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2. WHAT ARE PARTIAL DIFFERENTIAL EQUATIONS AND WHY TO STUDY THEM?

Recall that an ordinary differential equation (ODE) is an equation involving an unknown function
of a single variable and some of its derivatives. For example,

d
d—y +y? =0, (unknown y, non-linear, 1%* order) (2.1)
x
y'+y +y=0, (unknown y, linear, 2% order) (2.2)
d2
(2% — 1)d2—u +u=0, (unknown u, linear, 2" order) (2.3)
x

are ODEs. We can also have systems of ODEs, i.e., a system of equations involving two or more
unknown functions of a single variable and their derivatives. For example,

% +2z =0 (unknowns: y and z, linear, 15 order)
A (2.4)
dt
u’ 4+ v? =0 (unknowns: u, v, w, non linear, 2"¢ order)
v+ v? =0 (2.5)
w' +w +wv =0

are systems of ODEs. As we learn in ODE courses, one typically studies ODEs because many
phenomena in science and engineering are modeled with ODEs. A limitation of ODEs, however,
is that they are restricted to functions of a single variable, whereas many important phenomena
are described by functions of several variables . For instance, suppose we want to describe the
temperature T in a room. It will in general be different at different positions in the room, so T is
a function of (z,y, z). T can also change over time, thus T'= T'(t, x, y, z). An equation involving T
and its derivatives can then have derivatives with respect to any of the variables ¢, x, y, or z, which
will be partial derivatives, %, 8%, 8%, %. This will be a partial differential equation.Formally:
Definition 2.1. A partial differential equation (PDE) is an equation involving an unknown function
of two or more variables and some of its (partial) derivatives. A system of PDEs is a system of
equations involving two or more unknown functions of two or more variables and some of their
(partial) derivatives. A solution to a PDE (or system) is a function that verifies the PDE.

Notation 2.2. Since most of the time we will be dealing with functions of several variables, the
derivatives will be partial derivatives, but we will often omit the word “partial”, referring simply
to “derivatives.” We will also often omit “system”, and use PDE to refer to both a single equation
and systems of PDEs.

Besides applications to science and engineering, PDEs are also used in many branches of math-
ematics, such as in complex analysis or geometry (see in particular Ricci flow and the Poincaré
conjecture). PDEs are also studied in mathematics for their own sake, i.e., from a “pure” point of
view.

3. EXAMPLES AND NOTATION

We will now give examples of PDEs. Along the way, we will introduce some notation that will
be used throughout.

Remark 3.1. As it was the case for ODEs, when we introduce a PDE, strictly speaking we have
to specify where the equation is defined. We will often ignore this for the time being until we get
to some more formal aspects of PDE theory.
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3.1. Laplace’s equation:

Au =0,
where A is the Laplacian operator defined by
0? 0? 0?
A=—+—+—
0x? + 0y? + 022’

so explicitly Laplace’s equation reads:

0%u n 0%u . 0%u _0

R

We will often denote coordinates in R? by (2!, 22, 23), in which case we write A as
0? 0? 0?
A= + +

a(x)2 " 9(x2)2 " 9(a3)?
. We write expression of the form u = u(x!, 2%, 23) to indicate the variables that a function depends
on, e.g., in this case that u is a function of 2!, 22, and z>. We can also consider Laplace’s equations

for a function of 2!, 22,..., 2", for some arbitrary n, v = u(z!,2%,...,2"), in which case
0? 0? 0?
A — g
d(z1)2 + d(z2)2 +oeet d(zn)?’

so Laplace’s equation reads

0%u 0%u 0%u " 9%

Au — . — “ _0
T 9h)? - a(22)? Tt a(zn)2 ; a(xi)2

Laplace’s equation has many applications. Typically, u represents the density of some quantity
(e.g., a chemical concentration). Closely related to Laplace’s equation is the Poisson equation:

Au = f,

where f is a given function.

3.2. Heat equation or diffusion equation.
Oyu — Au = 0.

This equation has many applications. For example, u can represent the temperature so that
u(t,zt, 2%, 23) is the temperature at the point (z!',z% 2®) at instant ¢. More generally u can

represent the concentration of some quantity that diffuses over time.

Notation 3.2. Throughout these notes, we will use ¢ to denote a time variable, unless otherwise
specified.

Remark 3.3. The heat equation is also written as O;u — kAu = 0, where k is a constant known as
diffusivity. In most of these notes, we will ignore physical constants in the equations, setting them
equal to 1.

3.3. Wave equation.
Uy — Au =0
(Here we recall the notation u; = dyu = %, Uy = 02u = % etc.). This equation describes a
wave propagating in a medium (e.g., a radio wave propagating in space); u is the amplitude of the
wave.
Sometimes one writes uy — c2Au = 0 where the constant c is the speed of propagation of the
wave (we will see later on why c is indeed the speed of propagation).



MATH 3120 - Intro to PDEs 5

3.4. Schrodinger’s equation.

ov
— + AU+ VU =0
) ot + + ,

where i is the complex unit i = —1, V = V(¢,2!, 22, 23) is a known function called the potential
(whose specific form depends on the problem we are studying), and the unknown function ¥, called
the wave-function, is a complex function, i.e.,

U =y + v,

where u and v are real valued functions.
The Schrédinger equation is the fundamental equation of quantum mechanics.

3.5. Burgers’ equation.
ug + uug, = 0.

Burgers’ equation has applications in the study of shock waves.

3.6. Maxwell’s equations.
O¢FE — curl B = —J,
0B + curlE = 0,
div E = p,
div B =0,

where the E and B are vector fields that are the unknown functions (or vector valued functions),
so they have three components each:

(3.1)

E = (B!, F2 BY), (3.2)
B=(B',B* B, (3.3)
div and curl are the divergence and curl operators, sometimes written as V- and V x, respectively

(curl is also called the rotational). Let us recall the definition of these operators: for any vector
field X = (X!, X2, X3), we have

div X := 9 X+ 0, X2 4+ 95X3,
and
curl X := (9, X3 — 95X2%, -0, X3 + 03X, 0, X% — 9, X1),
where we have introduced the following notation:
9
ozt
FE and B represent the electric and magnetic fields respectively. p represents the charge density

and J the current density, which are given.
Maxwell’s equations are the fundamental equations of electromagnetism.

0; =

Notation 3.4. Note that the above, we did not denote vectors with an “arrow” i.e., ﬁ and ﬁ, as
usually done in calculus. We will avoid using arrows for vectors — it will always be clear from the
context if a quantity is a scalar, a vector field, etc. We also denote the components or entries of
a vector with superscripts and not with subscripts as usually in calculus (i.e., X* and not X;, but
see below for exceptions).

Similarly, we will denote points in space by a single letter without an arrow, e.g., = = (2!, 22, 23)
in R3, or more generally z = (z',2%,23,...,2") in R". So, sometimes we write expressions like
u = u(t,z) instead of u = u(t, 2!, 22, z3).
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Notation 3.5. The curl can be written in a compact form as

(curl X)* = 79, Xy,
N——
meaning the it" component of the vector curlX
In this expression, the following convention is adopted. € is the totally anti-symmetric symbol,
defined as
+1 if ijk is an even permutation of 123

ek =0 1 if ijk is an odd permutation of 123 (3.4)
0 otherwise.
Eg,e? =13 =1,&8 = —1, "2 = 0. X}, means X¥, but we write it here with a subscript

because of the following summation convention which will be used throughout:

When an index (such as i, j, etc.) appears repeated in an expression, once upstairs and once
downstairs, it is summed over its range.

Example 3.6. we can write the divergence as
3
divX =9, X" = Z 0,X =01 X'+ 0, X% + 95X°5.
i=1

Remark 3.7. We will give another interpretation to X (i.e., X* but with the index downstairs)
which will make our conventions more systematic, later on.

In the expression for curl, for example:
(curl X)? = €%%9; Xy,
— 2139, X3 + 315X,
= —0h X3+ 03X;.
We also sometimes use the notation
curl’X = (curl X)".
3.7. Euler and Navier-Stokes equations.

{&p—l—(u-V)p—i—pdivu—O

p(Oyu + (u- V)u) + Vp = pAu (3.8)

These equations describe the motion of a fluid. The first equation is sometimes called the con-
tinuity equation (conservation of mass) and the second one the momentum equation (conservation
of momentum)

p = p(t,z) is a scalar function representing the fluid’s density and v = wu(¢,z) is a vector field
representing the fluid’s velocity. p and u are the unknowns. p is a given function of p, i.e., p = p(p)
(e.g., p(p) = p?). p represents the pressure of the fluid. x> 0 is a constant known as the viscosity of
the fluid. V is the gradient operator; recall that V f := (01 f, o f, 05f), where f is a scalar function,
so the i*" component reads (Vf)! = 9;f; we also write V' f for (Vf)°.

u -V is the operator

u-V =u'd (3.9)
= u181 + u282 + u363. (3.10)

When u - V acts on a vector field it does so componentwise. A also acts on a vector field compo-
nentwise.
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These equations are known as the Navier-Stokes equations if ¢ > 0 and Euler equations if u = 0.
They are the fundamental equations of hydrodynamics.

In models where the density is assumed to be constant, in which case we take p = 1, we have
the incompressible Euler or Navier-Stokes equations:

divu =0
3.11
{atu+(u-V)u+Vp:uAu (3:11)

In this case, however, it is no longer assumed that p = p(p), and p is given by some other
expression (we will see this later).

3.8. Other examples. There are many other important PDEs that we will not have time to
discuss. We mention a few more of them, without writing them explicitly:

Einstein’s equations: fundamental equations of general relativity.
Yang-Mills equations: fundamental equations of quantum field theory.

Black-Scholes equation: models the price of European options.

Remark 3.8. The concepts of the order of a PDE and of homogeneous vs. non-homogeneous
PDEs are defined similarly to their analogous in ODEs. We will define linear and non-linear
PDEs later on, but this definition is also similar to ODEs and readers should be able to identify
which of the above examples are linear or non-linear PDEs.

3.9. Theory and Example. Before investigating more general and theoretical aspects of PDEs,
it is useful to first consider a few specific equations that can be solved explicitly. Thus, at the
beginning will be more computational and equation-specific. Later on we will consider more robust
aspects of the general theory of PDEs.

4. SCHRODINGER EQUATION AND THE METHOD OF SEPARATION OF VARIABLES

If we write the physical constants, the Schrodinger equation can be written as

ov h?
h—— =——AUV+ VU 4.1
where i is Planck’s constant, u is a constant called the mass, and i? = —1.V = V(t,z) : RxR3 = R

is a given function called the potential and ¥ = ¥(¢,z) : R x R* — C is the unknown function,
called the wave function, and C is the set of complex numbers.

Notation 4.1. We have a function depending on time and space, i.e., t and x, we will often write
its domain as R x R? instead of R* to emphasize that ¢t € R is the time variable and = € R3 is the
space variable.

The Schrodinger equation describes the evolution of a particle of mass p interacting with a
potential V| according to the laws of Quantum Mechanics.



8 Disconzi

4.1. Physical interpretation of ¥. Given a subset U C R?, the integral

/ (¢, 2)[? da
U

represents the probability of finding the particle in the region U at a time ¢, where |¥|? is the
square of the absolute value of W:

U2 = U0 (4.2)

where U* is the complex conjugate of .
Note that one must have

/RB Wt o) do = 1. (4.3)

The latter condition can always be satisfied, upon multiplying ¥ by a suitable constant, as long

as
/ W (t,2)|* de < . (4.4)
R3
Notation 4.2. Above and throughout, we use dx to demote the volume element in R", i.e.,
dx = dx'da® - - - dz" (4.5)
so in particular in R3
dr = dr'dx*dx® (4.6)

we denote the integral of a function f over a region U C R" by fU f(z)dz on sometimes simply
fU fdz, i.e., we don’t write fo -+« [ fdz as in multivariable calculus.

4.2. Separation of variables for a time independent potential. We now suppose that V'
does not depend on time t, i.e.,

Vit,z) = V(x). (4.7)

One of the simplest methods to try to solve a linear PDE is called the method of separation of
variables. We will apply this method here. Further applications of the method will be given as
HW.

The method of separation of variables consists in supposing that the unknown function is a
product of functions of a single variable (this does not need to be always true, but it is a good
starting point, and it will work here).

Thus, we suppose that

W(t,2) = T()(), (4.8)
Plugging (4.8) into the Schrédinger equation gives
T’ h? A
ih— - - -7 4.
ih T +V (4.9)
function of t only function of x only

Since LHS = function of ¢ only, RHS = function of x only, the only way to have LHS = RHS is
if both sides equal a constant F:

T/
m? = E = ihT' = ET (4.10)
h? Av) h?
——— 4+ V=E= ——Ay+ Vi = Eq. 4.11
2u Y 2p )



MATH 3120 - Intro to PDEs 9

The first equation has solution
T(t) = e %t (4.12)

where we ignored (and often will)an arbitrary constant of integration since the PDE is linear. The
second equation is known as the time-independent Schrédinger equation.

4.3. The time-independent Schrodinger equation for a radically symmetric potential.
We now focus on

h2
_ﬂmp +Vip = Ev (4.13)

We make another assumption on V. we suppose that it is radically symmetric, i.e.,

V(z) =V(y/2? + 23 + 23) (4.14)

V(r,¢,0) =V (r) (4.15)

where (r, ¢,0) are spherical coordinates: r € [0,00), ¢ € [0,7], and 6 € [0,27). We will work in
spherical coordinates, so 1) = ¥ (r, ¢,6). The Laplacian in spherical coordinates reads

or, in spherical coordinates, that

2 1
A:@Z+;8T+T—2A52, (4.16)

where

cos ¢ 1
4.1
sin ¢ *" sin? ¢80 (4.17)

A52 = 8(;25 +

is called the Laplacian on the (unit) sphere.
We apply separation of variables again:

¥(r,¢,0) = R(r)Y (¢,0). (4.18)
Plugging in the equation and using A in spherical coordinates
e/, 2, R AgY
- - V- E)y?= —
Q;LR(R —i—TR)—i—( )r Y

function only of r function only of (¢, 0)
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= LHS = RHS = constant = —a. Thus
h? 7 / a ; ;
R+ R + (V + —2> R = ER (radical equation) (4.19)
2u r

and
hQ
2—A52Y = —aY (angular equation) (4.20)
1
Remark 4.3. Note that we do not know at this point the values of the constants F and a.

4.4. The angular equation. Using the formula for Ag2, the angular equation reads

cos ¢  2ap
D2 + —20,Y + ——07Y = ——Y. 4.21
Apply separation of variables again:
Y(¢,0) = 2(¢)0(0), (4.22)
So
@// P P’ 2) 102
—5  =sin’é +singeoséo + %2“"5 (4.23)
function of 6 only function of ¢ only
= LHS = RHS = constant = b.
Then
0" = —-b0. (4.24)
2ay sin?
sin? ¢®" + sin ¢ cos ¢P’ + %2“% — bd (4.25)
Since the coordinates § and 6 + 27 represent the same point in R?, © must be periodic:
O + 27) = O©(0). (4.26)

solutions to the © equation depend on the sign of b. If b < 0 then the only periodic solution is the
zero solution. Thus b > 0 and solutions are linear combinations of cos(v/b) and sin(v/b6), and we
must have Vb = integer for 2r-periodicity.

Thus we can write

b=m? mc7Z, (4.27)
which determines b, and we find
0(h) = e™?
me Z.
We now investigate the ® equation. Using the chain rule and b = m?, it can be written as
i d dd
51(r11)qbd¢ <sin ¢d¢> —m? = —\sin? ¢, (4.28)
where
20
A= 72 (4.29)

To solve the ® equation, we make a change of variables:
r=cosgp, 0 <o <.

(not to be confused with a point 2 € R3)
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Using the chain rule:

d dr d d d d
sinqﬁd—gb = sinéﬁa = —sin? d)% = (cos® ¢ — 1)% = (2% — 1)%7
so the equation becomes:
d dd m?
— (1 —a?) = A — ® =0. 4.30
dz(( x)da:)+< 1—x2> (4.:30)
which is known as Legendre’s equation. To solve it, we seek for a solution of the form
ml d™m P
B(r) = (1 - a2 L), (431)
dzlml
where P is a solution to
d?P dp
1 —2%)—— — 25— + AP = 0. 4.32
(I-= )dx2 iz + (4.32)

It is an exercise to verify that if P solves the above equation, then ®, as given above in terms of
P, solves the Legendre equation. So it suffices to find P.
We seek a power series solution:

oo
P(z) =) apa”. (4.33)
k=0
Plugging in:
o (o9} o0
(1—2?) Z k(k —1)apa*=? — 2z Z kapz* =t 4+ X Z arz® =0,
k=0 k=0 k=0

or yet, after rearranging some terms,
o0
>k +2)(k+ Dagsz = (k(k + 1) = Nag) 2 =0,
k=0
which implies the following recurrence relation,
k(k+1) — A
Ap+2 = (

—_ k=0,1,2,.... 4.34
k‘+1)(k+2)ak’ O) )y ( 3)

ag, a1 arbitrary.
What about convergance? Writing the sum as separate linearly independent even and odd
powers:

| agpoxtt?
lim —
agT

= |$’27
k—oo

so the series converges for |z| < 1. Testing the endpoints x = +1 (i.e., ¢ = 0 and ¢ = 7):

P(£1) ==+ a. (4.35)
k=0
From the recurrence relation
k* 4+ O(k)
4.
2= o (4.36)
kK2 +O(k) (k—2)2+O0(k —2)
— _ 4.
K2+ 0(k) (k—2)2 + O(k — 2) 2 (4.37)

— ... (4.38)
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k.k+2+o k.k+1)
EFF210 kk+1)a07 k even,

(
(
K110k
o,k odd.
Therefore,

klim ar # 0, and P(+£1)diverges
— 00

unless ax = 0 for k > £ for some /, i.e.,

(5 VD S
2T ne+2)
with ay # 0. Then

A=L+1),0=0,1,2,...,

which determines A and thus the constant a.

(4.39)

We see that we obtained a family { P} of solutions parametrized by ¢, note that P is a polynomial
of degree ¢, thus ® = 0 for |m| > ¢ = |m| < {. We write m = my to stress that the allowable values
of m depend on ¢. The P,’s are called Legendre polynomials. We then obtain a family {®/,,, }

of solutions. For example
Py(x) =1, Pi(x) =z, Py(x) =1— 322, Qoo(z) =1, Pio(x) =z, @1 41(z) = (1 — 932)%

where we choose ag and a; conveniently to obtain integer coefficients.
We have to go back to the variable ¢. Denote:

dm P(x)

Lmy = dlm]

Then, recalling x = cos ¢

P, (@) = sin™¢l Fym,(cos @), 0 =0,1,2,...,|mg| <.

The functions Fy ,,, are called associated Legendre functions.

We finally obtain the following family of solutions to the angular equation:

Yim, (¢,0) = etmed giplmel GFpm,(cosd), £ =0,1,2,..., |my| < L.

The functions Yy ,,, are called spherical harmonies.
Note that now we found the constant a, the Y equation reads

ASQYZ,mg = —f(f + 1)}/4,7’71@7

which is an eigenvalue problem for the Laplacian on the sphere, whose solution is given by the

spherical harmonies.

Remark 4.4. Spherical harmonies and Legendre polynomials have many applications in physics.
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4.5. The radial equation. The radical equation can be written as

1d <T2CZR>+2“(E—V)R=€(5+1)R

Ear \Var ) " (4.40)

Everything we did so far holds for a general V(r). But in order to solve the radical equation, we
need to specify V(r). We henceforth assume that V' is the potential describing the electromagnetic
interaction of an electron and a nucleus:

Ze?

Vi(r)=- pr— (4.41)

Z = nuclear charge, —e = electron charge, £g = vacuum permitivity.
Let us begin showing that the constant E is real. Multiplying the equation by r?R* and inte-
grating from 0 to oo:

< . d dR 2u [ oo 2u oo
R — (2= ) ar — £ VIR|*r2dr — (¢ 1/ R?|d ——E/ R|*r?d
[T r g (PG ar =2 [ vinpe - s v [0 =2 [T ppe

where we used that |R|? = R*R. Integrating by parts the first term,

/ R*— TQ—R dr = — / —r?dr + R*—RTQ
0 dr dr o dr dr dr o
~—_——

( = 0 for R, R’ decaying sufficiently fast for large r)

—— [+ (P dr for R= R+ iRe
0

dr dr
Thus, we conclude that E is real. Let us next show that £ < 0. For r > 1,
d’R 2u d’R d’R dR  d*(rR) 2ukl
—~—-——FR=>r—~r—5 +2— = ~— R
a2~ 2 Tw TG Ty T Ta 2 R

d*(rR) _ 2uE
drz2 = h2

(rR)

which has (approximate) solution

vV —2uE
rRe~et 7 7.

Thus, if E > 0, then R is a complex function which satisfies [rR| ~ 1 and

|\Il(t,a:)|2d:c:/ 1Y (¢, 0) 2| R(r)|*r* sin ¢ dp d6 dr (4.42)
R3 R3

= </07T /O2W|Y(¢, 9)y2sin¢d¢d9> (/OOO |R(r)|?r? dr> = 00

since r2|R|? ~ 1 for large r. Thus, E < 0.
Since E < 0, we can define the following real numbers:
2uE  pZ e?
W2 T dmegh?p’

B2 =— (4.43)

We make the change of variables p = 27, so that the equation for R = R(p) becomes:

1 d [ ,dR 1 e+1) ~
(222 S YR=0. 4.44
QQdQ<Q d9>+< 4 0? +@ =0 (444)
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We will solve this equation using power series. However, it is an exercise to show that a direct
application of the method i.e.,

o0
=2 et
k=0
, does not work. To get a better idea of how to find solutions, we first consider ¢ > , so

1 d ( ,dR R
—— — |~ —. 4.4
02 do <Q d@) 4 (4.45)

Looking for R(p) ~ e/ and plugging in, we find A = —%, R(o) ~ e~3. This suggests looking for
solutions of the form

R(0) = e 2G(o). (4.46)
plugging in, we find that G satisfies
d’G <2 ) oG <7— 1+ 1))
— + | -—1) =+ - G=0. 4.47
do? 0 do 0 0 (447)
We seek a power series solution of the form
0)=0"> ard® =) ard", (4.48)
k=0 k=0

where s is to be determined. Plugging in gives:
0=(s(s+1) =Ll +1))aoe”"

4.49
+Z< s+k+1(5+k+2)—€(€+1))ak+1—(S+k:+1—'y)ak>gs+k*1:O. (4.49)
Vanishing of the first term gives
(s(s4+1) = L(£ + 1)) ago® >
4.50
+Z( s—i—k—i—l(s—i—k:—i—2)—E(E—i—l))akﬂ—(s+k+1—’y)ak>gs+k_l:0. (4.50)
Vanishing of the first erm gives
s(s+1)—4(+1)=0, (4.51)
=s=/ (4.52)
or s=—+1)
—_————
discarded as otherwise G(0) is not defined
Using s = ¢, we then find
k+0+1—
il (4.53)

U = Gkt D)(k+0+2) —(f+1)™
Using the ratio that we can see that the series converges for any p. However, the above recurrence
relation also gives
k4. 14+--. 1+ 14+---
ak"'lzmak: ]{;+...ak: k;+...(k_1)+...
B 14
B k(k—1)--(k—74)+---

and we conclude that G(p) is asymptotic to

A1 (454)

Af—j
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and
0 = Ek—14+--- o1 = 14+--- e
(k=124 (k—1)+--- ’
so that
ak+1:1+...ak:1+... 14+--- -
k+--- k+...(k_1)_|_...
B 14---
_Wak_l.
Continuing this way,
14 .-

TR D=2 (g

Remembering that
=1
o __ =k
e = Z k!‘g ’
k=0
we see that G(p) is asymptotic to p%e?, this implies
R(0) = e 2G(o) ~ o'e?,
which then gives
[ lea) s =,
R3
unless the series for G terminates, i.e., for some k,

k+l4+1—y=0=>~v=k+/{+1.

