y) is minimal}. The claim implies that
y (x,t) is increasing in x. So the map x — y (z,t) has at most a countable number
of points of discontinuity. Where continuous, the minimum is reached at a single
point. So y (z,t) is unique except for a countable number of points, and so u is
well-defined almost everywhere.

Step 3. The formula for Hamilton-Jacobi reads

2
w(z,t) = % (min [(”” 9 )

== %Zx,t (y (:Er t))
= Z;w (y (z,1)) % + g% (y (z,1))
_z-y@t)

t
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)
as ZL, (y (a,)) 32 = 0.
Step 4. w is an integral solution. This is proved via Hamilton-Jacobi.
Step 5. For z > 0 write

— t
STyt
- 4
rtz-y(xtzt) oz
B t t
:u(x+z,t)f§

which proves relation (4.2)).
Step 6. Uniqueness. This is not trivial.

We end with two applications of the Lax-Oleinik formula.
4.3.1. Riemann’s Problem. Consider solving

we + Vo F (1) =0
u(t=0)=g

Uy
Ur

Assume that F is strictly convex. The following theorem holds.

where
z <0

g9 (z) a0

THEOREM 4.9. Given the above,
(1) If u; > u,, the unique entropy solution is

u(z,t) = {ul

(2) If u; < u,., the unique entropy solution is

< FPlu)—F(u,)

>

F(u)—Flur) -

Up—Up

+|8 |8

Uy % < F’ (’U,l)
w(z,t) =4 G (2) F'(w)<<F(u)
Up > F' (u,)

where G = (%F)_l.
REMARK. This says that the only entropy solutions are (1) shocks and (2)
rarefaction waves.

We will sketch a proof in the case of Burger’s equation.

PROOF SKETCH. Proof of (1). Suppose we have a shock solution so that u; >
u,. Then (4.2)) holds, so (1) is implied by the previous theorem.
Proof of (2). For Burgers,

uy %<ul
u(r,t) =42 w<%<u, .
Up T > Up
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Check that u is continuous, u is a classical solution where smooth, u is an integral
solution, and u satisfies (4.2)). Then the previous theorem implies u is the unique
entropy solution. O

4.3.2. Large Time Behavior. Consider
ur + Vo F (u) =0
u(t=0)=g

with F strictly convex. We claim that if g € C5° (R), then max,cr {u (-, 1)} tends
towards zero as t — oco. So u dies at t = co. However,

EXERCISE 4.10. Show that [u (x,t) dx is constant for ¢ > 0.

What is happening here? It turns out that the mechanism behind the decay of
u 18 shocks. Consider that without shocks, the maximum remains constant as u is
constant along characteristics.

THEOREM 4.11. Let u be the entropy solution of
us+ Vo F (u)=0
u(t=0)=g

where F is strictly convexr and g € L' N L>. Then
1
u(x,t)| < —.
u(z,1)] i
We will prove the result for Burger’s equation.

PRrROOF. The Lax-Obeiniek formula gives

— t
U(.T,t):x y(l'?)
t

where y (z,t) satisfies

. T —
Zea y(@0) = min (Ze, )} = C 0 4 n(y).
Observe that
Zy i (x) <suplh| =M < o0,

so then Z,; (y (z,t)) < M and here
2
2t
Hence
=y (,6)] < 2VIIVE

and in conclusion

o —y (@) _ 2vM
t - Vi

The proof in general is not that much different from above.

u(z,t)] <

O

To understand the asymptotic behavior, we introduce the notion of an “N-
wave” .



64 5. FIRST ORDER PDE

DEFINITION 4.12. The N-wave with parameters p, q,d, o is given by

1z o _ .
N(x’t):{d(t o) Vpdt < x O't<\/(]7.

0 otherwise
THEOREM 4.13. Let u be the entropic solution of
ug+ Ve F(u)=0
u(t=0)=gyg
Let N be the N-wave with parameters p = —2min, {fi’oo g}, ¢ = 2max, {fyoo g},
o=F'(0), and d = F" (0). Then

/OO |u(z,t) — N (z,t)| dz <

— 00

S
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