From the definitions of v and 3, we have found the values of the constant E:

uZ%e
Ep=———"=55,n=123,... 4.55
n 2(47T€0)2h2n27 n =YD ( )
We can then write R = R,, ¢ as
¢
_zr (7 A
Rpo(r) = e o0 (T) G (7’) , (4.56)
nogp nog
n=123,... and £ =0,...,n—1.
where
47‘(‘6th
g = 5
e
Our solutions v are then given by
Y= wn,ﬂ,mg; wn,ﬁ,m[ = Rn,én,mga and (457)

_iE
\Iln»eﬂ’nf (t7 .’1:) = Anyz7m£e hn twn’é»mé (x)7

where
n=123,...
(=0,1,...,n—1
my=—0,—0+1,...,0,...,0—1,0,
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and A, ¢, are constants chosen such that

/ U(t,z)|> de = 1.
R3

The numbers n, £, m, are called quantum numbers. En can be shown to correspond to energy levels
of the electron.

Remark 4.5. Because the Schrédinger equation is linear, any linear combination of solutions
U, ¢.m, (for possibly different values of n, ¢, my) is also a solution.

Remark 4.6. Because the Schrodinger equation is an evolution equation (i.e., it involves %), we
might expect to be given initial conditions, as in ODEs. What we found above is a family of general
solutions (like in ODEs), but given ¥(0,z) (i.e. ¥(t,z) at t = 0) we can find a unique solution
with the corresponding initial condition at ¢ = 0. We will talk more about initial conditions and
initial value problems later on.

4.6. Final comments. We close with some remarks about the physical meaning of the problem
we just described. Readers are referred to [1] for a more thorough physical discussion. Below, we
list some the first few Ve, -

n E mé ¢n€me
§ _Zr

110} 0 1#100:%(%) e

3 _zr
210 0 1/)200:4\/1% <%)2 (2—%)6 2aq

3 Zr
21110 V210 = 4\/15 (%)2 Zre™ 20 cos ¢

3

2 Z Z +i6

0 € 240 gin ge

Zr

3101 0 %00281\1/3—7r % <27—18&+22§>€7%
3 Zr
2( —%) Zre 340 cOs ¢

Zr
(6 - ﬁ) Zre 3a0 cos gbei’e
3
2

3 1] 1] van =% (£

2.2 _Zr
Za—;e 330 (3 cos ¢ — 1)
Q

SN
N——

31210 Y520 = 515
1

2.2 Zr
Z; e 3a0 smgbcosqﬁe

3 .
aways (@) 2 e 0 sin® et

+1i6

A/_\
SN
N——

[S][e¢ )

3121 £ 1] daen = g

312|£2 Y3249 =

It is possible to show that the constants E,, ¢(¢ + 1), and m, have important physical inter-
pretation: E,, corresponds to the electron energy, (¢ 4+ 1) to the magnitude of its orbital angular
momentum, and my to the projection of the orbital angular momentum onto the z-axis. The
reader should notice that these quantities cannot be arbitrary, being allowed to take values only
on a countable set of multiples of integers. This is a distinctive feature of Quantum Mechanics (we
say that the energy and orbital angular momentum are “quantized”). The indices n, ¢, and my are
called quantum numbers.

One-electron atoms with £ = 0,1, 2, 3 are labeled s, p,d, f. In hydrogen and hydrogen-like atoms,
this letter is preceded by a number giving the energy level n. Thus, the lowest energy state of the
hydrogen atom is 1s; the next to the lowest are 2s and 2p; the next 3s, 3p, 3d and so on. These are
the so-called “atomic orbitals” that the student is likely to have learned in Chemistry. Remem-
bering that |¥|? is a probability density, what these orbitals represent are “clouds of probability,”
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highlighting the regions of three-dimensional space where it is more likely to find the electron. A

few illustrations of the atomic orbitals are given in Figures 1, 2, and 3. These figures were generated

with the Mathematica package Visualizing Atomic Orbitals that can be found at
http://demonstrations.wolfram.com/VisualizingAtomicOrbitals/

FIGURE 1. An illustration of the FIGURE 2. An illustration of the
orbital 1s (n = 1,4 =0,my; = 0). orbital 2p (n =2, =1,my; = 0).

FIGURE 3. An illustration of the orbital 3d (n = 3,¢ =2,m; = 0).

We finish mentioning that in a more detailed treatment of the problem, p is not exactly the
mass of the particle being described, but rather the reduced mass of the system. This is because,
strictly speaking, the electron does not orbit the nucleus, but both orbit the center of mass of the
system electron—nucleus. This is very much like the situation of the Earth orbiting the Sun: both
bodies move due to their reciprocal gravitational attraction, although the Sun, begin much more
massive, barely feels the pull caused by Earth’s gravitational field, and that is why one usually
thinks of the Earth orbiting an standing-still Sun. A similar situation occurs for the nucleus and
the electron. We remark, however, that the calculations we presented apply, with no change, to
this more accurate situation: we only have to change the value of 1 to be the reduced mass.

5. SEPARATION OF VARIABLES FOR THE ONE-DIMENSIONAL WAVE EQUATION

Consider the wave equation in one dimension:
2
U — C Uy = 0. (¢ #0)

Notation 5.1. Whenever a PDE involves the time variable, by the dimension we always mean the
spatial dimension. E.g., the one-dimensional wave equation (abbreviated 1d wave equation) is the
wave equation for u = u(t,z) with z € R.

We are interested in the case when the spatial variable belongs to a compact interval, e.g., 0 <
x < L, for some L > 0, and u vanishes at the extremities of the interval, i.e., u(¢t,0) = 0 = u(t, L).
This is the situation describing a string that can vibrate in the vertical direction with its ends fixed,
with u(t, z) representing the string amplitude at = at time ¢:


http://demonstrations.wolfram.com/VisualizingAtomicOrbitals/
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The conditions u(t,0) = 0 and u(t, L) = 0 are called boundary conditions because they are
conditions imposed on the solution on the boundary of the domain where it is defined. Thus, the
problem can be stated as

Uy — uge = 0 in (0,00) x (0,L) (i.e. for t € (0,00),z € (0,L))
u(t,0) = 0 (5.1)
u(t,L) = 0

This is called a boundary value problem (BVP) because it consist of a PDE plus boundary
conditions. Sometimes we refer to a boundary value problem simply as PDE.

In the HW, you will be asked to show that applying separation of variables we obtain the following
family of solutions:

1= onon (255) b (75)) 0 ()
un(t, ) = | a, cos 7 p, Sin 7 sin Lx

where n = 1,2,3, ... and a, and b, are arbitrary constants. Since the equation is linear, sums of
the above functions are solutions, i.e.,

N N
nme nmwe nmw
ats2) = 3 (ancos (“77¢) + busin (") ) sin ()
;u( x) nzz:l ay, COS 17 + b, sin 7 sin Lx

is also a solution.
Because this holds for any N, we should be able to sum all the way to infinity and still get a
solution. In other words, the most general solution to the above boundary value problem is

o0

u(t,x) = Z (an cos (%t) + by, sin (%t)) sin <%x>

n=1

provided that this expression makes sense, i.e., the series converges.

Terminology. It often happens in PDEs that we have situations as the above, i.e., we have a
formula for a would-be solution, but we do not know if the formula is in fact well-defined (e.g.,
we have a series that might not converge, or a function that might not be differentiable, etc.).
“Solutions” of this type are called formal solutions. In other words, a formal solution is a
candidate for a solution, but extra work must be done or further assumptions made in order to
show that they are in fact solutions.

The convergence of the above series cannot be decided without further information about the
problem. This is because, as stated, the coefficients a,, and b,, in the formal solution are arbitrary,
and it is not difficult to see that we can make different choices of these coeflicients in order to make
the series converge or diverge.

Therefore, we consider the above boundary value problem supplemented by initial conditions,
i.e., we assumed given functions ¢g and h defined on [0, L] and look for a solution u such that

u(0,2) = g(z), Ow(0,z)=h(z), 0<z<L.

Similarly to what happens in ODEs, we expect that once initial conditions are given, we will no
longer obtain a general solution but rather the unique solution that satisfies the initial conditions.
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Remark 5.2. Note that any multiple of the (formal) solution u will also be a (formal) solution.
This is encoded in the arbitrariness of a,, and b,, since if we multiple u by a constant A, we can
simply redefine new coefficients as a,, = Aan,l;n = Ab,. This freedom, however, is not present
once we consider initial conditions, since if u(0,z) = g(x), 0:u(0,z) = h(z) then Au(0,z) # g(x),
Adwu(0,x) # h(x) (unless A =1).

The pervious remark suggests that the coefficients a, and b, should be determined from the
initial conditions. Before investigating this, let us state the full problem. We want to find v such
that

Ut — gy = 0 in (0,00) x [0, L]
u(t,0) =u(t,L) = 0, t>0
w(0,2) = g(x), 0<xz<L
Ou(0,z) = h(z), 0<z<IL,

The above problem is called an initial-boundary value problem (IBVP) since it is a PDE
with boundary conditions and initial conditions provided, although we sometimes call it simply a
PDE.

Two initial conditions are prescribed, i.e., u(0,z) and 0;u(0,x), because the wave equation is
second order in time. Note that g and h have to satisfy the following compatibility conditions:

9(0) = g(L) = h(0) = h(L) = 0. (5.3)

We have already derived a formal solution to the wave equation satisfying the boundary condi-
tions. It remains to investigate the initial conditions. Plugging ¢ = 0:

u(0,z) = g(z) = i ap sin (%x) .
n=1

(5.2)

Differentiating u with respect to ¢ and plugging ¢t = 0:

oo
nwe, . (nT
Ou(0,z) = h(z) = ; T by, sin ( T x) .

Since g and h are in principle arbitrary, the above is essentially asking whether it is possible
to write an arbitrary function on [0, L] as a series of sine functions with suitable coefficients. Or,
rephrasing the equation in a more appropriate form, we are asking: what are the functions on [0, L]
that can be written as a convergent series of sine functions with suitable coefficients? The functions
for which this is true will provide us with a class of functions for which the above initial-boundary
problem (IBVP) admits a solution.

The subject that investigates questions of this type is known as Fourier series. We will now
make a digression to study Fourier series. After that, we will return to the wave equation.

6. FOURIER SERIES
We begin with the definition of Fourier series:

Definition 6.1. Let I = (—L,L) or [-L,L], L >0, and f : I — R be integrable on I. The Fourier
series of f, denoted F.S.{f}, is the series

_ao - nwx . [nTx
F.S{f}x) =3 +nz::1 (an cos <T ) + by sin (T )) : (6.1)
where the coefficients a,, and b,, are given by

1 (L nmwxT
an = 7 /_L f(2) cos (T) dz, n=0,1,2,... (6.2)



20 Disconzi

/ f(x sm ) dz, n=1,2,3,.. (6.3)

The coefficients a,, and b,, are called Fourier coefficients.

Remark 6.2.

(1) F.S{f} is a series constructed out of f. We are not claiming that F.S.{f} = f. In fact,
at this point we are not even claiming that F.S.{f} converges (although we want to find
conditions for which it converges, and for which F.S.{f} = f ).

(2) The Fourier coefficients are well defined in view of the integrability of f.

(3) We introduced Fourier series for functions defined on an interval [—L, L]. This set-up is
slightly different than what we encountered above for the wave equation, where we worked
on the interval [0,L]. We will relate Fourier series on [—L, L] with functions defined on
[0, L] later on.

(4) The Fourier series is a series of sine and cosine. The situation discussed above in the wave
equation is a particular case where only sine is present (i.e., a,, = 0).

Example 6.3. Find the Fourier series of
-1, —7m<z2<0

f(m):{ 1, 0<z<m

We compute:

f(z)cos(nz)de =0 (even-odd functions)
I
T Jo ~~

_2<1_(—1>">

s
0

) cos(
i _2 [ x)sin(nz)dx
x) sin(nz)dx = /Of() (nz)d
(

n

1/”

™ —T
1 s

.
m —T

cos na:))

2
T
0 neven
4
nm

n odd.
Thus:
F.S{f}(z) = %Z (1_(7;1)”> sin(na)
n=1
= % (sin(az) + %sin(?)x) + ésin(f)x) +-- > .

Note that f(0) =1 but F.S.{f}(0) =0, s0o F.S{f} # f.
Example 6.4. Find the Fourier series of f(z) = |z|, —1 <z < 1. Compute:

aoz/l f(:c)da::2/1xda::1,

1
ap, = f (z) cos(nmx)dx = 2/ x cos(nmx)dr = 7722712 (-1)"—=1), neN
0
by, = / f(z)sin(nrz)de =0 (even-odd).
Thus
F.S{f}(z _1 i 2 — 1) cos(nmx)
2 n?m?

n=1
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1 4 1 1
=573 <cos(7r:c) + 9 cos(3mz) + %5 cos(bmz) + - - > .

6.1. Piecewise Functions. We begin with some definitions.

Definition 6.5. Let I C R be an interval. A function f : I — R is called k-times continuously
differentiable if all its derivatives up to order k exists and are continuous. We denote by C*(I)
the space of all k-times continuously differentiable functions on I. Note that C°(I) is the space of
continuous functions on I. We denote by C°°(I) the space of infinitely many times differentiable
functions on I. Sometimes we say simply that “f is C*” to mean that f € C*(I). We write simply
C* for C*(I) if I is implicitly understood. C* functions are also called smooth functions.

Example 6.6. ¢© € C*®°(R), |z| € C°(R). The function f : R — R defined by

22sin (L T

is C, it is differentiable, but it is not C''. This is because f’(x) exists for every x (including = = 0)
but f’ is not continuous at z = 0.

Remark 6.7. Note that C*(I) C C(I) if k > ¢ and C>(I) = (2, C*(1).

Definition 6.8. Let I C R be an interval. We say that f : I — R is a piecewise C* function if
f is C* except possibly at a countable number of isolated points.

Example 6.9.
(1) The functions |z| and

are piecewise smooth (C'*°) functions.
(2) Below is piecewise C'*° function.

ool
ENEH
[SIE

is not piecewise C* because the set of points where it fails to be C* are not isolated.
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graph of f graph of F.S.{f}
fot)y=1 1 fxm)=1
|
|
|
|
|
| l
j —» —@ o>
jbr 7T —i us
|
: |
|
|
fl=nt)y=-1 f(07)=—1
( ’—Eil (07) D 4

6.2. Convergence of Fourier Series.

Notation 6.10. We denote by f(z*) and f(z~) the right and left values of f at z, defined by
f@h) = lim flz+h), f(@7)= lim f(@+h).

If f is continuous at x, then f(x™) = f(x~) = f(x), but otherwise these values might differ.

Example 6.11. For the function depicted below, f(17) =1 and f(17) = —1:

Theorem 6.12. Let f be a piecewise C* function on [—L, L]. Then, for any x € (—L,L):

FS{F}(w) = 3(f) + Fa7)), (6.4)
and
FSAFYED) = S(F(-LF) + (L)) (65)
In particular, F.S{f} converges.

From the above theorem, we see that F.S.{f}(z) = f(z) when f is continuous at z. Thus, if f
is piecewise C! and C?, we have:

— ?0 + i (an cos < ) + b, sin (m;v)) . (6.6)

n=1
Example 6.13. We graph

-1, —7m<x<0
f(x)_{ 1, 0<z<7

and F.S.{f}(x) below (note that f is piecewise C'!)

Example 6.14. Since |z is continuous and piecewise C':
ol = 5 + > — 5 ((=1)" = 1) cos(na).
1

Next, we consider the differentiation and integration of Fourier series term by term.

Theorem 6.15. Let f be a piecewise C? and continuous function on [—L, L], and assume that
f(=L) = f(L). Then, the Fourier series of f' can be obtained from that of f by differentiation
term-by-term. More precisely, writing

_2053(%008( ") tbasin (10,

n=1
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we have

o

F.S{f'}x)

(o0 (oos (7)) on (0 (7))

—apnNT . (mrx) . bpynmx <n7mc)
L S11 L L COS 7L .

t x, we have

n=1

ot

Il
—

n

In particular, if f' is continuous
o0
nm . [(nTX nmx
f’(ac):zf (—ansm< 7 ) + by, cos( 7 ))

Example 6.16. To see that we cannot always differentiate a Fourier series term by term, consider
f(x) =2z, =7 < x < m. Its Fourier series is

=)

FS{f}(x —22 smnw)

which converges for any x, but the term-by-term differentiated series, which is

2 Z 1) cos(nz)

diverges for every x.

Theorem 6.17. Let f be piecewise continuous on [—L, L] with Fourier series

FS{f}(x) = fa0+2<ancos<nzx) + by, sin (mgx)) (6.7)

Then, for any x € [—L, L]:

/_if(t)dt:/_w aodt+Z/ <ancos< W>+b sin <n£t>>dt (6.8)

6.3. Some Intuition Behind Fourier Series. Let us make some comments about the way the
Fourier series is defined. Given f defined on [—L, L], our goal is to write:

flz) = % —1—2 (an cos (nLﬂ) + by, sin (sz>)

Let us make an analogy with the following problem: given a vector v € R", we want to write

n
U= § Ci€q,
i=1

where {e;}"_; is an orthogonal basis of R" (e.g., e; = (1,0,0),e2 = (0,1,0),e3 = (0,0,1) in R?). In
other Words we have to find the coefficients ¢;. Since the vectors e; are orthogonal

ei-ej:0ifi7éj,

where - is the dot product, a.k.a. inner product of vectors. Thus, for each j =1,...,n

’U'Ej
ej-v—é C; €j e = Cj€j € = Cj = e
~—— €] 63

not zero only if i = j
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We want to do something similar to find the Fourier coefficients a,, and b,,. Consider the functions

1 nmwx ~ . (NTT
Ep(x) = 2 E,(x) = cos <T> ,  En(x) =sin (T) n=12 ...
Then:
f=a0Eo+ > (anEn + byEy) (6.9)
n=1

This is very similar to the case in R™. In fact, the space of piecewise C* is a vector space, so
(6.9) is an equality between vectors, although C* is an infinite dimensional vector space so we need
a basis with infinitely many vectors.

To find the Fourier coefficients the series same way we found the coefficients ¢; above, we need
the analogue of the dot product for functions. It cannot be the usual product of functions, since
the product of two functions is another function, whereas the dot product of two vectors is not
another vector but a number. We also want our “dot product” for functions to have all the standard
properties of the dot product of vectors. The relevant product for functions is defined below:

Definition 6.18. Let / C R be an interval. The L? inner product, or simply inner product, of
two functions f,g: I — R is defined as

(f.g)ps = /I f(2)g(x)dz

whenever the integral on the RHS is well-defined. We often write (, ) for (, );2. The L? norm, or
simply norm, of f : I — R is defined as
[fllz2 = V{f5 )

We sometimes write [|-[| for ||-[| ;2. We also write (, )r2(r) and ||-|| 127y if we want to emphasize the
interval I.

It is a simple exercise to show that (, )72 has all the following properties, which are similar to
the properties of the dot product:
(1) (f,g) € R (when defined)

(2) (f,9) =9, f)
(3) (f,ag +bh) = a(f,g) +b{f,h), a,b € R, f,g,h functions

(4) (f,0)=0
(5) (f, f) > 0. In particular, ||-||z2 is a real number if (f, f) < occ.

Remark 6.19. The dot product has the property v-v =0 = v = 0. This is not true for (, )72, as

the example
1, =0
f(z) = { 0, otherwise

shows. However, if f is continuous, then it is true that (f, f);2 =0= f =0.
Consider now I = [—L, L] and let us go back to (6.9). A simple computation shows that
(B, Ep) =0if n#m, (En, Ep) =0if n#m

(B, ) = 0, (B, By = L, (En ) = { 30 70
nsy m/ — Y mny n/ — 9 mny n/ — L, n>0'

Taking the inner product of (6.9) with E,,, E,,,m > 1, and Ey, gives:

(f,Em) = ao(Eo, Em) + Y _(an(En, Em) + bn(En, Em))

n=1
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(f Em)
L

= am(Em, Enm) = amL = ay =

o
(f,Eo) = ao(Eo, Eo) + Y _(an{En, Eo) + bn{En, Eo))

n=1

L
= ag(Fo, Eo) = 005 = ay = *(f,E(J)

(f, Em) = ao(Eo, E +Z (@n{En, Em) + bn(En, Em))

Writing explicitly (, ) in terms of an integral and using the definitions of F,,, E,, we see that the
expressions we found for a,, b, are exactly the Fourier coefficients.

6.4. The Fourier series of series of periodic functions, and the Fourier series of functions
on [0, L]. Suppose that f is defined on R and has period 2L, i.e., f(z) = f(z+2L) for all . Thus,
all information about f is determined by its values on [—L, L]. We can defined the Fourier series
for f as a function on [—L, L], and all the previous results are immediately adapted to this case.
Moreover, given a function (—L, L), we can extend it to a periodic function on R and consider its
Fourier series (note, however, that this extension is not unique). This is illustrated in the picture

R Ve
S

Consider now a function f defined on [0, L]. We define its cosine Fourier series by

F.8.55{ f}(z) = % +3 ay cos <’”L> . zel0,L), (6.10)
n=1

x

where

= ), 0<x<L,
f(x) :{ f=) ' (6.11)
The Fourier coefficients of f are

/ f(x) cos ) dz = 2 /L f(z) cos (sz) dz = ap, (6.12)

T
= / f ) sin %)dx 0, (6.13)
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where we use that f is even. Thus, for x € [0, L]

F.S{f} () = F.8. % f}(x). (6.14)

In other words, the cosine Fourier series of f : [0, L] — R equals the restriction to [0, L] of the
Fourier series of the even extension of f.
Similarly, we define the sine Fourier series of f : [0, L] — R by

F.85 fl(z Z by, sin (””) (6.15)

where .
2 . nmwx
= L/o f(z)sin <T> dz.
Letting f be an odd extension of f,
r _ f(:[;)? 0 <z < Lv
fle) = { —f(=z), —-L<z<0. (6.16)
We find the Fourier coefficients of f to be
. 1 [F nmwx
n =7 /_Lf(m) cos (T) dz =0, (6.17)
~ 1 b . /nmx 2 (L . (NTX
by, = 7 /_Lf(:n) sin (T) de = L/o f(x)sin (T) dz = by, (6.18)
thus
FS{f}(x) = F.S5 f}(x),z € [0, L] (6.19)

In other words, the sine Fourier series of f : [0, L] — R equals the restriction to [0, L] of the Fourier
series of the odd extension of f.

We conclude that the theorems on convergence, differentiation, and integration of Fourier series
are immediately applicable to the sine and cosine Fourier series.

6.5. Back to the wave equation. We are now ready to discuss the problem

Ut — CZUxx =0 in (07 OO) X (0’ L)’ c>0
u(0,2) = g(z), 0<z<L (6.20)
Owu(0,2) = h(z), 0<z <L,

where g and h are given functions satisfying the compatibility conditions
9(0) = g(L) = 0 = h(0) = h(L).
We saw that a formal solution to this problem is given by:

u(t,z) = i (an cos ( 7 ) + by, sin < 7 t)) sin (%x) (6.21)

where a,, and b,, are to be determined by

D)= Y ansin (")

n=1

and

Z nsm( x)
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The last two expressions mean that g and h equal their sine Fourier series, with Fourier coefficients
given by a, and "7<by, respectively. These equalities will in fact be true if we make suitable
assumptions on ¢ and h. Let us assume that ¢ and h are C? functions. Then, from the previous
theorems for Fourier series, we know that g and h equal their sine Fourier series, and the coefficients
an and b, are given by

L

2 L . /nmx 2 . /nTT
a”_L/O g(x)sin <T) dz, bu=-—— [ h(x)sin ( : ) da. (6.22)

nmwec Jo

Our assumptions on g and h allow us to compute the coefficients a,, and b,. We will have to
develop a few more tools before we are able to show that (6.21) is in fact a solutions. However, we
summarize the result here; its proof will be postponed (in fact, it will be assigned as the HW after
more background is developed).

Theorem 6.20. Consider the problem (6.20) and assume that g and h are C? functions such that
9(0) = g(L) = 0= h(0) = h(L),
g"(0) = g¢"(L) = 0= h"(0) = h"(L).
Then a solution to (6.20) is given by (6.21), where a,, and b, are given by (6.22).

Remark 6.21. We will explain the assumptions involving second derivatives of g and h when we
prove this theorem.

7. THE 1D WAVE EQUATION IN R

We now consider the problem for u = u(t, x):

Uy — gy = 0 in (0,00) X (—00,00),¢c >0
u(0,z) = wup(z), —oco<zx <0 (7.1)
Ou(0,z) = wui(z), —oo<x < 00,

This is an initial-value problem(IVP) for the wave equation. Compared to the initial-
boundary value problem we studied earlier, we see that now = € R, so there are no boundary
conditions. This initial-value problem is also known as the Cauchy problem for the wave equa-
tion, a terminology that we will explain in more detail later on. We refer to the functions ug and
up as (initial) data for the Cauchy problem. A solution to this Cauchy problem is a function that
satisfies the wave equation and the initial conditions.

We had defined the spaces C*(I) for an interval I C R. For functions of two variables, we can
similarly define C*(R?), which we will use here. We will define general C* spaces for functions
several variables later on.

Proposition 7.1. Let u € C?(R?) be a solution to the 1d wave equation. Then, there exists
functions F,G € C%(R) such that

u(t,x) = F(xz + ct) + G(x — ct).
Proof. Set o :=x +ct, 8 :=x — ct, so that t = i(a —B),x = %(a + ), and
v(a, B) = u(t(e, B), z(a, B)).
Then, from u(t,z) = v(a(t, x), 5(t,x)) we find
Ut = Va0 + Vg3 = cvg — cvg,
Ut = CVaa 0l + CVABPE — CVBa O — cUBR B
= czvaa — cgvag — c%ga + 021)5,3,
Uy = Vo Qg + V88: = Vo + Vg,

Uzy = Vaalz + Uaﬁﬁx + VgaQix + U,B,B/Bx
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= Vaa + Vap + Vga + V33.

Thus, 0 = uy — gy = —402va5, where used that v,g = vg, since v is C? (because u is C? and
the change of coordinates (t,z) — (a, ) is C*°). Thus, in (a, ) coordinates the wave equation
reads: vag = 0.

Therefore, (vq)s = 0 implies that v, is a function of « only: v,(a, 8) = f(a) for some C*
function f. Integrating w.r.t. « gives

o(a, ) = / f(a) da+ G(B),

for some function G. Note that F := [ f(a)da is C?, thus so is G. Therefore, v(a, ) = F(a) +
G(p), and in (t,z) coordinates: u(t,x) = F(x + ct) + G(x — ct). O

The above formula has a clear physical interpretation. At ¢t = 0, u(0,z) = F(z) + G(z). For
each t > 0, the graph of G(z — ct) is the graph of G(z) moved of units to the right, so the graph of
G(z) is moving to the right with speed c¢. G(x — ct) is called a forward wave. Similarly, the graph
of F(z) is moving to the left and F(x + ct) is called a backward wave. The general solution is thus
a sum (or a superposition) of a forward and a backward wave, and we see that the constant c is
indeed the speed of propagation of the wave.

G(z) Gz —ct)

Notation 7.2. Having found the interpretation of the constant ¢, we will often set ¢ = 1.

Proposition 7.3. Let u € C2([0,00) x R) be a solution to the Cauchy problem for the 1d wave
equation with data ug,ur. Then

u(t,z) = + - uy (y)dy. (7.2)

up(t + ) + uo(z — t) 1/”'5
2 2/,

—t

This formula is known as D’Alembert’s formula.
Proof. Note that ug € C%,u; € C'. From
u(t,z) = F(x+1t) + Gz —t)

in the pervious result, we have

Integrating this last equality:
x
F@)-G) = [ mma+  C
constant=F(0)—G(0)

adding to u(0,z) :

Flz) = Sup(z) + /O i (y)dy + %
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Plugging back into u(0,z) :

Gla) = gun(e) ~ 5 [ s - 5.

Replacing z +— xz +t in F and x — x — ¢ in G and adding gives the formula. g

The last two propositions derived formulas for C? solutions of the wave equation given such a
solution. The next result shows that solutions actually exist:

Theorem 7.4. Let ug € C*(R) and uy € C*(R). Then there exists a unique u € C2([0,00) x R)
that solves the Cauchy problem for the wave equation with data ug,uy. Moreover, u is given by
D’Alembert’s formula.

Proof. Given two C?([0,00) x R) solutions, both satisfy D’Alembert’s formula (with the same
ug, u1) thus they are equal, establishing uniqueness. To prove existence, defined u by D’Alembert’s
formula. Then u € C?([0,00) x R) since ug € C? and u; € C!, and by construction u satisfies the
wave equation and the initial conditions. O

Definition 7.5. The lines z + ¢ = constant and x — ¢t = constant in the (¢, z) plane (or = + ¢t =
constant, x — ¢t = constant for ¢ # 1) are called the characteristics (or characteristic curves) of
the wave equation. They (and their generalizations to higher dimensions) are very important to
understand solutions to the wave equation, as we will see.

7.1. Regions of influence for the 1d wave equation. Suppose u; = 0 and wy(xz) = 0 for
x ¢ [a,b]. Since ug(z +t) and up(x — t) are constants along the lines z + ¢ = constant and x — ¢t =
constant, respectively, we see that u(t,z) # 0 only possibly for points (t,z) that lie in the region
determined by the region lying between the characteristics emanating from a and b as indicated in
the figure:

r+t=a r+t="> r—t=a r—t=">
u(t,z) =0
b<z+t
r—t<a
a<z+t<b a<zx—t<b
r—t<z+tda b<z—t<z+t
u(t,z) =0 u(t,z) =0
‘ ‘ T
a b

Notation 7.6. Although we ordered the coordinates as (t,x), we will often draw the (¢, z) plane
with the z-axis on the horizontal.

Suppose now that ug = 0 and that u;(z) = 0 for = ¢ [a,b]. Then ff:f u1(y)dy = 0 whenever we
have [z — t,z +t]N[a,b] =0, ie., if 2+t < aor x —t > b. Therefore, u(t,z) # 0 possibly only in
the region {z +t > a} N{z —t < b}, as depicted in the figure
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T+t =a r—1=
rx+t>a
and

r—1t<b

r—t<r+t<a
u(t,x) +

b<z—t<az+t

For general ug and uj, we can therefore precisely track how the values of u(t,x) are influenced
by the values of the initial conditions. It follows that the values of the data on an interval [a, b] can
only affect the values of u(t,z) for (t,x) € {z +t > a} N {x — ¢t < b}. This reflects the fact that
waves travel at a finite speed. The region (¢,x) € {z +t > a} N{z —t < b} is called the domain
of influence of [a, b].

Consider now a point (tg, xo) and u(to, xo). Let D be the triangle with vertex (¢g, z¢) determined
by x +t=x9+ tg,xr —t = x9 + tg, and t = 0:

(to, o)

T+t =1z +to

xr=2x9— 1o m:m:+t0
Then UQ (xo + to) + ug (xo — to) 1 [Totto
u(to, vo) = 5 + 3 uy (y)dy.
xo—to

and we see that u(tg, zg) is completely determined by the values of the initial data on the interval
[xo — to, xo + to]. The region D is called the (past) domain of dependence of (g, o).

7.2. Generalized solutions. Note that the RHS of D’Alembert’s formula (7.2) makes sense when
ug and u; are piecewise functions. This motivates the following definition.

Definition 7.7. Let ug be a piecewise C? function and u; a piecewise C' function. Then u given
by D’Alembert’s formula is called a generalized solution to the wave equation. If ug and uy are
C? and C' functions, respectively, then u is called a classical solution . When u is a generalized
solution, the points where u fails to be C? are called singularities of the solution (sometimes we
abuse language and say singularities of the wave equation).

To understand what is going on, consider the case when for fixed tg. u is C? except at the point
(to, zo). Writing u(t,z) = F(z+t)+G(z —t), we see that F is not C2 at x+to and/or G is not C?
at xo — top. The two characteristics passing through (tg, o) are x +t = xg+to and x —t = xg — to.
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Thus, for any fixed t1, u(t1, x) fails to be C? except at one or two points, namely, x4 such that

Ty +1t1 =20+, - —tix=1x9— o

(t1,2_) (t1,24) t =t

r—t=xz9—to r+t=z0+10

v
8

This shows that the singularities of the wave equation remain localized in space and travel along
the characteristics.

We will see that the results we obtained for the 1d wave equation (existence and uniqueness for
the Cauchy problem, existence of domains of influence/dependence, propagation of singularities
along characteristics) hold for the wave equation in higher dimensions and, in fact, for a class of
equations called hyperbolic, of which the wave equation is the prototypical example.

8. SOME GENERAL TOOLS, DEFINITIONS, AND CONVENTIONS FOR THE STUDY OF PDEs

In order to advance further our study of PDEs, in particular to study PDEs in R", we will recall
a few tools from multivariable calculus and introduce some convenient notation/terminology.

8.1. Domains and boundaries.

Definition 8.1. A domain in R™ is an open connected subset of R™. If Q C R™ is a domain, we
denote by Q its closure in R”. The boundary of a domain 2, denoted 9¢, is the set 9Q := Q\ €.
We say that a boundary 9 has regularity C* or is a C* boundary if it can be written locally
as the graph of a C* function.

Notation 8.2. We denote by |z| the Euclidean norm of an element 2 € R™. 2 and 09 will always
denote a domain and its boundary, unless stated otherwise.

Example 8.3. B" := {z € R" | |z| < 1} is a domain in R". Its boundary is the n — 1 dimensional
sphere:

§"Hi=0B" ={z € R" | |2| =1}

It is not difficult to see that S™~! is C*°, i.e., B™ has a C* boundary. For example, the upper
cap of S"~1, given by S"~1n{z™ > 0}, is the graph of the function f : B"~! C R"~! — R given by

f(xl, ...,x”_l) = \/1 —(z1)2 — ... — (an1)2,

which is C*°.
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Notation 8.4. When talking about maps between subsets of R and R™, we will often write
f:U CR"™ — R™, where it is implicitly understood that the domain U of f is an open set (unless
said otherwise).

Recall that if f: U C R® — R is C, for each x € U the graph of f at (z, f(z)) admits a tangent
plane. Thus, if 9Q is C!, for each x € 99 there exists a tangent plan to 02 at x, denoted T,,0).
The unit outer normal to 02 at x is by definition the unit normal to 7,02 that points to the
exterior of 2. The collection of unit outer normals IV, as x varies over Jf) forms a vector field over
0f2 which is called the unit outer normal vector field. We sometimes refer simply to “the unit
outer normal” when the context makes it clear whether we are talking about the vector field as a
specific vector field.

unit outer normal

-

Remark 8.5. Above, we took for granted that students recall (or have seen) the definition of a
connected set in R™. Intuitively, a set is connected if is not “split into separate parts:”

Connected Not connected

For the time being, this intuitive notion will suffice for students who have not seen the precise
definition. The mathematical definition of connectedness will be given later on.

8.2. The Kronecker delta.

Definition 8.6. The Kronecker delta symbol in n dimensions or simply the Kronecker delta
when the dimension is implicitly understood, is defined as the collection of numbers {51'3'}23':1 such
that 6; ; = 1 if ¢ = j and d;; = 0 if i # j. We identify the Kronecker delta with the entries of the
n x n identity matrix in the standard coordinates. We also define 6% := di;, which we also call the
Kronecker delta and identity with the entries of the identity matrix.



MATH 3120 - Intro to PDEs 33

Recall that the Euclidean inner product, a.k.a. the dot product, of vectors in R™ is the map:
(,):R"xR" =R
given in standard coordinates by: .
(X,v) =) _ X'V
which is also denoted by X - Y. We can write (Xle> as (recall over sum convention):
(X,Y) =6; XY
In view of this last formula, we also identify the Kronecker delta with the Euclidean inner product.

8.3. Raising and lowering indices with §. Given a vector X = (X!, ..., X"), we define
Xi = 5inj, 1= 1,...,7’L.

We say that we are lowering the indices of X and identify the n-tuple (X7, Xo, ..., X;,) with
the vector X itself.

The point of introducing X; is to achieve consistency with our convention of summing indices
that appear once up and once down. For example, if we want the inner product

<xm=iﬂwi
=1

using our sum convention (thus avoiding to write > ), one of the indices i needs to be downstairs:

(X,Y) = X',
so that we had to break with our convention that vectors have indices upstairs. However, if we now
interpret Y; as lowering the indices of Y, then
(X,Y) =6,; XY = X'6;;Y7 = X'Y;.
Similarly, recall that we wrote ' -
curl’ X = e”k(?ij,

where we had artificially written Xj with an index downstairs, thus breaking with our convention
that vectors had an index upstairs. But now we have a proper way of thinking of X}, as d;;X".

Note that using d;; we could completely avoid writing vectors with indices downstairs, i.e., every
time that X; appears in a forumla we can replace it with §;;X7. E.g.,

curl’ X = eijkékg(?le.
But the point is precisely to have a compact notation, so
00 X" = 0;05e X" = 9; Xy,

Remark 8.7. In the above computations, note that we can move dx¢ pass the derivative because
Oke is constant for each fixed k and /, i.e., dx¢ is not a function of the coordinates.

We extend the lowering of indices to any object indexed by i1, ...,4, i; € {1,...,n}, j =1,...,n.
E.g.

" .
e" = ;0"

(2
eijk = 6y citk
Note that it is important to keep the order of the indices on the LHS due to the anti-symmetry

of €, so that €’ jk % eij ¥ In fact, the order of indices always matter unless one is dealing with objects

, etc.

that are symmetric in the respective indices. E.g., if a¥ are the entires of a matrix, then

J . I
a; = 0ja”
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J

7 17

and in general a; J # a’,. However, if the matrix is symmetric, ¢/ = @/, then a a’;, and we
write a] for a;
The same way we lowered indices using d;;, we can raise indices using 6*/. For instance, given

an object indexed by downstairs indices ij, i.e., A;;, we set
it
At = 6" Ay

Again, the order of the indices on the LHS matters unless the object is symmetric. It follows that
we can define the Kronecker delta with one index up and one down:

8% = 60y

It follows that
1

T _ A ja
@‘{mi¢j
Note that raising and then lowering (or vice-versa) an index gives the same object back. E.g.:
X; =6 X7 = X' =6VX; =696, X' = X*,
\V‘-/
=5t

where we used & = 0 for ¢ #£ £.

Recall that 0; = . We define the derivative with an index upstairs by:
0" :=4"0;.
Using this notation, we can write the Laplacian as:
A=99; = 6ij8i3j.
We sometimes abbreviate 81-2]. = 0;0;, o3 k= = 0;0;0k, etc.

7

Important remark. The use of the Kronecker delta and the raising and lowering of indices provide
us with a convenient and compact notation. But the overall discussion and definitions probably
seem a bit ad hoc. It turns out that these ideas can be given a more satisfactory content within
the language of differential geometry. For example, the Kronecker delta can be introduced not as a
“collection of symbols” but rather as a tensor satisfying certain properties. The raising the lowering
of indices can be interpreted as a map, given by the inner product, that identifies elements of a
vector space and its dual, or vector fields and one forms; or yet more generally as the identification
of covariant and contravariant tensors. Since we will not be discussing differential geometry (except
for some elementary aspects tied to PDEs), here we will take a purely instrumental point of view,
using the above machinery mostly as a matter of convenient notation.

8.4. Calculus facts. We collect a few calculus facts that we will use later on.

Definition 8.8. We say that a map f is k-times continuously differentiable if all its partial
derivatives up to order k exist and are continuous in the domain of f. We denote the space of
k-times continuously differentiable functions in U C R™ by C*(U). Sometimes we write simply C*
if U is implicitly understood, and sometimes we say simply “f is C*” to mean that f is k-times
continuously differentiable.

Integration by parts. If u,v € C'(Q), then

/8uvdm——/u6ﬂ)dx+/ wv vt ds,
oN

i =1,..n, where v = (v!,...,v") is the unit outer normal to Q2 and dS is the volume element

induced on 0.
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Students who have not seen the above integration by parts in R™ can view it as a generalization
of the divergence theorem in R3. The latter can be written (using Stewart’s Calculus notation):

fbﬂ div FdV = fo F.d5s.

Take ? = uv?i, where ¢; has 1 in the it component and zero in the remaining components.
Then,

div F = O;uv + uo;v.
For example, if €; = e; = (1,0,0), and writing = (Fy, Fy, F.), so that
div F = 0,F, + 0,F, + 0.F,,

we find
div F = div(uwv,0,0) = 0 (uv) = dyuv + udyv,

and similarly for @5 and €. Recalling also that d? = 7dS , where 7 is the unit outer normal,
? d? uve ﬁdS—uveZ dS.
But €; - 7 = i'" component of 7 = n’, thus

? . d? = uon'.

Plugging the above into the divergence theorem:
fjj(@iuv + udiv)dV = fj won'dS
E S

which is the formula we stated in a different notation.

Definition 8.9. Let u € C'(Q2). The normal derivative of u, denoted g—;ﬁ, is a function defined
on Jf) by

(9u
81/ =Vu- v,

where v is the unit outer normal to 9€) and V is the gradient.

From the integration by parts formula we can derive the following formulas (sometimes called

Green’s identities):
/ﬁiudx:/ ur'ds.
Q 09

For u € C1(Q):
/ Audx = / @dS
Q o0 Ov
8

/ Vu - Vodx = —/ uAvdx + —dSs,
0 Q Yo

ov ou
/Q(uAv — vAu)dz = / <U8V — 8u> ds.

For u,v € C?():
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9. FORMAL ASPECTS OF PDES
Definition 9.1. (and Notation)
A vector of the form
a=(ag,..,ap),

where each entry is a non-negative integer is called a multiindex of order |a| = a1 + ... + .
Given a multiindex, we define:

olely
A(zl)r.. .9(zm)on’
where u = u(x!,...,2™). If k is a non-negative integer,
DFy = {D% | |a| = k}

is the set of all k-th order partial derivatives of u. When k = 1 we identify Du with the gradient
of u. When k = 2 we identify D?u with the Hessian matrix of u:

D%y =

5%u 9%u
o(xhH)2 - drlozn
Du=|
9%u 9%u
dzndxzt " 9(zn)?

We can regard D¥u(x) as a point in R"". Its norm is

|Dru(a)| = [ |Deu(a)?,
|a|=k

where z| a|<k means the sum is over all multiindices of order k.

If u= (u',...,u™) is vector valued, we define

D%y := (D%}, ..., D®u™)

and set
DFy .= {D% | |a| = k},
and
|D*ul = [ [Dowf?
|| =k
as before.

We will now restate the definition of PDEs using the above notation. This new definition agrees
with the one previously given.

Definition 9.2. Let 2 C R™ be a domain and k& > 1 be a non-negative integer. An expression of
the form
F(D*u(x), D" tu(z), ..., Du(z), u(z),z) =0,

x € €, is called a k-th order partial differential equation (PDE), where:
X..xR*"XRxQ—R

nk—1

F:R™ xR

is given and w : 2 — R is the unknown.
A solution to the PDE is a function u that verifies the PDE. Sometimes we drop z from the
notation and state the PDE as

F(D*u, D* ", ..., Du,u,z) = 0 in Q.
) is sometimes called the domain of definition of the PDE.
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Example 9.3. Au =0 in R3 can be written as
F(D*u, Du,u,z) = 0 in R?

with F: R x R3 x R x R® — R given by the following expression. First, we label the coordinates

=0
in R? x R? x R x R? according to the order of the derivatives and z, i.e.,
0%u 0%u 0*u  Ou ou 3

u7x17x27x 9

D)2 902 " D) ol Oab
SO
F = F(pllap127p137p217"'7p337p17p27p3)p)xl)xza$3)'
—_——

9 entries 3 entries

Then F' is given by
F(pi1,...,2%) = p11 + pa2 + pss.

Example 9.4. Au = f in R3, where f(z) = (z')? + ()% + (2%)?, can be written, using the
notation of the previous example, as in the definition with F' given by

F(p11,..,8°) = p11 + pa2 + pss — ((z') + (2)% + (2%)?).
Definition 9.5. A PDE
F(D*u, D*tu, ..., Du,u,z) =0
is called linear if F' is linear in all its entries except possibly in . Otherwise it is called non-linear.
More precisely, denoting F: R™ x R" ' x . xR"xR" x Q = R, by F = F(P,z)

? == ( pk,h "'7pk;7nk 7pk71,17 "‘7pk—17nk—17 "‘7p)7

-~

. k . k-1
nk entries for R®" nk—1 entries for R™

we can write F(7,z) = Fy(7,z) + Fy(x), where F; contains all terms that do not depend on 7’
(i.e., terms that do not depend on u or its derivatives). The PDE is linear if Fi (7, ) is a linear
function of ? for fixed x. Fpy is called the homogeneous part of F' and F7 the inhomogeneous part.
The PDE is called homogeneous if F; = 0 and inhomogeneous otherwise.

We clarify that when we say that Fy is linear in, say, the entry DFu, we mean that it is linear
in each component of D*u separately. For instance, F. (Du,u,x) = 0 is linear if it is linear in Du.
Since Du = (O1u, ..., Opu) we mean that F' is linear in each entry of (01u, ..., 0pu) plus in the entry
U.

A linear PDE F(D¥u, ...,u,z) = 0 can always be written as

Z aoa D% = f,
|| <k

where the a, and f are known functions defined on €. If the PDE is also homogenous then f = 0.

A PDE as defined above, where the unknown is a single function on 2, is also called a scalar
PDE.

Definition 9.6.
(1) A k' order PDE is called semi-linear if it has the form

Z aaDu + ag(D*tu, .., Du, u, x) =0,
la|=k

where the a, : 2 — R and ag : R ' x .. xR"xR x Q — R are given functions.



38 Disconzi

(2) A k™ order PDE is called quasi-linear if it has the form

Z aa(Dk_lu, vy Duyu, ) D% + ao(Dk_lu, oy Duyu,z) =0,
|a|=k

where aq, ag : R™ ' x ... xR" x R x Q — R are known functions.
(3) A PDE is called fully non-linear if it depends nonlinearly on its highest order derivative.

Definition 9.7. An expression of the form
F(D*u(z), D*tu(z), ..., Du(z), u(z), z) = 0,
is called a k*" order system of PDEs, where
F=(F',. ., F) R™ x R™" " x  xR™ x R™ x Q — R’
is given and
u=(u',...,u™): Q — R™
is the unknown.

A solution to the system of PDEs is a function u : 2 — R that satisfies the system of PDEs.
We sometimes drop the z-dependence and write

F(Dku, ey Duyuy,z) = 0 in
We sometimes refer to a system of PDEs simply as a PDE.

The definitions of (non-)linear, (non-)homogenous, semi-linear, quasi-linear generalize in a straight-
forward fashion to systems. In particular, a linear system can be written as

> AuDu=f,

o<k

where A, : Q — R are known £ x m matrices (depending on z € Q) and f : Q — R’ is a known
function (f = 0 if the system is homogeneous).

Having introduced the basic definitions and terminology for PDEs, let us discuss the case of
evolution equations, i.e., when one of the variables represents time.

When we study a PDE where one of the variables is the time variable, it is convenient to separate
time and space and denote the spatial variables by (z!,...,2™) and the time variable by 2. In this
case we have n + 1 variables and extend the multi-index notation to

olely
A(x0)0d(z)er...9(zm)n”
The domain of definition of the PDE in this case is Q C R™*!, but it is convenient to take it to

be (T;,Tr) x Q C R™ L for some interval (T7,7F) C R and some domain Q@ C R™. Typically
(T7,Tr) = (0,T) for some T > 0. We also write R*™! = R x R” when we want to emphasize the

a=(ag,....an), lal=ay+..+a,, D=

the first coordinate, z°, correspond to time. We also write
t = 2"
for the time variable. Thus,
9_20
ot 920

Notation 9.8. We extend our indices convention by adopting the convention that Latin Lower-
case indices range from 1 to n (as we have used so far) and Greek lower-case indices range from 0
to n. For instance,

a®du = adou + a'du
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= a"du+ d'Ou
= a0+ a'diu+ ... + a"O,u.

Note that we use Greek letters to denote both indices varying from 0 to n and multi-indices.
The context will make the distinction clear. In particular, note that for multi-indices we never
use the convention that repeated indices are summed. Thus, for example, in a“0,, « is an index
summed from 0 to n, whereas in Z‘ al<k a®D®, « is a multi-index summed over all multi-indices
with |a| < k. Finally, if

a= (o, aq,...,0p)
is a multi-index, we write o for its “spatial part,” i.e.,

D = (0, ...y ap)

We next state some useful calculus facts using multi-index notation. The formulas below

involve functions v = w(x!,...,2") and a = (ai,...,ay), but clearly similar formulas hold for
u=u(2 2! ..., 2") and a = (ag, a1, ..., ). For multi-indices o and 3 define
n
al=ala! ..., ap!, a<f & o;<p Vi=1,...,nandz® = Hmf‘l
=1

(1) Multinomial theorem:

|
(x1 4+ ...+ xn)k = Z (’@’)xa’ where (!a!) = \047|.
« o al

laf=k

(2) Leibniz’s formula or product rule:

D% (uv) = Z (g) DPuD* Py, where <g> = Bl(aaiﬁ)!'

BLla

(3) Taylor’s formula:

_ 1 [ a k+1
u(z) = |Z<k aD u(0)x® + O(|z|*"") as © — 0.

Above, u,v : R™ — R are sufficiently regular as to make the formulas valid.

Remark 9.9. When we introduce a PDE, we indicate the domain €2 where it is defined, which
says that we are looking for a solution that is defined in 2. It may happen, however (and it is
often the case for non-linear PDEs) that we are able to find a solution u but u is defined only on a
smaller domain Q' C , Le., u satisfies the PDE only for € €', where ' is strictly smaller than
Q. In fact, we a priori do not know whether it is possible to satisfy the PDE for all x € 2. We still
call such a u that is defined only on €’ a solution, and sometimes call it a local solution if we
want to emphasize that the solution we found is defined on a domain smaller than where the PDE
was originally stated. In other words, the domain of definition of the PDE is a guide that helps us
define the problem, but it can happen that solution are only defined in a subset of €.

Example 9.10. Let us illustrate this situation with a simple ODE example. Consider

%:gﬂ in Q = (0, 00)

with intial condition y(0) = 1. The solution is
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This solution, however, is not defined for ¢ = 1. Thus we in fact have a local solution defined on
' =(0,1) (we do not take Q' = (0,1) U (1,00) because this set is not connected; and we take the
portion (0,1) because we need to approached zero to satisfy the initial condition).

We can also defined boundary value problems, initial value problems, and initial-boundary

value problems as we had done for the 1d wave equation. We will not give these general defi-
nitions here, but will introduce them as needed to study specific problems. We note that in such
cases we will in general seek a solution defined on a larger domain than ). For example, we may
want u : Q — R in a boundary value problem or u : [0,T) x 2 — R in an initial-value problem.
What exactly is required is usually a case-by-case analysis.
Important notation on constants In what follows we are going to derive estimates and compu-
tations that involve numerical constants whose specific value will not be important. Thus, we will
denote by C' > 0 a generic positive constant that can vary from line to line. C will generally depend
on fixed data of the problem (e.g., the dimension n). Sometimes we indicate the dependence of C'
using subscripts, e.g. C,.

10. LAPLACE’S EQUATION IN R"

We are going to study Laplace’s equation in R™:

Au =0 in R",

and its inhomogeneous version known as Poisson’s equation:
— 3 n
Au= fin R",

where f : R™ — R is given.
We begin looking for a solution of the form

u(z) = v(r)
where r = |z| = ((z1)? + ... + (z")?)'/2 is the distance to the origin. The motivation to look

for such a solution is that Laplace’s equation is rotationally invariant (this will be a HW). Direct
computation gives:

i
aﬂ" = 1:77 x # 07
i
Oiu = v’x—,
r
2. _ I (xl)Q / 1 ($Z)2
Oiu=v 2 +o ST )
Summing from 1 to n:
-1
Au =" + L
Hence
Au=0
iff )
U” + n;v/ — 0’
r
which is an ODE for v. If n’ # 0 we cam write it as
T 1-—n
1 ANV _
)y =2 =221,

which gives
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for some constant A. If r > 0, integrating again we find

(r) = alnr+b, n=2
T 25 b, >3,

where a and b are arbitrary constants.
This calculation motivates the following definition.

Definition 10.1. The function

1

5= In|z| n=2
L(z):=4{ 1" 4
(z) { n(2—n)wn Jz["-2° n >3,

is called the fundamental solution of Laplace’s equation.
Above and henceforth, we adopt the following:

Notation 10.2. We denote by B, (x) the (open) ball of radius r centered at = in R", i.e.,
Bi(z) = {y € R" | [z —y| <r}.
Sometimes we write B]'(z) to emphasize the dimension. We denote:
wy, := vol(BT(0)).
In particular, ws = %71.
Note that AI'(x) = 0 for  # 0 by construction. Sometimes we write I'(|z|) to emphasize the

radial dependence on r = |x|.
Before solving Laplace’s equation, we need one more definition.

Definition 10.3. The support of a map f: U — R is the set
supp(f) :={z € U | f(z) # 0},

where — is the closure. Recall that a set U C R"™ is called compact if it is closed and bounded.

We say that f has compact support if supp(f) is compact. We denote by C*(U) the space of C*
functions in U with compact support.

Theorem 10.4. Let f € C?(R™). Set

Then:
(1) w is well-defined
(2) ue C*R")
(3) Au= f in R™,

Proof. We will carry out the proof for n > 3. The case n = 2 is done with similar arguments.

To begin, recall that a continuous function over a compact set is always has a maximum and
minimum. Therefore, since f has compact support, there exists a constant C' > 0 such that
|f(x)| < C for every x. Moreover, again by the compact support of f, there exists a R > 0 such
that

/"ru—yv@My:/' Tz — y)f(y)dy.

n BR (.73)

Thus,

dy.

1
/ I'(z — y)f(y)dy‘ <C ID(z —y)|dy < C —
n Br(x) Br(x) ‘:L' — y‘

We now take polar coordinates (r,w) centered at x, where r = distance to z and w € S" ' =n —1
dimensional unit sphere, so that y — x = rw, |z —y| = 7.
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z=rw

In these coordinates dy = 7" 'dw, where dw is the volume element on S"~! (for n = 3,dw =
sin(¢) d¢df). Then

1 R 1 R
/ T dy = / / —727"”_1 drdw = / rdr/ dw = C,
Br(z) [T —y|" 0 Jgn-1 7™ 0 sn-1

showing that u is well defined, i.e., (1).
To prove (2), first make a change of variables z = z — y, so

ue) = [ L))y = [ T2
Note that 0;f and 82-2]- f also have compact support, thus an argument to the above shows that
[ o —yldy and | [P)0% @~y

are well defined. Let e¢; = (0,...,1,...,0) be the canonical basis vectors in R™ and let A > 0. Then,
for any x:

h - h
_ /BR(O)F(y) <f(m+hei _Z) —flz - y)> dy.

where the second equality holds for a sufficiently large R in view of the compact support of f.
Since

u(x + he;) — u(x) / I(y) <f($+h€¢—y)—f(x—y)>dy

. fleteh—y)—flz—y) .,
lim ; =0if(x —y)

and the integral of I'(y)0; f(x — y) is well defined,

. u(x + he;) — u(x) . fx+he;—y)— f(z—y)
Ao h = fim T < h > dy
- [ 1t (s S0 = =),

- [ rwause - v,
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showing that the limit limy, w exists, i.e., ju(x) exists. Repeating this argument with

f(x — y) replaced by 0;f(x — y) we conclude that 0% u(zx) exists and
ij

Oul) = [ Two - y)dy.

To show that u € C?(R™), it remains to show that 8izju is continuous. Fix zg € R™ and € > 0, and
consider:

|0ju(wo) — OFu(x) = | | T(y)(0f(xo —y) — 8 f (v —y))dy

/ T ()12 f(x0 — ) — 02 F(x — y)ldy.

Since 8% f is continuous and has compact support it is uniformly continuous, i.e., given €, there
exists a § > 0 such that |8Z-2jf(z) - 8%f(y)| < € whenever |z —y| < . Putting ¢ = &, with
C = fB (y)|dy ( which we already know to be finite), we find that if |xg — | < ¢, so that
|(zo — y) - ( y)| < 0, we obtain that

02 u(zo) — OBu(z)| < /B TP —y) 3 vy <
R

<€

showing that u € C?(R").
To show (3), from the expression for 9;;u we obtain

Bu(w) = 8908 u(w) = | Tw)A.f(x )y,
- / P ()Au f(x — y)dy + / P)Asf(x — y)dy = I + I5,
R"\ B, (0) B(0)

where € > 0 and we write A, to emphasize that in A, f(z — y) the Laplacian is with respect to the
x variable. Noticing that A, f(x —y) = A, f(x —y), Green’s identities give:

L - / I() Ay f(x — y)dy
R™\ B¢ (0)
= —/ VI(y) - Vyf(z —y)dy + / F(y)af(ﬂc —y)dS(y) =: I1; + Iiy,
R™\ B (0) B, (0)

where we write V,, and dS(y) to emphasize that the gradient and integration over 0B.(0) are on
the y variable. We also notice that in the integration by parts there is no term to be “evaluated at
oo” since f has compact support.

Let’s now analyze the integrals I§, I{;, and I{,. Observe that:

€ A:t _
wz/&@\ W) |Aaf (@ |<c/ »)\dy

<C
€

1
<C ”1d7“—C’e
OT

Since dS(y) = €" !dw and [T'(y)| < C/e"2 on OB(0):

0
s [ |5 - njse < ce
9B.(0) v
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For I, we integrate by parts again:

I = - / VI(y) -V, (x — y)dy
R”\BE(O)

ar

- /RR\BE(O) AT (y) f(z —y)dy — /335(0) 5, W@ —y)dS()

or
—0- /8 0, 3D = D)IS)

where we used that AT'(y) = 0 for y # 0.
From the explicit expression for I'(y), compute:

VI'(y) = L v y#0

nwy, W’

The unit outer normal in the integral is given by v = ‘_73", thus

1 2
15, = / W p e — yyasy)
9B (0)

nwy, ’y|n+1

1 /
= Jx —y)dS(y),
nwne" 1 Jop (0 ( JdS()

since |y| = € on 9B(0).

B(0)

a
N

Making a change of variables z — y = z, we find

= — / £(2)dS(2).

nwpen—1
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Note that nw,e® ! is the surface are, or volume, of dB.(z) (e.g., for n = 3, nw,e" ! = 47e?), so we

write
1

I, = M /836(95) f(y)dS(y).

Au(x):/ (...)+/ ()= I+ IS
&7\, (0) B.(0)

which is valid for any € > 0, we conclude that

Since we have

_ 3 € 3 €
Bu(e) = li I+l

if the limits exist. From the foregoing:

lim I5 =0,
e—0t
lim I = lim I} lim I}
e—l)I(I]1+ 1 6—1>I(I)1+ nt e—l>I(I)1+ 12
=0
lw e [ f@as)
= 11m .
e—0+ vol(0Be(7)) JaB. () Y Y
The result (3) now follows from the lemma stated right below, whose proof will be a HW. O
Lemma 10.5. For any continuous function h:
1
lim —————— h(y)dS(y) = h
50+ vol(9B.(x)) /836(:;:) (9)dS(y) = hlz)
1
lim ————— h(y)dy = h
50+ vol (B, () /Be(x) w)dy = hz)
Proof. HW. O
Remark 10.6. From the expression for I'(z) we obtain the following useful estimates:
C C
DR@) € oy D) € 2 A0

10.1. Harmonic functions.

Definition 10.7. A solution to Laplace’s equation is called a harmonic function. We say that u
is a harmonic function (or simply harmonic) in € if we want to emphasize that it solves Laplace’s
equation in 2.

Theorem 10.8 (mean value formula for Laplace’s equation). Let u € C?(Q)) be harmonic in .

Then
1

1
") = /aBr(x) udS = VOI(Br(x))/BT(x)Ud%

for each B,(x) C Q.

Remark 10.9. This theorem says that harmonic functions are “non-local” since their value at x
depends on their values on 0B, (x); in particular r can be arbitrarily large for Q@ = R™.

Proof. Define
1

f(r):= Vol(@B, @) /a&(z) u(y)dsS(y).
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Changing variables z = -2, recalling that dS = r""'dw, vol(8B,(z)) = nw,r™ ™%
1
flr)= / u(z + rz)dS(z).
0B1(0)

Wy,

Taking the derivative and noticing that we can differentiate under the integral:

! = 1 ulx rz) -z z
f(r) = /831(0)v< T r2) - 2dS(2).

Wy,

Changing variables back to y:

Since ¥-* = v =unit outer normal to 0B, (x):
1
f’r:_/ Vu(y) - vdS(y
)= st o, T 5)
1 ou
- 9 d
o oy S

1
- A _
nwp ™1 /Br(m) uly)dy =0

where we used Green’s identities. Thus, f(r) is constant so

1 .
ST /8 M) = 1) = tim 707
1
= lim ——M— udS
r—0+t VO](@BT(ZU)) /(93r(:c)

= u(z),

showing the first equality. For the second, integrate in polar coordinates to find

1 L
ST o 0= ( L uds) ds = u(z).
—_————

=nwns" " 1u(z)

Theorem 10.10 (converse of the mean value property). If u € C?(Q) is such that

1
u(z) = ©ol(@B,(x)) /8 o udS

for each B,(x) C Q. Then u is harmonic.

Proof. This will be a HW. O

Definition 10.11. Let U C R”. We say that a subset V' C U is relatively open , or open in U,
if V=UnNW for some open set W C R™. V C U is said to relatively closed , or closed in U, if
V =UNW for some closed set W C R™. A set {2 C R" is called connected if the only non-empty
subset of € that is both open and closed in € is €2 itself.

Remark 10.12. Sometimes we say simply that V' C U is open/closed to mean that it is open/closed
in U, i.e., U is implicitly understood.

Students who have not seen the definition of connected sets are encouraged to think about how
the above definition corresponds to the intuition that {2 cannot be “split into separate pieces.”
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Theorem 10.13 (maximum principle). Suppose that u € C?(2) N C°(Q) is harmonic where  is
bounded. Then

max 4 = max u.
Q o

Moreover, if u(zg) = maxg u for some xg € S, then u is constant.

Remark 10.14. Replacing u by —u we obtain similar statements with min. Thus, we can summa-
rize the maximum principle by saying that a harmonic function achieves its maximum and minimum
on the boundary.

Proof. Suppose that for some z¢ € 2, we have u(zg) = M = maxg u. For 0 < r < dist(xg, 012), the
mean value property gives:

o .
s udy < M.
vol(By(20)) J B, (z0)

Equality in < happens only if u(y) = M for all y € B, (x¢). Therefore the set A := {z € Q | u(z) =
M} is both open and closed in €, thus, A = Q, showing the second statement. The first statement
follows form the second. O

M = u(zg) =

10.2. Further results for harmonic functions and Poisson’s equation. Here we list a few
important results concerning Au = f that we will not prove.

Theorem 10.15 (Liouville’s Theorem). Suppose that v : R™ — R is harmonic and bounded (i.e.,
there exists a constant M > 0 such that |u(z)| < M for all x € R"). Then u is constant.

Definition 10.16. Let f : Q@ — R and g : 9Q — R be given. The following boundary-value
problem

Au=f inQ
u=g on Jf2
is called the (inhomogeneous) Dirichlet problem for the Laplacian.

Theorem 10.17. Let € R™ be a bounded domain with a C* boundary. Let f € C'(Q) and
g € C3(Q). Then, there exists a unique solution u € C?(Q) to the Dirichlet problem

Au=f inQ
u=g on OS2

Remark 10.18. To solve Poisson’s equation in R™ we introduced the fundamental solution. One
approach to solve the Dirichlet problem is to introduce an analogue of the fundamental solution
which takes the boundary into account, known as the Green function.

11. THE WAVE EQUATION IN R"

Here we will study the Cauchy problem for the wave equation in R", i.e.,

Ou=0 in[0,00)xR"
u=ug on{t=0}xR"
Owu=wu; on {t=0} xR"

where [0 := —9? + A is called the D’Alembertian (or the wave operator) and ug,u; : R® — R are
given.
The initial conditions can also be stated as u(0,z) = up(x), Ou(0, x) = ui(x),z € R™

Definition 11.1. The sets

(
(

)

t,x (—00,00) X R" | |x — x| < |t — 1o},
t,x)

(—00,00) x R" | |z — wo| <t —to},

Ctowo = {
Cgm ={

S
S
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Ciowo = {(t2) € (—=00,00) X R" | |& — xo| < to —t},

are called, respectively, the light-cone, future light-cone, and past light-cone with vertex at
(to,xo). The sets

Ktozo = Cto.mo N {t > 0}
K& wo = Cih oo N {t >0},

Kiozo = Cigo N {t > 0},
are called, respectively, the light-cone, future light-cone, and past light-cone for positive
time with vertex at (g, zo).

We often omit “for positive time” and refer to the sets K as light-cones. We also refer to a part
of a cone, e.g., for 0 <t < T, as the truncated (future, past) light-cone.

(to,wo0)

(to,x0)

Lemma 11.2 (differentiation of moving regions). Let Q(7) C R™ be a family of bounded domains
with smooth boundary depending smoothly on the parameter 7. Let v be the velocity of the moving
boundary OQU(t) and v the unit outer normal to OQUT). If f = t(r,x) is smooth then

d
— fdx:/ 8dex—|—/ fv-vdS.
ar Jo(r) Q(r) 20(r)
Proof. HW. (Compare this with the fundamental theorem of calculus). O

Theorem 11.3 (finite propagation speed). Let u € C?(]0,00) x R") be a solution to the Cauchy
problem for the wave equation. If ug = uy = 0 on {t = 0} X By, (x0), then u = 0 within Ky . .
(Thus, the solution at (to, o) depends only on the data on By, (xo) and the cone Ky .. is also called

a domain of dependence).

Proof. Define the “energy” as

1
E(t) = / ((Opu)? + |Vul>)dz, 0<t<ty.
2 Bty —t(x0)
Then:
b 2 1 2 2
— = (Opudyu + Vu - Vouu)de + = ((Opu)* + [Vul*)v - vdS.
dt Btoft(l’o) 2 8Bt07t($0)

The points on the boundary move inward orthogonally to the spheres 0By,—¢(z9) and with speed
linear in ¢, thus v = —v.
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vatt

Integrating by parts:

/ Vu - Voudz = — / Audyudz + / 0 puds.

Bty —t(zo) Bty —t(zo0) OBt —t(z0) ov

Thus,
& _ (02u — Au) dyudS + / @atu 1 / ((Ou)? + |Vul?)dS
dt Btoft(ﬁ()) N——— aBtoft(CC()) 8V 2 8Bt07t(x0)

ou 1 1
= 8u—8u2—Vu2)dS
/aBtO_t(m (ayt (@)’ — 5[

1 1
< / (\Vuﬂatu] — f(atu)Q — |Vu]2> ds,
OBt —t(20) 2 2

where we used that

ou
aatu

ou

ov

—_— <
o Ou <

@
ov

|Oyu|  and

= |Vu-v| <|Vu| |v| =]|Vul.
—

Now apply the Cauchy-Schwarz inequality ab < "2—2 + % with a = |Vul,b = |0sul, to get

— < — — —_ = —_ = =
= o, oo <2Vu| + 2(8tu) 2(8tu) 2|Vu] 0,
thus E(t) is decreasing. Since E(t) > 0 and

1
B(0) = / (9:u(0,2)) + |Vu(0,2)[2 )dz = 0.
2 JoByy(wo) —~—" ~——
=uq(x)=0 =|Vuo(0,z)|=0
We conclude that E(t) =0 for all 0 <t < t.
Since E(t) is the integral of a positive continuous function over By_¢,(x0), E(t) = 0 implies that,

for each t, the integrand must vanish, i.e.,
(Dpu(t, ) + |Vu(t,z)|> = 0 for all (t,z) € K

1;)7960’
which then implies
Owu(t,z) = 0 and Vu(t,x) =0 for all (t,x) € K,

to,zo"
Since K;),l’o is connected, we conclude that u is constant in time and space within K;/ 200 1€
u(t,z) = C = constant in Ky, . Since u(0,z) = up(z) = 0, C must be zero. O

Notation 11.4. Henceforth, we assume that n > 2. Set

1

Ut,x;r) := vol(@lw(x))/aBr(gﬁ) u(t,y)dS(y),
1

Uo(x;7) := ml(@l&n(a:))/aBr(x) uo(t,y)dS(y),
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1
vol(0B,(z)) /83,«(@ u(fy)dS()

which are spherical average over 0B, (z).

Ui(x;r) :=

Proposition 11.5 (Euler-Poisson-Darboux equation). Let u € C™([0,00) x R"),;m > 2 be a
solution to the Cauchy problem for the wave equation. For fized x € R"™, consider U = U (t,x;r) as
a function of t and r. Then U € C™([0,00) x [0,00)) and U satisfies the Euler-Poisson-Darboux
equation:

-1
QXU — 92U — ”T 8,U =0 on (0,00) x (0,00),
U="U, on {t =0} x (0, 00),
U =U; on {t =0} x (0, 00).

Proof. Differentiability with respect to ¢ is immediate, as is differentiability with respect to r for
r > 0.

Arguing as in the proof of the mean value formula for Laplace’s equation:

r 1
T ) ; = T T I 7\ A 9 *
opU(t,x;r) 7 3ol(Bo (@) /Br(x) u(t,y)dy

This implies lim, o+ 0,U(t, x;r) = 0. Next,

1 1
QXU (t,x;r :/ Au(t,y)d
( ) nvol(B.(z)) /B, (a) (t,y)dy

e (amy) f

r 1
+————0, Au(t,y)dy
n vol(B,(z)) By (x) (t,9)

But 0, fBr(x) Au(t,y)dy = faBr(x) Au(t,y)dS(y), and recall that vol(B,(x)) = w,r", so
1 1

r

1
nvol(By(z))  nw,r™ 1 vol(dB,(x))’

r

ro (L N_rp t bt 1
n  \vol(B,(z))) n " wprt wer™  vol(By(z))’

S0
1

1 1
QU (t,x;r :(—1>/ Aut,ydy+/ Au(t,y)dS(y).
GE = ™ S B @) o Y @B @) Jop, o YW
This implies that hrng Q2U(t,x;r) = LAu(t, z).
r—
Proceeding this way we compute all derivates of U w.r.t. r and conclude that U € C™([0,00) X
[0, 00)).
Returning to the expression for 9,(U):
r 1 r
o.U = / Au = / 02,
’I’LVO](BT({L‘)) By (x) n ()
thus,

r

Op(r"0.U) = 0, <n> / o
( ) nvol(B.(x)) ) Jp.x) '
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= O ! / ou
nwn, B, (a:)
1
= / 07
NWn JoB,(x)

Tn—l /
R — &u
vol(0B,(x)) Jop, ) '

1
— Tn—la2 / u
"\ vol(8B,(x)) Jop, )

= r"_lan.

On the other hand:

O (r" 1o U) = r" 10U = (n — 1)r"20,U + r" 192U,
so equating the two right hand sides gives the result. O
11.1. Reflection Method. We will use the function U (t,z;r) to reduce the higher dimensional
wave equation to the 1d wave equation, for which D’Alembert’s formula is available, in the variables

t and r. However, U(t,x;r) is defined only for > 0, whereas D’Alembert’s formula is for —oco <
r < 0o. Thus, we first consider the system:

Ut — Ugz =0 in (0,00) X (0 x 00),
u=uwug on {t=0} x(0,00),
0w =wu; on {t =0} x (0,00),
u=0 on (0,00) x {zr =0},
where ug(0) = u;1(0) = 0. Consider odd extensions, where ¢t > 0 :
- u(t,z x>0 _ ug(x z>0 _ u(x z>0
ult, @) = { —(u(t,)—x) <0’ Uo(®) = { —OQE()()—CC) r<0’ u(@) = { —111(1()—37) x <0.
A solution to the problem on (0,00) x (0,00) is obtained by solving
U — Ugy =0 in (0,00) X R,
u=mup on{t=0} xR,
O =wu; on {t =0} xR,
and restricting to (0,00) x (0,00) where u = u.

D’Alembert’s formula gives

x+t
it o) = Yo+ )+ Toe—0)+ [ @l

x—t
Consider now ¢t > 0 and = > 0, so that u(¢,z) = u(t,z). Then x4+t > 0 so that ug(x+1t) = up(x+1).
If x > t, then the variable of integration y, satisfies y > 0, since y € [z — ¢,z + t]. In this case
u1(y) = ui(y). Thus

T+t
u(t,z) = %(uo(:n +t)+up(x—1t)) + ;(/_t ul(y)dy> for z > t.

If 0 < <t, then ug(x — t) = —ug(—(z — t)) and

r—l—tN 0 N z+t~
/ u1(y)dy =/ u1(y)dy +/0 u1(y)dy
x x—t

—t
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= _ /:tm(—y)dy + /Oﬂt u1(y)dy
= /0 ul(y)dy—i-/UHt w1 (y)dy

—x+t
x+t
= / uy (y)dy.
—x+t
Thus, u(t,z) = 3(uo(z +t) —uo(—z +1)) + %(ff;trt ul(y)dy) for 0 < z < t. Summarizing:
x4+t
Moo+ ) +uole =)+ [ wl)dy w220
r—t
U(t, 33‘) = Z+t
S(up(z +1) —uo(—z +1) + 5/ up(y)dy 0<z <t
—x+t

Note that u is not C? except if ufj(0) = 0. Note also that u(t,0) = 0.

This solution can be understood as follows: for x > ¢ > 0, finite propagation speed implies that
the solution “does not see” the boundary. For 0 < x < ¢, the waves traveling to the left are reflected
on the boundary where v = 0.

x>t domain of dependence

/

—X0 Zo

T

11.2. Solution for n = 3 : Kirchhoff’s formula. Set U = rU,f]vo = on,’le = rUjy, where
U, Uy, U; are as in the Euler-Poisson-Darboux equation (see Notation 11.4). Then,

U = rofU = 7«(an +3= 16TU)

"
= 102U + 20,U
=02(rU) = 0}(U),

so U solves the 1d wave equation on (0,00) x (0,00) with initial conditions U(0,r) = Uy(r),
atU(O,T) == Ul(r).
By the reflection method discussed above, we have

- — — T+t __
U(t,z;r) = %(Ug(?“-i-t) —Uo(—r—i-t)) —I—%/ Ui(y)dy
—r+t
for 0 < r <, where we used the notation ﬁa(r +t) and U, for ﬁa(:c;r + 1), /U\I(x, Y).
For the definition of U and U and the above formula:
1

) = B OB o0

= lim U(t,z;r)

r—0t
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r—0t r
Ut +r) —Up(t—r) .. 1 [~
=1 | — U dy.
Jim S S i o [ D)
Note that s s . .
_ _ 2) — —
lim U()(t + 7“) U()(t 7’) — lim Uo(t + 7’) Uo(t) _ Uol(t),
r—0+ 27’ r—0t 27/.
and

1 t+r . .
lim — / U1 (y)dy = Ur (1)

r—0t 2T t—rp
(this equality is simply lim,._,o+ m fBT(x) f(y)dy = f(x) for n = 1). So,
u(t,z) = Uy (1) + UL(t).
Invoking the definition of ffvo and (71 :

0 t t
u(t,z) = ot <vol(83t(a:) /{9&(1) uo(y)dS(y)> + m /BBt(:v) u1(y)dS(y) (11.1)

Making the change of variables z = 7% (recall that we are treating the n = 3 case, so in the

calculations that follow n = 3, but we write n for the sake of clearer notation):

1 1
Vol(0B(z)) /BBt(g;) uo(y)dS(y) = T /BBt(m) uo(y)dS(y)

= 1/ up(z + t2)t"1dS(2)
9B ()

nwp L

1
= / up(x + t2)dS(2).
9B (x)

NWn,

Then,

0 1 1 0
a (Vol(aBt(H?)) /OBt(x) uo(y)dS(y)> N nWwp, a OB (z) UO(x " tZ)dS(Z)

1
= /BBl(:r)(VUO(x +tz) - 2)dS(z).

nWn,

Changing variables back to y, that is y = 2 + tz and recalling that dS(y) = t"~1dS(2) :

0 1 _; . (y-z
m(www&t(@“o(y)“(y))—wﬂ(aBt(x)) [ T (57 st

Using this in equation’s expression for u(t,z), yields Kirchhoff’s formula:

1
vol(9By(x)) /a Bi(o) (uo(y) + tui(y))dS(y)

1
OB o, (T (0= )1,

u(t,x) =
(11.2)
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Theorem 11.6. Let ug € C3(R3) and uy € C*(R3). Then, there exists a unique u € C?([0,00) xR?)
that is a solution to the Cauchy problem for the wave equation in three spatial dimensions. Moreover,
u is given by Kirchhoff’s formula 11.2.

Proof. Define u by Kirchhoff’s formula. By construction it is a solution with the stated regularity.
Uniqueness follows from the finite speed of propagation property. O

11.3. Solution for n = 2 : Poisson’s formula. We now consider u € C?([0,00) x R?) a solution
to the wave equation for n = 2. Then
v(t, 2t 2%, 23) = u(t, 2, 2?)

is a solution for the wave equation in n = 3 dimensions with data vo(x!, 2%, 23) == ug(z!, 2?) and

vi(at, 2%, 23) = uy (2!, 22). Let us write x = (z!,2%) and T = (2!, 22,0). Thus, from the n = 3 case:

0 t - t _
u(t,z) =vt,2) = —| ——=—— vodS +__/ v1d.S,
(@) = v(t,2) 8t<v01(8Bt(x) /aBt(m) 0 ) vol(0By(7) Jop, )

where B;(Z) = ball in R? with center # and radius ¢t and dS = volume element on 9B, (z). We
now rewrite this formula with integrals involving only variables in R2.
The integral over 9B;(Z) can be written as

L™ hsci* by or
OBy (z) B} () 9B; (%)
where 0B, (Z) and OB, () are the upper and lower hemispheres of 9B,(%), respectively.

The upper cap 0B; () is parametrized by

fly) =V —(y—2)%y=(y'y%) € Bila),x = (¢, 2?),
where B;(z) is the ball of radius ¢ and center z in R?. Recalling the formula for integrals along a
surface given by a graph:

1 . 1
— dS = — V¥ V) Pdy,
vol(dBy(z)) /g,Bj(w) v o /B " uo(y) V1 + [V (y)Pdy

where we used that vo(x!, 22, 2%) = ug(x!, 2). This last fact also implies that

/ Uodg == B ’Uodg
9B; (z) OB (&)

Thus,

! /8 wdS = = [ w)VIT Vi) Pdy

VOl(aﬁt (j)) B (Z) Amt? By (x)
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1
_ uo(y) dy.
21t JBy(z) /12— |y — x|

In this last step we used

ly — |? t?
L+ Vi)l =1+ =
E—ly—aP  P—ly—ap

Similarly

t/ vldgz 1/ ul—(y)dy
vol(OBy(T)) JoB,(z) am JB,(a) V1? — |y — x|

Hence
0 1 uo(y) 1/ u1(y)
PR ARy B ') N W SPUE Sy [/ )
ult o) =y o /Btu) o T R
10 12 up(y) I / u1(y)
Lo v wl) 4,1 [ _ul)
28t(vol(Bt(az)) /Bt(z) VE—y—z]? v) 2 00l(Bi(@)) Jp,) |y — 2P

Changing variables 7 = 2 in the first intergral (so dy = t*dz)

o [ wly

5t(001(3t(1‘)) /Bt(m) \/mdy)
:a(t/ uo(z + t2) 2)

ot “wol(B1(0)) Jp,0) /1 |2]2

1 / uo(e +12) | t / Vup(a +12) -z |
= — z —————— A%
vol(B1(0) Jp,0) /1— 27 vol(B1(0)) Jpy0) +/1— 2]

t uo(y) t / Vaug(y) - (y — )
vol(By(z) /Bt(il?) 2 — |y — x|? vol(Bi(z)) Jp,(z) /12—y —af?

where in the last step we changed variables back to y. Hence,

1 tuo(y) + % ()

VE—Ty—af " 1)
1 / tVuo(y) (y — w))dy '
vol(Bi(x)) JB,() /12— |y — 2|2 ’

which is known as Poisson’s formula.

Theorem 11.7. Let ug € C3(R?) and u; € C?*(R?). Then, there exists a unique u € C?([0,00) x R?)
that is a solution to the Cauchy problem for the wave equation in two spatial dimensions. Moreover,
u is given by Poisson’s formula 11.3.

Proof. Define u by Poisson’s formula. By construction it is a solution with the stated regularity.
Uniqueness follows from the finite speed of propagation property. O

11.4. Solution for arbitrary n > 2. The above procedure can be generalized for any n > 2: for
n odd, we show that radially averages of n satisfies a 1d wave equation for » > 0 and invoke the
reflection principle; for n even, we view n as a solution in the (n + 1) dimensions, apply the result
for n odd, and then reduce back to n dimensions.

The final formulas are:
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n odd:
19,19 us, "2
u(t,x) = Ea(;a) 2 m /aBt(z) tods)
(11.4)
+1(16)L—3( 2 / ds)
—_(-—) 2 (— u1ras
Bt Ot vol(0By(2)) JoB,(x) 1
where 3, =1-3-5---(n—2)
n even:
10,10 2, " _ wl)
) = 30T B Sy T (115)

1 10 n2, / ui(y)
+— (%) 2 (77— ——)d
’yn(t 6t) (vol(Bt(x)) Bi(z) /12 — |y — x,z) y)
where v, =2-4---(n — 2)n.
Remark 11.8. The method of using the solution in (n + 1) to obtain a solution in n dimensions

for n even is known as method of descent.

Remark 11.9. we already know that solutions to the wave equation at (to,zp) depend only on
the data on By, (x¢). For n > 3 odd, the above shows that the solution depends only on the data
on the boundary 0By, (o). This fact is known as the strong Huygens’ principle.
11.5. The inhomogeneous wave equation. We now consider:

Ou=f in (0,00) x R",

u=ug on {t=0}xR"

Owu=wuy; on {t=0} xR"

where f : [0,00) = R™, up,u; : R — R are given. f is called a source and this is known as the

inhomogenous Cauchy problem for the wave equation. Sicne we already know how to solve the
problem when f = 0, by linearity it sufficies to consider:

Ou= f in (0,00) x R",
u=0 on{t=0} xR",
Ou=0 on{t=0} xR"
Let us(t,x) be the solution of
Ous =0 in (s,00) x R",
us =0 on {t=s}xR",
Ous =f on {t=s} xR"
This problem is simply the Cauchy problem with data on ¢t = s instead of ¢ = 0, so the previous

solutions apply.
For ¢t > 0, define
u(t,x) = /Ot us(t,x)ds
Note that u(0,x) = 0. We have

t
Owu(t,x) = up(t, z) . +/ Orus(t, z)ds
5= 0
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Since ug(t,x) = 0 for t = s, the first term vanishes, so
t
Opu(t,r) = / Opus(t, z)ds.
0
Then 0,u(0,x) = 0. Taking another derivative:

t
Ou(t, x) = Oyus(t, x) . -l—/ OPus(t, x)ds.
5= 0

Since Oyug = f(s,z) = f(t,7) and OPus = Aus:

S=

t
Otu(t,z) = f(t, x) +/ Aug(t, x)ds
0

= f(t,z) + A/t us(t, z)ds
0

= f(t,x) + Au(t,z) e, FPu—Au=f
Therefore, we conclude that u satisfies the inhomogeneous wave equation withe zero initial con-

ditions. We summarize this in the next theorem:

Theorem 11.10. Let f € CE1H1([0,00) x R?) , where [5] is the integer part of 5. Let us be the
unique solution to:

Ous =0 in (s,00) x R",
us=0 on {t=s}xR",
Ous=f on{t=s}xR"
and define u by

u(t,z) = /Ot us(t, x)ds.

Then u € C?%([0,00) x R™) and is a solution to the Cauchy problem for the wave equation with
source f and zero initial conditions.

Remark 11.11. The procedure of solving the inhomogeneous equation by solving a homogeneous
one with initial condition f is known as the Duhamel principle.

11.6. Vector fields as differential operators. To proceed further with one study of the wave
equation, we need some definitions and tools that we present here.

Consider a vector field X = (X7, ..., X;,). Recall that the directional derivative of function f in
the direction of X is

Vxf=XVf=X0f
Note that we have a map that associates to each vector field the corresponding directional
derivative, i.e. X +— Vx. Observe that this map is linear (e.g. X +Y — Vxiy = Vx + Vy).
Reciprocally, given Vx we can extract back the vector field X, Vx — X. We conclude that

X +— Vx is a linear isomorphism. Thus, we identify X and Vx and think of vector fields as
differentiation operators:

0
ox’
In this setting, as for X = (X1, ..., X,,), we say that X = X?0; is C* if the functions X* are C¥.

X =X'9;, = X"

Remark 11.12. In differential geometry, where manifolds are conceived abstractly and not as
subsets of R3, vectore fields are defined as differential operators.
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Definition 11.13. The composition of vector fields X and Y, written XY, is the differential
operator given by:

(XY)(f) = X(Y(f)), ie,
(XY)(f) = X'0;,(Y79; 1),
for any C? function. We also write XY f for (XY)(f).

Remark 11.14. Inductively we can consider the composition of an arbitrary number of vector
fields, XY Z, etc. Note that in general XY # Y X and that XY is not a vector field (i.e. in general
XY # V for some vector field 7).

Proposition 11.15. Let X and Y be C* vector fields, k > 2, then the expression
[X,Y]=XY -YX
called the commutator of X and Y, is a C*~1 vector field.

Proof. HW. U

Proposition 11.16 (Properties of the commutator). It holds that:
(i) [X,Y] is linear in X and Y.
(i) [X,Y] = —[Y, X].
(111) (Jacobi identity) [ X,[Y, Z]] + [Y,[Z, X]] + [Z,[X,Y]] = 0.

Proof. (i) and (ii) are straight foward and (iii) is a direct calculation. O

Definition 11.17. Let X = {X1, Xs,..., X1} be a collection of smooth vector fields in R™. Given
a non-negative integer k > 0, define

k L

1
u(@) =Y 0 D 1K Xige Xyul)2

I=1 i1,..i;=1

for any smooth function u: R® — R. We define the "norm”

1
fullxai= (] futa) o)’
and write ||u| x » = co when the integral on the RHS does not converge.

Remark 11.18. Above, we wrote “norm” in quotation marks because |||k is only a semi-norm.
We abuse langrange and often denote semi-norms by norms. Note that in the particular case k=1,
X; = 0;, L =n, we have

n

[u@)|x = O (1u(@)P)? = |Vu(a)|

1=1

Remark 11.19. Above, we assumed that the X,;’s are u are smooth for simplicity. We could
consider limited regularity instead. The same is true for much of what follows.

Definition 11.20. (and Notation) The collection of numbers g := {gag}y, 5—o Where goo = —1,
gii = 1(i =1,...,n), and g,3 = 0 otherwise is called the Minkowski metric. It can be identified
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with the entries of the matrix

0 1

The collection g~! := {go‘ﬁ}gﬂzo, where ¢ = —1, ¢" = 1(i = 1,2,...n), ¢ = 0, otherwise,
which can be identified with the entires of the matrix M !, is called the inverse Minkowski
metric. Given an object with Greek indices (i.e., varying from 0 to n, racall our indice conventions)
we can raise and lower indices using g and ¢! in analogy with what we did using the Kronecher
delta. E.g.:

Xo = gaﬁXﬁ
so that Xo = —X? and X; = X*. We define the Minkowski inner product by
(X,Y)y := gapX°YP = XY,
n
i=1

Note that (,), is non-degenerate (like the Euclidean inner product) but it is not positive defi-
nite(unlike the Euclidean inner product). We then define the Minkowski norm(squared) as

X2 = (X, X),

vectors such that |X|2 < 0 are called timelike, |X|2 = 0 are called null-like, and |X]2 > 0
spacelike. Students can check that 7, ,, consists of the set of vectors based at (to,zo) that are
timelike or null and 07y, 4, consists of the set of vectors based at tp, zo that are null-like.

e

|X]2 <0

4 2 _
Y  [YE=0

Remark 11.21. The previous identification of vector fields with differential operators and the
definitions that follow (commutator, norm, etc.) apply as well for vector fields containing a zeroth
component, X = (X% X' .. X"), ie., vector fields in R x R™ or subsets of it, and function
u=u(t,zt, ..., a").
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11.7. The Lorentz vector field. We introduce the following vector fields in R x R™:

e The translation:

e The angular momenta:
Q== 2,0, — 1,0,
e The dialation
S = a0,
Among the angular momenta, we distinguish further:
e The spatial rotations, €);;:
Qj = 2,0; — x;0;
e The boosts or hyperbolic rotations, (2;:
Qio : Qio = 20 + t0;
(the plus comes from z¢ = gogz” = —2° = —t) Note that
Q= -y
Together, those vectorfields are called the Lorentz vectorfields (or Lorentz fields). We denote
L= {Tua Quw, S}ﬁ,uzo
the set of Lorentz vectorfields.

Notation 11.22. Let © be an open set in R", We denote by C*°(€2,R™) the set of all infinitely
many times differentiable (i.e., smooth) maps n : Q — R". We put C*°(Q) := C*>*(Q,R) (alhough
we can abuse notation and write C*°(2) for C*°(£2, R) if R™ is clear from the context)

Definition 11.23. Let Q2 C R"™ be an open set. A differential operator p on 2 is a map
p: C®(Q) = C>(Q) of the form

(pu)(z) = P(D*u(z), D*'u(z), .., Du(x), u(z), z)
where x € Q, u € C*°(2), and p is a function
PR xR X U xR"XRx QR

The number k£ above is called the order of the operator. We often identify p with P and say “the
differential operator P.”

Example 11.24. Take Q = R?. Then
Pu = d%u + 8Zu + u?
is a second-order differential operator. To identify the function P, denote coordinates in R2* x R? x
R x © by
Z= (vaparyvPyvawavayvxa9)7

s0 P(z) = Pyy + Py + P2
Observe that the definition of a differential operator takes all entries into account, ignoring, e.g.,
Ozytt = Oygu etc.

Remark 11.25.
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e In the above definition, it is implicitly assumed that the first entry in P is not trivial, so
that the order of P is well-defined. Otherwise, we could take, say, the first order operator
pu = Oru and think of it as the second order operator p, = 0.02u + 0,u, etc.

e P might in fact be defined only as a subset of C*°(Q), e.g., p, = i is not defined on
constants. Situations like this will typically be clear from the context.

e We can generalize the above to C>°(€2,R").

e Differential operator will naturally extend to more general fraction spaces, e.g., P : C*(Q) —
C*=1(Q), whenever the corresponding expressions make sense.

Definition 11.26. Let P be a differential operator of order k. P is called
e linear if it has the form
(Pu)(z) = ) aq(z)Du(z),
loo| <k

for some functions a,.
e semi-linear if it has the form

(Pu)(x) = Z ao () D%u(z) + ag(D*¥Yu(z), ..., Du(z), u(x), )
|a|=k

for some functions a.
e quasi-linear if it has the form

= Z ao(DF1u(2), ..., Du(x), u(z), ) D%(z)
lalk
+ ag(DFYu(x), ..., Du(x), u(x), z)
e P is fully nonlinear if it is depends non-linearly on derivatives of order k.

Remark 11.27. A PDE can be equivalently defined as an equation Du = f, where P is a differ-
ential operator and f is a given function.

Definition 11.28. Let P and @Q be differential operator defined on a common domain. Their
commutator is the differential operator defined by [P, QJu := P(Q(u)) — Q(P(u)).

Proposition 11.29. The following identities hold:

[Tw T,]=0
[T Qasl = ngﬂ upTa
[T, 5] =
[, Qaﬁ] = 9uaf26u = 9uplav + GuaSlup — 9upQpa
[, S] =
[0, T, =0
0,92, =0
O,S] =20
Proof. Tedious (but straight-forward) calculations. O

Remark 11.30. It follows that if u solve, Cu = 0, then © = Zu, Z € L, also solves the equation,
Ou = 0. Because of this, the Lorentz fields are referred to as symmetries of the wave equation.
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11.8. Decay estimates for the wave equation. We are going to use the Lorentz fields to prove
the following.

Theorem 11.31. Let k > [5] +2 be an integer and let u be smooth solution to the wave equation.:
Ou =0 in (0,00) x R",n > 2
Then, there exists a constant C, depending only on n, such that
Vu(t,2)] < O+ 1)~ T (IVu(0, Ve + (0, Mlep) t > 0,z € R
Proof. The proof will be given in stops. O
Definition 11.32. The L?-norm of a function f: U — R is

1fllz2@wy = (/U | (z)|2dz)?

We write [|f||z2(y = oo if the RHS does not converge. Sometimes we write | f| 2 if U is
implicitly understood.

_n—-1
2

Proposition 11.33. (Sobolev inequality) Let k > 5 be an integer. There erists a constant C > 0,
depending on n and k, such that

1
u(@)] < C( Y 1D ullF2iq)?, Vo € Q
0< e <k
for any smooth u : 2 — R.
Proof. The proof may be assigned as a HW. U

To understand Sobolev’s inequality, note that in general we should not expect to be able to
bound |u(z)| by one of its integrals.

E.g. take Q = (0,1),u(x) = 4%/5' Then

1 1

d 1

/ w@)Pdr = [ 22 2 YT o e ulle = v2
0 0 \/E 1/2 0

Since 4%/5 — 00 as * — 0T, we see that there does not exist a constant C' > 0 such that

lu(z)| < C||u?]| for all z, i.e., we cannot control u pointwise by its integrals (in the L?-sense). The

Sobolev inequality says that for functions with a large number of derivatives being integrable, such
control is possible.

Notation 11.34. Let us denote by O the collection of spatial angular momenta operators, i.e.,
O ={Q;}i'j=

Lemma 11.35. Let k > ["Tfl] + 1. There exists a constant C' > 0, depending on n and k, such
that
1
u(z)] < C(/ |u(y)[5dS(y))2, Yo € 9B1(0)
0B1(0)
for all smooth functions u : 0B1(0) — R.

Proof. Begin by noticing that the derivatives ;; are always tangent to 0B;(0), so that it makes
sense to consider Q;;u for u defined on 0B1(0). Indeed, recalling that ;7 = 7£, we have
Qijr = (1:,8] — Z‘jai)T =2 TR 0.

T T

Next, split the integral over 0B1(0) as the integral over 0B (0) as integral over two hemispheres
dB; (0) and dB; (0). Parametrize the integral over each sphere as an integral oever B} 1(0) (as
we did in the method of descent).
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The tangent space to 9B1(0) at any point is spanned by n — 1 linearly independent vector fields.
@ linearly independent €2;;’s, we conclude that O spans the tangent space to
0B1(0) . Hence, each integral over B; (0) and dB; (0) contains all derivatives, i.e. D%. Applying
Sovolev’s inequality (which is allowed sience k > [251] + 1) , we obtain the result. O

Since there are

Lemma 11.36. There exists a constant C' > 0, depending on n, such that, for every smooth
u:R™ = R and every x # 0,

_n=l,1/2 1/2
[u(@)] < Clal™ = flull g sy 1Vl 5 faay

Proof. Fix x € R™. We can write z = rw, w € 0B1(0). For fixed w,
o o
lu(rw)]? < Cr'=( / u(r'w) 2 ()" Ldr) 2 ( / |Ou(r'w) ()" Ldr') 2 (See below)
0 0
From the previous lemma,

uw(r'w))> < C w(r'3)|? ness . ds(3
P SO [ O 050

o n\n—1j./ / 2 _ 2
| ey | 0 O o 1 856) = JREC -

A simliar inequality holds for 0, u(r’'w), which implies the result.

It remains to prove the inequality for |u(rw)|?>. Keeping w fixed and considering u(rw) as a
function of r, and noting that we can assume u(rw) — 0 as r — oo (consistent with finiteness of
the integrals of u), we have

urw)? <1 " Oy (u(r'w))?dr)

Moreover,

/

<2 [ futrw)lioeutr ol

2 & e
< mr [ w0t )|

where we used that 7“7/ > 1 for v’ > r. Let:

A= ([t w) Ptk B = ([ o aw) Py )
Then:
)| w) () < ) P+ )
meaning that AB < 24% + 2B>

Integrating w.r.t 7’ from r to oo, the R(t) becomes %—k% = 1, which implies the desired inequality.
]

We now state another type of Sobolev inequality:

Proposition 11.37. (Local Sobolev inequality) Let k > 5 be an integer. There exists a constant
C > 0, depending on n and k, such that for every smooth u: Br(0) = R and all x € Br(0):

k
z)| < CZRF% / Z |D%u(z)|*dx) 2
=0

Br(0) |a|—z
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We will omit the proof of this proposition. This idea is to rescale u to reduce the problem to By (0)
(this gives the powers of R). We next extend u from B1(0) to R™ and show that this extension has
norm comparable to that of u is B1(0).

Lemma 11.38. Let k > 0 be an integer. There exists a constant C > 0, depending on n and k,

such that for any smooth u = u(t,...,z"), we have
o C
[D%u(t, x)] < ——————|u(t, =)k
(14 |r—t]?)2

for any o such that || =g+ 01 +as+ -+, =k

Proof. By induction in k = 1. For any (¢, z) not on the boundary of lightcose, we readly check that

1
Tv = m(xuﬁlw + l‘,,S)
Indeed 2#Q,, + x,S = 2#x,0, — 22,0, + 2,210, = (r? — t2)0,. Thus,
9, 1 1

Gor iy et TS

This implies

9 c
507! < gyl l@uuspa for Ir =t =1

Indeed, observe that W < C'since || =v

r<t

[r—t|>1 [r—t>1

sY

(Ltlr—t])/2
=i

For |r —t| < 1, it holds that ]%| < Wb%ﬂ, thus combining both regions

Since is a bounded function for |r —¢| > 1, we obtain the inequality for |r —¢] > 1.

) < ¢ o
Oxv" = (1 + |r —t|2)1/2 02 &1

proving the case k = 1.
Consider now second derivatives. Applying the case k = 1 to T),u = d,u gives

| 0%u < C
dxrdzy’ — (14 |r —t|2)1/?

Tpulca
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The RHS involves expression of the form X7, u with X € £. From the commutations reltions, a
term of the type AT, u can be written as
XTyu=T,Xu+ [X,T,|u
=T, Xu+Tu
for some translation 1" and up to numerical factors in the second term. Applying the case k =1 to
Xu gives,
C C

T, Xu| < Xu <
T ‘_(1+\r—t]2)1/2’ ’L’l_(1+\r—t|2)

7z [l

and we also have

C C
7 S
Using the foregoing, we obtain the inequality for £ = 2. We continue this way: to estimate a k+ 1

derivative, we write D*T1y = T'DFu, apply the k + 1 case, and use the commutation relations.
These commutation relation always gives a term of the form T'(---), for which we can apply the

Tul <

7z lulee

k =1 case to get an extra term (1 + |r — t|2)_% giving the result. O

Proposition 11.39. Let k > [§ + 1] be an integer. There erists a constant C' > 0, depending on
n and k, such that for any (t,z) with t > 2|x| and any smooth u : R" — R,

lu(t, )| < Ot % ||lu(t, )| cn

Proof. Let R =L and apply the local Sobolev inequality to obtain:

2
h ' .
lu(t, )| < ZRZZ(/ > |D%u(t, z)|*dt)2
i=0 Br(

) |al<i

From the previous lemma,

c .
|D%u(t, z)| < Tlu(t, )en, ol =1,
(14 |r—t?)2
so that
K 1
lu(t, )| < C Ri—’5</ b )2, de) 2
; Bro) (L+ |r =)’ =

For |z| < &, we have
t
(A=t > @+ =t >0 =R
Since the least (1 + |r — ¢|?)1/2 can be is when r = |z| = £ so that (1 + %)1/2 <

k
utt2) < 3SR /B u(t, 2)

r(0)

< Ot 2 ult, )l e

%. Thus

2id2)'?

g

Proposition 11.40. Let k > [3] 4 2 be an integer. There exists a constant C' > 0, depending on
k and n, such that for all t > 0, x € R™ and any smooth u : R™ — R, it holds

u(t, )| < C(L+)"F [|ult, )| cn
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Proof. For |z| > %, the second lemma of this section gives

[u(t, )| < Cla|~* ||u||1/?n 1H1||Vu||”2 "
1/2 1/2
=C iz Vel oy

n—1
<Ct 2 lult, )l e

For t > 1, we can replace t~ by (L+1¢t)” "% is the above inequality, and t~2 by 1+t "2
in the 1nequahty of the previous proposmon, which was valid for |z| < %
For t < 1, if |z| < % we can apply Sobolev’s inequality on B% (0).

Finally, for ¢ < 1 and |z| > 1, so that |z| > 1(t + 1) (Since &2 < I for t < 1), we apply again
the second lemma of this section so that

_n—-1 _n—1
u(t, z)| < Clz[~ 2 flullen < CA+ 1) |lulln
finishing the proof. (|

So far we proved second inequalities valid for an arbitrary u. We will now use a solution of the
wave equation to obtain the main result.

Proof of the decay estimate. : By the commutation relations between £ and [, we have that for
any collection {X;}!_, C L,
O:=x---Xu
satisfies JO = 0 if Ou = 0. Using conservation of energy for O gives the result. 0
12. THE CANONICAL FORM OF SECOND ORDER LINEAR PDES AND REMARKS ON TOOLS FOR
THEIR STUDY
Consider the linear PDE
a"0,0,u + V'ou+cu= fin Q
for u = u(t, x), where the coefficients a*”, b*, ¢, and the source term are given functions of (¢, x).
We can assume that the coefficients a” are symmetric, i.e., a*¥ = a"#. (If not, we can define
at = a* + a”* and write the PDE with a*")
The PDE is called elliptic if it has the form
aijaﬁju + biaiu +cu=f
and there exists a constant A > 0 such that

a” (2)&&; > MEJ?
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for all z € Q2 and all £ € R™. Note that in this case there is no differentiation with respect to ¢ so
we can assume all functions to depend only on x.

The PDE is called parabolic if it has the form
oy — aijai(?ju + b0 0u+cu=f
and there exists a constant A > 0 such that
a’l(t,x)€&; = NEf?

for all (t,z) € 2 and all £ € R™. Note that in this case there is no differentiation with respect to ¢
so we can assume all functions to depend only on .

The PDE is called hyporbolic if it has the form
Ofu — a1 9;05u + bHOyu + cu = f
and there exists a constant A > 0 such that
a¥(t, 2)&i&; = NI
for all (t,z) € Q and £ € R"

The Poisson, heat, and wave equations are examples of elliptic, parabolic, and hyperbolic PDEs,
respectively. In fact, the condition a”¢;€; > A¢|? implies that given a point zy, it is possible to
choose z-coordinates such that, in a small neighborhood of xy we have

all m €1

Therefore, elliptic, parabolic, and hyperbolic equations can be viewed (in a neighborhood of z¢) as
approximated by the Poisson, heat, and wave equation, respectively. As we discuss below, we can
think of elliptic, parabolic, and hyperbolic equations as generalizations of the Poisson, heat, and
wave equation.

Note that those definitions depend on the domain €2, i.e., a certain PDE might be, say, elliptic in
a domain Q but not in another domain €'; or not elliptic in € , but elliptic in a subdomain Q' C Q.

We have not given the most general definitions but they will suffice for our discussion. (Some
generalizations are trivial. E.g., if in a parabolic PDE we had a’d;u instead of dyu and a® # 0, we
can simply divide by a)

There exists a fairly general theory of elliptic, parabolic, and hyperbolic equations (note that here
we are talking about linear equation, it is possible to define non-linear occasions of the equations
but then much less is known, compare to ODEs). The important point to keep in mind is that in
general solutions to elliptic, parabolic, and hyperbolic equations behave very much like solutions to
the Possion, heat, and wave equations (with f = 0 when compraing with properties of homogeneous
equations). Because of this, we sometimes call the Poisson, heat, and wave equations the model
equations.

Elliptic equations: boundary value problems; Dirichlet on Neumann problems; mean value
properties and maximum principle.

Parabolic equations: Cauchy problems, initial-boundary value problems; infinity speed of
propagation and smoothing properties; decay as 1/ 2.

Hyperbolic equations: Cauchy problems, initial-boundary value problems; domain of depen-
dence/influence and finite propagation speed; decay as 1/ "

We will not study these linear equations in detail here. But let us remark that the strategy to
study them follows a pattern similar to what we used to study the model equations:
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I. Without yet having proved existence, assume that a solution exists and derive some properties
that a would-be solution must satisfy (e.g. D’Alemberts formula or the maximum principle). This
step often goes by the name of a prior: estimates (see below)

II. Use the knowledge (from I.) about properties that solutions must have to actually construct
solutions.

III. Study properties of solutions. This is in some sense similar to 1., as we could imagine
studying properties that solutions must have if they exist (without actually proving existence) The
distinction here is one of depth: in I. we want only as much information as need to give us forward
a proof of existence, whereas here we want to understand as much as possible about solutions.

On the other hand, one of the main differences between the model equations and general linear
equations (of one of the three types) is that for the former step I. lead us to explicit formulas for what
solutions should look like. In general, this is not possible, and instead in step I. we derive the next
best thing, which are a priori estimates. These are estimates that are valid for any solution of the
equations if solutions exist (or any solution under certain assumptions, e.g., compactly supported
data). They are called estimates instead of, say, identities or formulas because typically they are
inequalities satisfied by solutions, if they exist.

Generally speaking, such as priori estimates provide us with enough information about solutions
in order to guide us through an actual proof of existence. Examples of a priori estimates are:

e the maximum principle
e conservation of energy

In these cases, we only used the fact that u was a solution, i.e., we did use the PDE, but did not
use any formula for solutions. In fact, these results would remain true, as conditional statements,
even if solutions turned out not to exist.

A priori estimates also play a large role in step III. Here, again, the goal is to obtain information
about solutions even if explicit formulas are not available. An example was our decay estimate for
the wave equations: we derived it without using explicit formulas for solutions. In fact, we could
have proved it without knowing that solutions exist.

Finally, we remark that steps 1., II., and III. also provide a roadmap to the study of nonlinear
PDEs.

We finish this section discussing the concept of well-posedness of a PDE. This concept was
introducted by Hadamard. A problem (PDE, Cauchy problem, boundary value problem, etc.) is
said to be well-posed if:

1(Existence). The problem has a solution.

2(uniqueness). The problem admits no more than one solution.

3(Continuous dependence on the data). Small changes in the equation or its "data” (e.g. initial
data, boundary values, etc.) produces only small change in the solution.

When talking about well-posedness relative to local solutions (e.g. solutions defined only for a
short time) we use the term local well-posedness.

In practice, thses concepts used to be made more precise in order to lead to well-defined problems
(e.g. existence refers to classical, generalized, or some other type of solutions? How does one qualify
small changes?) Nonetheless, these basic three concepts are at the core of PDE theory.

13. THE METHOD OF CHARACETERISTIES

We are going to study the Cauchy problem for a first order quasilinear PDE in two variabels
(one spatial dimension), i.e.,

a(t,z,u)0mu + b(t, z,u)0yu + c(t,x,u) = 0 in (0,00) x R (13.1)

u(0,z) = h(x) (13.2)
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We will employ the so-called method of characteristics, which roughly consists in transforming
the PDE into a system of ODEs. Let us remark that this method is very general and can be applied
to study equations of the form

F(Du,u,z) =0 in Q
u=nhonI CoN

but the simple situation considered here will already capture the main ideas of the method.

We begin noticing that the PDE can be written as
(a,b,c) - (Opu,0pu,1) =0
Consider the graph of u. More precisely consider the parametric surface
S:(t,x) € R = (t,x,u(t,z)) € R?

A normal to the graph at (¢, z,u(t,x)) can be written as

€1 e1 €3
WS x0;S=det |1 0 0, | =—e10u—ex0,u+ e3 = (—0wu, —0u,l)
0 1 O0Oyu

Hence,
0= ((L, b, C) : (8tu’a’tuv 1) = *(a” b, *C) ) (ats X aﬂﬁs)

This means that (a,b, —c) is tangent to the graph of u. Thus, curves that have (a,b, —c) as tangent
vectors will lie on the graph of u, provided they start on the graph. We will use this fact to construct
a family of curves that gives raise to a surface, which then will be showed to be the graph of w.

For each z¢ in {t = 0} x R, we consider the system of ODEs:

dt

d7 = a(t(T),LE(T), U(T))7

dx

20— b(t(r), (), u(r)),

du

= —e(t(r), 2(r), u(r))

for ¢(7), z(7),u(r)) with initial condition at 7 = 0 given by
£(0) = 0,2(0) = 0, u(0) = h(xo)

The solution to this system is a curve t(7), z(7), u(7)) in the (¢, z,u) space (i.e., R3) parametrized
by 7 whose tangent vector is (a,b, —c). This curve starts at (0,zg, h(zg)) which is the initial
condition for our PDE at ¢t = 0,z = x¢. Because the point in the graph of u at t = 0,2 = z¢ is
(0, zg, h(xp)), since u(0,z) = h(z), the curve starts on the graph of w. It will, then, remain on the
graph of u because (a, b, —c) is tangent to the graph, as observed earlier.

If we consider a different point o point xg, then we have a different curve. Thus, it is appropriate
to write the system of ODEs, and the solution curves as a system in the variable 7 parametrized
by a :

t(r, @) = a(t(r, ), z(1, @), u(r, a)), (13.3)

(1, ) = b(t(7, ), x(T, ), u(T, a)), (13.4)

u(r, o) = —c(t(r, ), z(1, @), u(T, @), (13.5)

t(0,) = 0,2(0, ) = a, u(0, ) = h(a), (13.6)
where - is abbreviation for di = %
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The basic idea to consider this system of equations is that if we write
u=u(t,z) =u(t(r,a),z(r,a)) = u(r, a)

then the chain rule gives

=a(t(r,a),z(r,0),u(T,a))
Lr,0) = dult(r,0),2(r,0))  Hr,a)

+ Opu(t(r, ), (T, @)) (7, @)

=b(t(ﬂm7U(ﬂa))
On the other hand,
d

%u(ﬁ a) = —c(t(r, ), z(7, @), u(T, @)

Therefore, we obtain that
adiu + bozu +c¢ =0
Moreover, we also have
u(0,2) = u(7(0, ), x) = h(x)

We can also understand the system (13.6) is geometrical terms by considering the graph of u:
The graph of u is obtained by taking the union of all (¢(7, &), z(7, ), u(7, @)) for different values of
7 and a.

(a(t(0,a1),2(0, 01 ), u(0, 1)), b(t(0, 1), (0, 1), u(0, 1)), —c(¢(0, a1 ), (0, o ), u(0, 1))

(a(t(0, 1), z(0, 1), u(0, 1)), b(t(0, 1), 2(0, a1 ), u(0, arq) ),
—c(t(0, 1), 2(0, 1), u(0,1)))

graph of wu

)

(a(t(r,a2),z(T, a9), u(T, a2)), b(t(T, a2), (T, a2), u(T, a2) ), —c(t(T, a2), (T, a2, u(T, 2)))

Definition 13.1. The ODE system (13.6) is called the characteristic system (or system of
characteristic equations) for the PDE (13.1) . Its solutions (¢(7,«a),x(7,«),u(r,«)) are called
characteristic curves, or simply characteristics. The curves (¢(7,«),z(7,«) are called the
projected chracteristic curves or projected characteristics. We often abuse language and
call (t(7, @), z(7, ) the characteristics or characteristic curves.
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Example 13.2. Let us solve

875’& = 8xu = 2,

u(0,z) = x?

In this case a = b = 1, ¢ = -2, so the characteristic system reads

t=t(r,a) =1, =d(r,a) = 1,1 = u(r,a) = 2

The first equation gives ¢(1,a) = 7 + F(«), where F is an unknown function of a. Using
t(0,a) = 0 we find F(a) = 0. Next, & = 1, gives z(7,a) = 7 + G(a), where G is an unknown
function of . Using (0, @) = a we find G(«) = «. Finally, @ = 2 gives u(7,a) = a7 + H(«), and
u(0,a) = at + H(a), and u(0, ) = o? gives u(r, a) = 27 + o’

Hence

(t(1,0),2(1,0),u(r, @) = (1,7 + @, 27 + o?)

provides a parametric representation for the graph of u. To obtain u explicitly as a function
of (t,x), we need to invent (t(7,«a),x(7,«)), expressing 7 = 7(t,x) and o = «(t,z). We find
T=t,a=x—71 =2x —t, plugging into u(7, @) we find

u(t,x) = 2t + (z — t)?
Example 13.3. Solve
3(t — 1)§8tu + Opu = 2,

u(0,z) =1+
We have a = 3(t — 1)%,b: 1,c= -2 and
i=3t—-1)3,0=11=2,
t(0,a) = 0,2(0,a) = a,u(0,) = 1 + &
We find
W dr (-1} =7+ F(a)
3(t—1)3

Since t(0) = 0, we find F'(a) = —1. Next, we find
r=T4+a,u=21+1+ .

ThenT:(t—l)é+1,a:x—T:m—(t—1)%—1,thus

Wl
|
—_

u(t,z) =2[(t—1)3 + 1]+ 1+a—(t—1)
=(t—1)5 +z+2.

Remark 13.4. The above two examples highlight the following aspects of the method character-
istics:

I. To obtain u = u(t, ), we need to invert the relations ¢t = ¢(7, &) and =z = z(7, o). Under which
conditions is this map invertible?

II. Observe that the solution found in the second example is not differentiable at ¢ = 1, since

Owu(t,z) = % L . Hence, this solution is not defined for all time and we have obtained only
t—1)3

a local solution. This is related to the fact that the coefficient of dyu in the PDE degenerates
(i.e. becomes zero) at t = 1. Alternatively, a point of view move in sync with the method of
characteristics is the following:
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III. Since we consruct u(t,z) out of a solution to this characteristic system, such a solution is
defined only as long as ¢(7, o) and z(7, «) are defined. However, even though the PDE in the second
example is linear, the characteristic system is a nonlinear system of ODEs (thus, the characteristic
equations can be nonlinear even if the PDE is linear). We know from ODE theory that nonlinear
ODEs in general admit only local solutions. Therefore, we expect that the method of characteristics
in general will produce only local solutions.

We now investigate the inversibility of the map (7,a) — (t(7,a),z(7,a)). Write ®(r,a) =
(t(r,a),z(1,)). For each (7,«), if the Jacobian of ® is nonzero of (7, ), then the map & is
invertible in a neighborhood of (7, a)). Compute

ot Ot
Jacobian of ® = J = det {g; Sg} .
or
We consider the Jacobian J = J(7,«) for 7 = 0, for two reasons. First, as seen, we expected
solutions to exist only locally, thus in general only for small values of 7. If we can show that J(7, o) #
0, then, by continuity (assuming that we are dealing with sufficiently regular functions), we will also
have J(7,a) # 0 for small 7, guaranteeing the inversibility of ® at least in a neighborhood of the
initial surface {t = 0} (recall that ¢(0,«) = 0). Second, in general we do not have much information
about ® (with exception of course of particular examples where we can compute ¢(7, ) and z(7, &)
explicitly). However, as we will now see, at 7 = 0 we can relate J with the initial data.
From the characteristic system we have:

ot

2 (r,0) = alt(r, @), 2(r, @), u(r, ),
so that plugging 7 = 0:

P(0,0) = a(t(0, ), 2(0,a), u(0, )

= a(0, a, h(av)),
where we used that ¢(0,«) = 0,2(0, @) = a, u(0,a) = h(a). Since the functions a and h are given,
we know that %(O, @) is.

Similarly we find
Ox

5(07 Oé) = b(07 «, h(Oé))
We also have that
ot ot 0
%(0,04) = %(T, a)lr=0 = 7( (1,0)|r=0) = %(t(O»a)) =0 and

ox ox 0 0
L(0,0) = 5 (r.)lrmo = 5 (a(7,0) o) = 5~ (x(0,0)) = 1,

where we used that #(0,a) = 0 and #(0,a) = «, and that for a C! function of two variables
f(w, z) we have

0 0
&f(wv Z)|w=w0 = &f(wo, Z)'
Therefore

7(0, ) :det[ E ) Z @)) 0] — a(0, a, h(a))

a(0, a

b(0,a, h(ar)) 1

Hence, J(0,a) # 0 whenever a(0,a, h(a)) # 0. Note that this condition depends both on the
a

coefficient a of the PDE and the initial data.
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Definition 13.5. The condition J(0,a) # 0 is called the transversality condition. When the
transversality condition holds we say that the Cauchy problem (13.1)-(13.2) is non-characteristic.

Remark 13.6. The transversality condition in our case involves only a(0, a, h(«)) because of the
simplifying choices we made at the beginning, i.e., to consider ¢(0,«) = 0, 2(0, @) = «, and the data
given along {t = 0}. Recall that we mentioned that the method of characteristics is applicable to
more general situations, and in these cases the transversality condition will be more involved.

Theorem 13.7. Consider the Cauchy problem

a(t,z,u)0pu + b(t, z,u)0pu + c(t,z,u) = 0 in (0,00) x R
u(0,2) = h(x).

Assume that h is smooth and that a, b, and ¢ are smooth functions of their arguments in a neigh-
borhood of the initial curve {(0,z,h(x))}zer C R3. Let x9 € R and suppose that there exists a
d > 0 such that the transversality condition holds for all x in the interval (xo — 20, g + 25). Then,
there exists a € > 0 such that the above Cauchy problem admits a unique solution defined for
(t,z) € (—e,e) X (xg— d,x+9). In particular, if the transversality condition holds for every x € R,
then the Cauchy problem admits a unique solution defined in a neighborhood of {t = 0} x R. If the
transversality condition fails for every point on an interval (A, B) C R, then the Cauchy problem
has either no solution or infinitely many solutions.

Let’s make some remarks before giving the proof.

Remark 13.8. Note that the solution is guaranteed to exist in a neighborhood that is smaller (in
the x-direction) than where the transversality condition holds:

Solution exists here.

transversality condition holds

Remark 13.9. The intuition behind the theorem is the following. We want to find wu(¢,x) by
constructing the graph of u out of the curves (¢(7,«), z(7, ), u(r,«)). Such curves start on the
portion of the graph of u corresponding to the initial data, i.e., (0,a, h(a)). We want to use the
characteristic system to propagate the information on the initial curve to ”inside” the graph of
u. We do this by following the integral curves (¢(7, ), (7, @), u(7,«)). This requires the tangent
vectors to these curves to be transverse to (0,a, h(a)). If they are not, then the integral curves
(t(r,a),z(T, @), u(T,a)) cannot leave (0, z, h(a)) and move to the inside of the graph.
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trasversal

graph of u
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The vector (a(0, a, h()), b(0, ,h( ), (0, ., h())) will be transversal to (0, «r, h(«)) if the vec-
tors (a(0,a, h(a)),b(0,a, h(a)) and (0,1) are hnearly independent (see above picture). But this
means precisely that

which is the transversality condition.

Proof. Because the coefficients are smooth functions of its arguments, the existence and uniqueness
theorem for ODEs guarantees that, for each point p on the initial curve (0, «, h(«)), there exists
a unique characteristic curve starting at p. The union of these characteristic curves, i.e. image of
the map

O (1,a) = (Hr, ), z(T, ), u(T, @)

forms a parametric surface.

If the transversality condition holds, then the tangent vectors 9;® and 0,® are linearly inde-
pendent on the initial surface (since 9;®(0,a) = (a(0,a, h()),b(0, a, h(a)), —c(0, v, h(r)))) and
00 ®(0, ) = (0,1, /(). The existence and uniqueness theorem for ODEs also implies that ® is a
smooth function of 7 and «. Therefore, by continuity, 9;® and 0,® will remain linearly indepen-
dent for |7| sufficiently small, implying that ® is a smooth non-degenerate(i.e. two-dimensional)
parametric surface. For each «, we have an integral curve 7 — (¢(7, «), (7, @), u(7, )) defined for
|7| < €', where & > 0 can depend on «, i.e. ¢ = &'(a). Invoking again the existence and uniqueness
theorem for ODEs, we have that ¢’ varies continuously with a. Thus, if the transversality condition
holds for a € (g — 29, 9 + 26) and we consider the smaller interval (zo — 6, x9 + 9), we conclude
that there exists a € > 0 such that &’(a) > ¢ for all a € (xg — 0,29 + ).
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zo — 20 To— 0O o zo+ 9 o + 20

Notice that we can choose ¢ such that, for (7,a) € (—¢,¢) x (xg — 9,9 + J), the map (7,a) —
(t(1,a), x(1,@)) is invertible.
Next, let us verify that the surface we constructed is indeed the graph of a function that solves

the PDE. Set:
u(t,z) = u(r(t, ), at,x))

for (t,z) € (1,a)((—¢,€) X (xo — 9,20 + 0))
The chain rule gives:

dvii(t, ) = dru(r(t,x), alt, x))g; + Oau(r(t,x), aft, x))g(_z‘
Ozu(t, ) = Oru(t(t, ), aft, 1‘))2; + Oqu(T(t, x), alt, x))gz
Thus
- _ or or
a(t,z)opu(t, z) + b(t, x)0yu(t, z) = O-u(r, o) (alt, x)a + b(t, x)%)
+ Oqu(T, ) (alt, a;)(?)? + b(t, x)gj;)
But
1= 0.t =0, (r(t,z)) = ‘ij + g;gf a(t, )8 +b(t, )g; = a(t(r,a),z(r,q)) = a(t, z)
where j—f_ =a(t(r,a),z(r,a))) = a(t, x), g =b(t(r,a),z(r,a)) = b(t, x)
0 =0t = 0, (alt,x)) = g‘;jﬁ + g‘;g‘f_ alt, )g‘t" +b(t,x)gi

Hence
a(t,x)ouu(t, z) + b(t, z)0yu(t, ) = d-u(T, )
= —c(t(r,a),z(r, ), u(r, ) = —c(t, x, u(t, x))

showing the claim.
Now let us prove uniqueness. Say we have a smooth solution v = v(¢, z). In the region of intersect

we can write t = (7, «) and = = x(7, ). Here, (t(7, ), z(7, ) are the characteristic curves we have
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already constructed above, they solve the characteristic system with a(¢, z, u), b(t, z,u) and c(t, x, u)
(and not v(t,z,u) etc.) Put

¢(T, Oé) = U(T, Oé) - V(t(7_7 Oé), .I'(T, Oé))
Because both u and v take the same initial data we have

¥(0,a) =0
Differentiating with respect to 7:
ot ox

O (7, ) = Oru(T, ) — O (t(T, @), (T, a))a — Oy (t(T, ), :L‘(T,Oé))a

= —c(1,a,u(r,a)) — a(t(r, ), z(7, @), u(t, @) O (t(r, ), z(T, )
—b(t(r,a), (T, @), u(t, @) O v (t(T, ), (T, &) ),
where we used the characteristic equations to replace ,f, 4. Since u = v + v, we have:
o-Y(1,a) = —c(T, 0, v(T,0) + (7, 0)) — a(T, a, (T, @) + (T, ) O (T, @)
—b(7,a, v(T, ) + (7, @) Opv(T, ),
where we abbreviated v(7, ) = v(t(7, @), z(1, ), O (7T, ) = O (t(T, ), z(7, ) etc. The above

equation is, for each o, an ODE for ) with initial condition (0, «) = 0. Since all functions on the
RHS are smooth, this ODE admits a unique solution. Since v is a solution to the PDE,

abw +b0,v+c=0

we see that 1(0,«) = 0 is a solution to the ODE. By the ODE uniqueness, we obtain u = v.

Assume now that the transverselity condtion fails on an interval (A, B) as is the statement of
the theorem. Then the characteristics (¢(7, @), z(7, «)) lie on the x-axis (since (a, b) is parallele to
(0,1), see above discussion). The vector

v = (a(0,a, h(a)),b(0,a, h(a)), —c(0, a, h()) = (0,6(0, a, h(cx)), —c(0, v, h(v))), o € (A, B),

is either tangent to the curve (0, a, h(c)) or it is not. If it is not, then there can be no solution.
For, if a solution exists, we saw that (a,b, —c) is tangent to the graph of the solution is particular
it has to be tangent to (0, a, h(«)) for a € (A, B).

If v is tangent to (0, a, h(cv)), consider a line # = o where o € (A, B). Let h(t, o) be a smooth
function on the line (¢, o) such that (¢, ag) = h(ag). Because (0,b(0,a, h(e))) is transversal to
the line (¢, o), we can further choose h such that the transversality condition holds on (¢, ag) is a
neighborhood of (0,ag). We can thus solve the Cauchy problem for our PDE with data given on
(t,a0) and the roles of ¢ and x reversed. Since V' is tangent to (0, a, h(«)), the characteristic curve
starting on (0, ag, 2(0, ag)) = (0, g, h(0, arg)) is (0, axg, h(0, ag)). Thus, we obtain a solution to the
PDE that takes the given data on {¢t = 0} x (A, B). Clearly this solution is not unique in view of
the many arbitrary choices we made the construct it.

N

uh

8y

[e%))
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13.1. Further remarks on the method of characteristics. The method of characteristics can
sometimes be used to study higher order equations. As an example, consider the wave equation
— Ut + Uzgy = 0,
u(0,2) = up(x)
u (0, 2) = uy (z)
Set v = py and w = uy. Then
Vg = Ut = Ugy = (ux)x = Wy
Wi = Ugpt = Uty = (ut)x =V

Thus, we can reduce the study of the wave equation to the study of the first-order system of PDEs:

()€ Dls) -

v(0,2) = pa(x),
w(0, z) = ug(x).

The method of characteristics can be generalized to certain systems of first-order PDEs. When
we do so, the characteristic curves we find for the above system are precisely the characteristics of
the wave equations as previously defined.

Arguing similarly to the above example, it is possible to show that any PDE can be written as
a system of first order equations. This seems to suggest that any PDE can be treated with the
method of characteristics. But although we can generalize the method certain systems of first order
PDEs, not every first-order system can be treated by the method. Thus, the main application of
the method of characteristics is to scalar first order equations.

13.2. Burgers’ equation. We will now use the method of characteristics to study the Cauchy
problem for Burgers’ equation:

0w+ udyu =0, in (0,00) x R

u(0,x) = h(x).
As a warm-up, let us begin studying the following linear equation
O+ cOzu =0 in (0,00) x R (13.7)
u(0,z) = h(x) (13.8)

where c is a constant, known as transport equation.

The characteristic system needs:
t=1,2=cu=0,
which leads, using the initial condition, to
t(r,o) =T, 2(1,a) = e + a, u(T, o) = h(a)
Solving for (7, @) in terms of (¢, z) we find
u(t,z) = h(a(t,x)) = h(x — ct).

This solution has a simple interpretation: consider a line x — ¢t = constant, e.g., z — ct = xy. Then,
for any (¢, z) along this line, we have

u(t,x) = h(z — ct) = h(xo)
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Since the characteristic satisfy © — ¢t = «, the line x — ¢t = z¢ is a characteristic with o = xg.
Therefore, we conclude that u is a constant along the characteristics, i.e. along the lines x — ¢t =
constant, with constant value determined by the initial condition. In particular, the derivative of
u in the direction of a vector tangent to x — ¢t = xyp must be zero. Considering the vector (1,c¢),
which is tangent to = — ct = x(, we have

0=(1,¢) - Vu=(1,c) - (Opu, 0yu) = dyu + cOyu
because u is a constant in the (1, ¢) direction
Showing in another way that u satisfies the equation. Students should consider this simple
example in mind for comparison when we consider Burgers’ equation next.
For Burgers’ equation , the characteristic system reads
t=1,=u0=0,
The first and third equations give, using the initial conditions:
t(r,a) = 1,u(t, ) = h(a).
Using « into the second equation and the initial condiiton x(0, «) = «, we find
z(r,a) = Th(a) + «
Inverting the above relations we find
T=a,a=x—th(a(t,x))
But u(t,z) = h(a(t,x)) so a = x — tu(t,z). We conclude that u is given in implicit form by
u(t,z) = h(z — tu(t, x))

compare with the solution to the transport equations where we had cu, instead of uu, in the PDE.
Consider a curve on the plane determined by the set of (¢,x) such that

x — tu(t,x) = constant,

e.g. let 73, be the curve determiend by

x — tu(t,z) = xo,
Then, for (¢,z) along r,, we have

u(t, x) = h(zo),
so u is constant along this curve. Thus, along r;, we can also write z — tu(t,x) = xg as

x —th(xo) = xo
Thus, we have that u is constant along the curve ry, given by

(t,th(zo) + x0)

On the other hand, from the characteristic system we know that the characteristic curves are given
by

(t,th(a) + «)

Comparing with the parametrization of r, above, we conclude that r, is a characteristic (with a =
xg), and therefore u(t,x) is constant along the characteristics. We will now explore an important
consequence of this.
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13.3. Shocks or blow-up of solutions for Burgers’ equation. We saw that both for the
transport and Burgers’ equation the solution is constant along the characteristics, which in both
cases are straight lines. The main difference is that in the case of the transport equation all
characteristics are parallel, i.e., they all have the same slope, whereas in the case of Burgers’
equation different characteristics can have different slopes since the slopes depend on h(a). In
particular, distinct characteristics might intersect for solutions of Burgers’ equation.

What happens when characteristics intersect? Let us consider the following situation. Consider
two characteristics r; and 79 starting at (0, 1) and (0, z2), respectively, and suppose they intersect
at (ty, i) :

tA

T1 T T2

We know that u(t,x) = h(z;) along r and that u(t,x) = h(z2) along ra2. At (t.,z4) : we must
then have

h(z1) = u(ts, z4) = h(x2)

But h is a given function. In particular, h can be such that h(x1) # h(x2), which would contradict
the above equality. This suggests that in general u cannot be defined at (t., z) , i.e., that something
bad has to happen at the intersection of two characteristics.

Intuitively, we expect that a derivative of u must go to +00 at (ts,z4) - in the PDE jargon, we
say that the solution blows up at (¢, z.) or forms a shock-wave (or shock for short). We expect
that this is the case because u in trying to take two different values at (¢, x4), so it needs to do as
“infinite jump” to do so. We assume throughout that h is C°°; so v is C*° as long as it is defined.

Let us now see that shocks in fact can happen for solutions of burgers equation. Recall that the
solution can be written in implicit form as

u(t,x) = h(z — tu(t, x))
Differentiating;:
Opu(t,x) = b (x — tu(t, z))(1 — tdyu(t, z))
Solving this relation for 0,u gives
_ hW(x—tu(t,x))
1+ th'(x — tu(t,x))

The solution u(t, z) is given by its constant value along a characteristic through (¢,z). Along such
a characteristic, we have x — tu(t, x) = xo for some constant value x( (see the previous discussion).
Thus

Opu(t, x)

W (x)
Opu(t,z) = 1+ th'(zo)
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Therefore, we see that

(Ozu(t,x)) — oo as t — —

h' (o)
We call t, = —m a blow-up time.

Because we are considering only ¢ > 0, a blow-up times will exist wherever h'(x) < 0 for some
x. In particular, solutions with compactly supported data h will always blow up in finite time. Note
that this has nothing to do with h being non-differentiable at some point, since h is a C*° function
throughout. On the other hand, d,u does not blow up if h'(x) > 0 for every x (but notice that
initial data of this type are exceptional).

We have not showed that the above blow-up is due to the intersection of the characteristics.
The relation between intersection of the characteristics and blow-up is somewhat delicate and will
not be investigated in detail here. We will show, however, no intersection of the characteristics is
necessary for absence of blow-up.

Assume that we have a (smooth) solution u defined for ¢ < ¢y, and assume that no characteristics
intersect up to time ¢t < ty. Assume further that the map from {t = 0} to {¢t = tp} obtained by
following each = € {t = 0} though a characteristic up to {t = ¢p} defines a diffeomorphism from
{t =0} onto {t = tp}.

We will show that u is then a smooth solution in a neighborhood of {t = ¢y}, in particular
including values t > ty. Being a smooth solution, v cannot blow-up in this neighborhood.

Since the solution is defined for ¢ < ty, the form of solutions we found implies that there is one
(and only be the non-intersection hypothesis) characteristic through any(¢,xz) € {t < 0}. (The
fact that solutions in fact have the form we found follow from the uniqueness we established).
Consider a point (tg,z¢) and fix a § > 0. By assumption, no characteristic intersect along {t =
to} X [xo — 0,29 + 5]

It follows that characteristics cannot intersect in some neighborhood of (tg, zg) (non-intersecting
is as “open condition”).

For the characteristics in these neighborhood, u is defined by its constant value along the char-
acteristics. This gives the claim since zq is arbitrary.

14. SCALAR CONSERVATION LAWS IN ONE DIMENSION

Definition 14.1. A quasilinear PDE for a function u = u(t,z),(t,x) € Q C R2 that can be
written as

O+ 05 (F(u)) =0,
Where F': R — R is a C* map, is called a (scalar) conservation law in one (spatial) dimension.

Example 14.2. Burgers’ equation can be written as

2
atuwx(%) =0,

So it is a conservation law with F'(u) = %uQ.

Notice that a conservation law can be written as
Ou + F'(u)0pu = 0,
So they indeed correspond to quasilinear equation.

Remark 14.3. Conservation Laws can be generalized to higher dimensions and to system of PDEs,
which we will study later. But the 1d case will already capture many of the main concepts.

In our discussion of the method of characteristics we saw that in general we expect that solutions
to quasilinear equations will exist only for small times. Burgers’ equation further illustrates that
solution can blow up in finite time. It is natural to ask whether it is possible to define the concept
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of solutions in a broader sense so that solutions to quasilinear equations can admit solutions (in
this broader sense) that exist for all times, or at least for times larger than the blow-up time. For
conservation laws, the answer is yes.

Definition 14.4. A C* function ¢ : [0,00] x R — R with compact support is called a test
function. Let u be a bounded function such that [, u(t, z)dzdt and [, |u(t, z)|dzdt are well-defined
for every bounded domain Q C R?. Let h be a function such that [, h(z)dz and [, |h(z)|dz are

well defined for every bounded domain €' C R. We say that u is a weak solution to the Cauchy
problem

lf o0 [e.9] o0
/ / (Db + F ()0t dadt + / h(@)(0, 2)dz = 0
0 —00 —00
for every test function 1.
Remark 14.5. Note that we do not require u to be defined everywhere in [0, 00) x R. It only needs
to be defined at “enough points” so that the integrals [, udzdt, [, |u|dxdt are defined. Similarly

for h. (For students who took measure theory, we are saying that w and h are defined almost
everywhere. And as u is bounded, we are saying u € L>((0,00) x R))

Weak solutions are also called generalized solutions, integral solutions, or solutions in
the sense of distributions. We use the term classical solution when we want to emphasize
that a function u is a solution in the usual sense. We sometimes refer simply to solutions when the
context makes it clear if we are talking about weak or classical solutions, or either.

The idea of weak solutions is the following. Suppose that u is a classical solution:

O+ 0z (F(u)) =0in (0,00) x R
u(0,z) = h(x).
Multiply the equation by 1, where 1 is a test function and integrate over (0, 00) x R:

/ooo /_:o V(0w + O (F(u)) dzdt =0

The integral is well-defined because ¥ has compact support. Integrating by parts as using again
that 1 has compact support,

- / h / " (Obu + 00 F (w)) der it
0 —00

—/ Yuli—o dz =0

Since 1) is an arbitrary test function, this shows that n is not only a classical solution but also
a weak solution. so every classical solution is also a weak solution. Moreover, it will be a HW to
show that if a weak solution is C*° and defined everywhere, then it is in fact a classical solution.
The concept of weaker solution, however, is more general than that of a classical solution. Note
that in the definition of weak solutions the function u does not even need to be differentiable.

Example 14.6. Consider Burgers’ equation with data
1,z <0

h(r)=<1—2,0<z<1
0,z >1
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Note that h is C° but not C!. The characteristics of Burgers’ equation are the lines 7, (t) =

(t,th(zo) + xo)

At

To

For zg # 0,1, h is smooth, so we can apply the method of characteristics for the curves starting
at zg # 0,1, and conclude that u is constant along these characteristics. Since the characteristics on
the left and right of 7 (¢) joint together at ro(t) for t < 1 (which is a consequence of the continuity
of h), we see that u is also defined along 7 () for ¢ < 1. Similarly for r(¢).

Note that the characteristics intersect at (1, 1), so we know that something bad had to happen
there. Writing w explicitly, we obtain (HW)

Lr<tt<l
1—
u(t,x) = 17_Jt;,t<x< ,t<1
0, >1,t<1

Notice that indeed the solution becomes singular at (1,1) (details discussed in a HW).

Let us now define a weak solution for £ > 1. Since the characteristics are defined for ¢ > 1, we
can simply continue u by its constant value along the characteristics. More precisely, looking at the
picture above we see that we can take u = 1 on the “left” and v = 0 on the right. This is defined
except when the characteristics meet along the red line is the picture, which starts at (1, 1). Let
rs(t) = (¢, ft + 1 — ), which is a line passing through (1,1), where 0 < 8 < 1 is a parameter set

. lLLx<pt+1—-p8,t>1
ubxy_{Qx>ﬂt+l—Bj21

Thus, u is defined everywhere except along 74(t), depicted in red in the picture.
Let us now test if u is a weak solution. We focus on ¢ > 1, and note that away from rsu is a
classical solution. Let ¢ have support on Q, where QN {t <1} = ¢ and QN ry # ¢. Then

00 o] uQ
/ / (Orpu + 8xg0?)dxdt
0 —0o0

1
:/ (vt+vx§)g0ds

Where v = (v, v,) is the unit normal along r¢ pointing to the right, and we used that v = 1 for
r<pt+1—pFandu=0forx>pFt+1—p3,t>1.dsis the element of integration along r;.
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. o _ _ —3 _ 1 .
Since rs(t) = (¢t,pt +1 — B) we have that v, R Vg R Thus we get a weak solution
if g=1.

14.1. Rankine-Hugoniot conditions. We begin with a more precise definition of shocks.

Definition 14.7. Let P : (a,b) — R be a C'! function and consider the C! curves I'(t) = {(¢,z)|r =
r(t)}. Let u, = uq(t,z) and uy = ue(t,x) be C! functions defined for x > r(t) and = < r(t),
respectively. The function u defined by
w(t, z) for z < r(t),
u(m:{ (t,) ("

up(t, z) for z > r(t)

3

is called a shock-wave or shock. The curve I' is called a shock curve, although sometimes we
also refer to I' as the shock.

Remark 14.8. Note that the definition of a shock is independent of a conservation law PDE, but
we are mostly interested in shocks that are weak solutions. Sometimes we emphasize this by using
the term shock-solution.

Remark 14.9. The above definition can be generalized. E.g., we can consider multiple shock
curves.

We now ask the following natural question: given a conservation law, under which conditions is
a shock a (weak) solution? the answer is given in the next theorem.

Theorem 14.10. (Rankine-Hugoniot conditions). Let u be a shock with shock curve I'. Then, u
is a solution to the conservation law

0w+ 0z (F(u)) =0
If and only if

(a) u=u(t,x) is a classical solution for x # r(t).
(b) The Rankine-Hugoniot condition, defined by

F(u, (t,r(t)) — F(ug(t,r(t))) = ' (t)(up(t,7(t)) — up(t,r(t))) holds on T.
Proof. Let ¢ be a test fucntion and € a bounded domain containing the support of ¢. Define the
following sets:
Q:=Q Nn{(tz)|t >0},
Qu:=Qn{(t,z)lx <r)},
Q, =Qn{(t,x)|z > r(t)}.
Then:

/ / (Orpu + Oy F(u))dtdr = / (Orpu + Oy F (u))dtdx
0 —00 Q

= / (Orpu + OppF (u))dtdx + / (Oppu + OgF(u))dtdx
Q

s

Using the fact that ¢ has support within € and that uis C' in €);, integrating by parts produces,

/ (Orpu + OppF(u))dtde = — / ©(Opup + 0y (F(ug)))dtdx
Q Qg

+ / o(upvh + F(uy)vf)ds — / pugdx
r QeN{t=0}

where vy, = (v}, v]) is the unit outer normal to € along ' (so vy points to the right, see picture
below), and ds is the element of integration along I' (see picture below).
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sV

Similarly,
/ (Oupu + By F () dtdz = — / (Ot + O (F(up)))dtd
r Q.
+ / o(upvt + F(u,)oF)dtdz —/ pu,dr,
r Q,N{t=0}

where v, = (V%,v%) is the unit outer normal to €2, along ' (so v, points to the left, see picture
above).

Since T'(¢) = (t,7(t)), a tangent vector to I' is given by (1,7(t)), where - = £. A normal vector
N = (ut, u®) to (1,7(t)) satisfies

N'+7(t)N* =0so N' = —i(t)N*
Then |N| = /(N?)? + (N®)2 = |N®|\/1 + (7(t))?. Thus, the vector
N _ (=(F()N",N") _ N*

IN |N| !N‘”I\/1+t2

is normal to I' and has unit length. Note that ‘NT‘ = +£1. N points to the left if ¥ |N,| = —1 and to
the right if = 4+1. Thus
(_7;7 1) (_7." 1)
vy = and v, =
V12 RV

Therefore, we obtain

/00 /OO (Orpu + Oy F(u))dtde = —/ ©(Opup + Oy (F(uy)))dtdx
0 —00 Q

- / ©(Opuy + 0y (F(uy)))dtdr — / ougdr — / pupdr
v QeN{t=0} Q,N{t=0}
ds

—i—/Fcp( wer + F(uy)) \/T / —u, i+ F( ur))ﬁ
_ /Q o(Ohug + Do (F(ug)))dtd — /Q (Dt + Oy (F(uy)))dtdz

—/ cpwdm—/ purdz
Q,N{t=0} Q,N{t=0}
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' ds
_/ng((ue—ur)’l“—FF(Ur)_F(uf))m

Suppose that the Rankine-Hugoniot conditions hold. Then the first two integrals on the RHS
above vanish since uy and u, are classical solutions on €y and €., respectively, and the integral
along I" vanished because (b) gives

F(uy) — F(ug) = m(ur — uyp)
Thus
[ee] “+o0o +00
/ / (Oppu + Oy F(u))dtdx + / o(z)u(0,x)dx = 0,
0 —00

—00

Where we used that

—/ pupdr —/ pupdr = —/ o(x)u(0, x)dx.
Qun{t=0} Q,N{t=0} —oo

Since ¢ is arbitrary, this shows that u is a weak solution. Reciprocally, if u is a weak solution,
then

= [ o+ 2. Flu)itde ~ [ @+ 0.(F(u))itda
Q Q.

ds
ire

=[] @ aernatdn+ [ pteyuio.xyis

—0o0

- /r @((ug — up)i + F(uy) — F(up)

=0

holds for every test function . Thus, we must have that uy and u, are classical solutions in €2; and
Q,, respectively, and that F(u,) — F(ug) = 7(u, — ug) must hold along. O

Example 14.11. It will be a HW to show that the weak solution to Burgurs’ equation constructed
in a previous example satisfies the Rankine-Hugoniot conditions.

Notation 14.12. We denote

[[u]] =u; —ur, = “jump” in u across I'
[F(w)]] = F(u) — F(u,) = “jump” in F across T’
o=rT
Then (b) is the Theorem reads
[[F(w)]] = o[u]]

Alhough the Rankine-Hugoniot conditions are (a) and (b), we often refers simply to (b), calling
it “the” Rankine-Hugoniot condition.

Remark 14.13. As previously mentioned, the definition of shocks can be generalized. In particular,
the definition can be extended to allow multiple shock curves, and the Rankine-Hugoniot conditions
can also be generalized to this situation, we will often make use of these facts below.

15. SYSTEMS OF CONSERVATION LAWS IN ONE DIMENSION

We will now generalize the study of conservation laws to systems.
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Definition 15.1. A system of conservation laws (in 1d) is a system of PDEs for u = (u!, 42, ..., u®)
that can be written as

)

Opu + 0y (F(u)) =0 in Q C R?
where F : RY — R is a C* function.

Example 15.2. The compressible Euler equations in fluid dynamics given by
S + 0:(SY) =0

By(SY) + 8,(SY* +p) =0
1

815(5(%112 +e))+ 81(5”(5112 +e+ %)) =0

Here, s is the density of the fluid, v the velocity, p the pressure, and e the internal energy. p is a
known function of e and s. s, v and e are the unknowns, which are functions of ¢t and x. It will be
a HW to show that the Euler system is a system of conservation laws.

Remark 15.3. The definition of weak solutions, shocks, and the theorem on the Rankine-Hugoniot
conditions generalize to systems of conservation laws. It will be a HW to do this generalization.
Using the chain rule, we can write

Oz (F(u)) = A(u)zu,
where A(u) is a N x N matrix (depending on u). Thus, systems of conservation laws can be written
Ou + A(u)0pu =0
We turn our attention to these types of systems.
Definition 15.4. The system
Oru + A(u)Oyu =0

for u = (u!,u?,..,u"), where A = A(u) is a N x N matrix (depending on u) is a stirctly

hyperbolic system if the matrix A(u) admits N distinct real eigenvalues \; = \;(u), which we
order as

/\1(u) < )\g(u) < e < AN(U)
we denote by ¢ = ¢(u) and r = r(u) left and right eigenvectors of A4, i.e.,
A(u)r(u) = Au)r(u), £(u) Au) = A(u)l(u).

We say that a system of conservation laws is strictly hyperbolic if the corresponding system Oyu +
A(u)0yu = 0 is strictly hyperbolic.

Remark 15.5. Observe that the matrix A(u) is simply the Jacobian matrix of F. i.e., if
F(u) = (Fl(u),...,FN(u)) = (F'(u},..., ™), FN(u!, ... M),

then

[oF!  OF! OF' ]
dul ou?2 T oulN
OF?2 OF?2 OF?2
Oul ou? o oudy

Alu) =

OFN  9FN AFN

L Oul ou? 0 oulV

Note that A always admits /N linearly independent left and right eigenvectors by the assumption
on the eigenvalues.We will denote by {¢;}}¥.; and {r;}¥, sets of linearly independent eigenvectors.
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Remark 15.6. We stress that /\,}s, 6213 and rils depend on u since A does.

Remark 15.7. We will be discussing properties of solutions to systems of conservation laws,
although we will not present an existence theory for such systems. But it is possible to develop
tools (e.g., generalizations of the method of characteristics) to prove that such systems in general
admit classical solutions.

15.1. Simple waves.
Definition 15.8. Let
Oyu + 0z (F(u)) =0

be a strictly hyperbolic system of conservation laws. A C' simple wave Q C R? is a solution u of
the form

u = u(p(t, ),

where ¢ : Q — (a,b) CR and u : (a,b) — RY are C' functions. Similarly we can define C* simple
waves.

A simple wave has values on a curve(the image of u), thus it can be thought as an intermediate
case between constant solutions(values at a point) and general solutions (values on a surface).
Consider u(t, z) = u(¢(t,z)) Plugging into the equation:

Opu + A(u)0zu = u'(9)Orp + Au())u' ()0
Suppose that u/(p) is an eigenvector of A(u(yp)),
A(u(p))u'(9) = Mu(p))u' ()
Then,
Oru+ A(u)0pu = u'(9)dpp + Au(p))u' ()0
= (O + Au(p))wp)u' (1)
u will be a solution if 9y + A(u(yp))dzp = 0.

This argument provides us with the following method to look for simple wave solutions:
1. Find the eigenvalues \;(u) and (right) eigenvectors r;(u) of A(u),i =1,...., N

2. Find u;(7) that solves the system of ODEs
ui(r) = ri(u(r))

for some ¢ € {1,...,N}.

3. For an i € {1,..., N} for which step 2 was carried out, solve the scalar conservation law:
Oep + Ni(ui(p)) 0z =0
Then, u(t,x) = u;(p(t,z)) is a simple wave solution.
The advantage of this method is that we solve a system of conservation laws by solving first a
system of ODEs (step 2) and then a single equation conservation law (step 3).

Definition 15.9. The solution u(t,z) = u;(¢(t,z)) described above called a i-simple wave (i
refers to the order \; < --- < Ay of the eigenvalues).



88 Disconzi

Example 15.10. Consider
O+ A(u)Oru =0

when A(u) is given by

A= %),

so the system reads

Out + u?dut =0
Ou? +ulout =0

Assume that u2(0,x) < u!(0,7), so u? < u! for short time. The eigenvalues are \; = u? < Ay = u!,

with eigenvectors (1,0) and (0, 1), respectively. A 1-simple gives

uy(r) = (1,0)

S0 ue is constant, and a 2-simple wave had uq constant. More details in this example will be given

as a HW.
15.2. Rarefaction waves.

Definition 15.11. A rarefection wave is a solution to the system
Ou + A(u)dpu =0
with the following property:

(a) There exist ay < «, and constant vectors ug, u, € RY such that u = uy for z < ayt and
u = u, for z > a,t.

(b) There exists a C* function: U : [y, ;] — RY such that u(a;) = ug, u(ay) = u,, and
u(tx) = u(3)

for apt <z < ayt
A rarefaction wave is a particular case of a simple wave, with

ap, T < apt,
o(t,x) = x/t,out < < ayt
ap,apt <

Note though that in general a rarefaction wave might fail to be C'! across the lines x = oyt and
r = a,t, although it is a C° function (in particular, solutions here might mean weak solutions).
The picture below illustrates the behavior of rarefaction waves
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L = constant
r =t A '

u(t,x) =U(%) T = ayt

u(t, ) = w u(t, ) = uy

5\

For any point on the line z = at, ay < a < oy, we have u(t,z) = u(§) = u(a), thus u is constant

along lines through the origin (since it is also constant along x = 2t with a < ay or a > «)

Example 15.12. Consider Burger’s equation with data

0,z <0,
h(z) = 1,2>0

We have seen that the characteristics of Burgers’ equation are (t,z) = (¢, h(a)t + a)),a € R.
Therefore, the characteristics are (¢, ) for « < 0 and (¢,¢ + «) for a > 0.

tA

(t,a)

a<0

(t,t+ )
a>0

2y

The method of characteristics gives that u is constant along the characteristics, and in fact we
get a classical solution in the region x < 0 or x > ¢, since u is in fact constant in those regions:
u(t,z) =0 for x < 0 and u(t,z) =1 for x > t.

However, the method does not give any information for 0 < x < t, which is the region that is
not reached by any of the characteristics (see picture above). If we define

0,z <0,

x
u(t,z) = ?,O<m<t,
1,z >t
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then we can verify that u satisfies the Rnakine-Hugoiot conditions and, therefore, it is a weak
solution to the problem. Moreover, u is a rarefaction wave.

It seems that there is a great deal of arbitrariness on how we obtained a weak solution in the
above example. This is indeed the case. We will return to this point later on.

Let us now ask when can a rarefaction wave be a i-simple wave(in which case we refer to it as
i-rarefaction wave). For this, we need

Orp + Ni(ui(p))0zp = 0

For ayt < x < a,t, we have ¢(t,z) = ¥, so

=0,

~+ | =

_t% + i (ui(¥)

thus \;(u;(v)) = ¥ = ¥(t, x). Moreover, since 1(t, ) = ay for < oyt we must have a;(up) = ay.
Similarly, A\;(u,) = a;,-. We conclude that \;(u(7)) = 7. In this case, we have

d
%Az(uz(ﬂ) =1

Using the chain rule and recalling that u/(7) = r;(u(7) for a i-simple wave, we have
V)\Z(uz(T)) . m(ul(T)) =1.

This is, therefore, a necessary condition for the existence of a rarefaction wave that is a ¢-simple
wave. This motivates the following definition:

Definition 15.13. The eigenvalue \;(u) is said to be genuinely nonlinear if
ri(u) - VA(u) # 0.

In this case, r; is said to be normalized if
ri(u) - VA(u) = 1.

Thus, having genuinely nonlinear eigenvalues is a necessary condition for the existence of i-rarefaction
waves. The next theorem says that it is also sufficient.

Theorem 15.14. Consider a strictly hyperbolic system of conservation laws
Ou + 0x(F(u)) =0,

and suppose that for some i the eigenvalues \;(u) is genuinely nonlinear. Then, there exists a
i-rarefaction wave solution to the system.

Proof. Let uy € RY be constant and define
g = Ni(ug)
Let U; be a solution to the ODE
Ui(r) = ri(Ui(7))

Uz‘(ag) = Uy
Let a, > oy be such that u;(«,) is defined and set
ur = Uy (o)

We can assume that 7;(u) is normalized. Then

d

() = wi(1) - VAi(ui(7)) = ri(ui(r)) - VAi(ui(1)) = 1
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This implies that \;(U;(7) = 7+ constant. Because U(ay) = uy and A;(ug) = ay, the constant is
zero and thus \;(U;(7)) = 7. Define

up, & < oyt
x

u(t,x) = Ui(g),agt <z < apt,
Up, T = Qpl

Consider the region ayt < x < a,t. Since U; satisfies U/(7) = r;(u;(7)), U; verifies step 2 of our
three-step recipe for the construction of simple wave solutions. Moreover, since X\;(U;(7)) = 7, we
have, with ¥ (t,z) = £,

z x 1
So we have verified step 3 of the recipe as well. Thus, u is a solution for oyt < z < a,t. For z < ayt
and x > a,t, u is constant so it is trivially a solution. Finally, along x = a4t and = = a,t, the
limits from both sides agree, i.e., u is continuous. Thus, the jump in v and is F'(u) vanish and the
Rankine-Hugoniot conditions are satisfied. g

15.3. Riemann’s problem. The Riemann problem consists of the following: find a solution to
the system of conservation laws

0w+ 0z (F(u)) =01in (0,00) x R

with initial that
ug, x < 0,

Up, T >0

u(0,2) = {

where up, u, € RY are constant vectors.

We saw above how to construct solutions that are rarefaction waves. Since such solutions satisfy
u(0,z) = uy for x < 0 and u(0,x) = u, for z > 0, they are natural candidates for solutions to the
Riemann problem. But it is important to notice that our previous theorem does not automatically
give a solution to Riemann’s problem because in the latter uy and u, are given, whereas in our
construction of rarefaction waves we were free to choose uy but not u,. Indeed, recall that u, was
determined by choosing «, and setting u, = U;(c.). Therefore, in the case of the Riemann problem,
we need that wu, is in the image of u;. This motivates the foloowing definition.

Definition 15.15. For a given strictly hypoerbolic system of conservation laws, let U; be in our
discussion of i-rarefaction waves. Consider the curve U;(7) in RY. Given zy € RY, we denote the
curve U; (1) by R;(z) if it passes through zg, and call it the i*"-rarefaction curve. We se

R;'_(Z()) = {Z S Ri(ZO)‘)\Z(Z) > )\(2’0)}
R, (20) :={z € Ri(20)|\i(2) < A(20)}
so that R;(20) = R; (20) U {20} U R} (20)

(2

Theorem 15.16. Consider the Riemann problem and suppose that for some i the eigenvalue \;
is genuinely nonlinear and that u, € R} (ug). Then, there exists a (weak) solution to the Riemann
problem. This solution is a i-rarefaction wave.

Proof. The proof is essentially contained in the proof of the previous theorem. We just need to
verify that the additional assumption u, € Rj(uz) gives us what we want.

Recall that we had set ay = \j(ug) (where uy was arbitrary in the previous proof but here it is
given by the initial condition), and solved

Uji(r) = ri(Ui(7))
Ui(ag) = uyg
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We now claim that if z € R (), then z = U;(a) for same a < «o; (note that by definition
z # uy). Set o = A\(z) and solve the ODE for U; with initial condition U;(«) = z. ODE uniqueness
guarantees that the solution starting at u, passes through z, and a > ay since z € R} (ug). Thus,
there exists a;, > ay such that u, = U;(a;). The rest of the proof is as in the previous theorem.

0

15.4. Riemann’s invariants.

Definition 15.17. A C! function R* : Q C RY — R is called an i-Riemann invariant for the
strictly hyperbolic system

Ou+ A(u)dpu =0 1in Q

if VR!(2) - ri(2) =0,z € Q.
Thus, R’ is constant along the interqual curves of r;.
Let us make the following remark, which we will need further below:
We have r; - [; = 0 for ¢ # j. To see it,

Ui (Ary) = Nl - 1

(GA) 10 = Myl - }:>()\1—Aj)€j-ri:0:>€j'm20, since \; # \; for i # j (15.1)

In particular, VR’ in parallel to ¢;,5 # i, for a x 2 systems. It follows that Riemann invariants
always exist for 2 x 2 systems. To see this, consider the system

Ou + A(u)0pu =0

Letting r = [7“1 7‘2] be the matrix whose columns are the eigenvectors v1, v9, we have

1, MO
r Ar—[o o

A0

SoA:r[O o

] r~!, and we can write

A0

8tu—|—7“[0 o

} r1o,u =0,

or yet
1 )\1 0 -1 .
(r—)owu + [0 )\2] r 0,u=0

In components, with the matrix convention (-)"** column
(Tﬁl)éatuj + Ai(rfl);(?muj =0 (no sum over i)

Writing the integral curves or r; as (¢, x;(t)), where dfti = \;, we have that

%uj(t, x(t)) = Opu? (t, 2(t)) + NOp? (t, (1))

so that we can write the equation as

d .
—1\2 _
(r=)j guj =0
Now we look for a function W(u) such that
(u)(r 1)i—uw = —R' (no sum over i)

dt T dt
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for some R?, notice that then this R? will be an i-Riemann invariant since %Ri = tR'+X\0,R' =0

(no sum over i), i.e., R’ is constant along the characteristics. We write the desired equality in
differential form

U(u)(r~")du’ = dR" (no sum over i)
This means that Psi; is an integrating factor for (r‘l)éduj . From ODE theory, we know such as

integrating factor always exists, this is the point where we are explicitly using that the system is
2 x 2.

Remark 15.18. For N x N systems, N < 3, Riemann invariants do not always exist.
Riemann invariants are particularly useful for 2 x 2 systems:

opu + 0, (F'(u!,u?)) = 0 in (0,00) x R,
ou? + 0, (F%(u!,u?)) = 0 in (0,00) x R,

ut(0,z) = hl(z)
u?(0,2) = h*(x),

)
)

or, in compact form,
O+ 0z (F(u)) = 0 in (0,00) x R,
u(0,z) = h(z),u = (u!,u?), F = (F', F?),h = (ht, h?)
For a given 2 x 2 system with Riemann invariants, let us assume that the map
U(RY, R?) = (R'(2!, 2%), R?(2!, 2%))
is a diffeomorphism. Set
v(t,z) = U(u(t,x))
for u(t,r) a solution to the above system. Then, v = (vl v?) satisfies
Ol + Ag(v)awvl =0,
Ov? + Al(fu)&,;v2 =0
where A; is the eigenvalue \; expressed in terms of vy, i.e.,
Ailv) = 2(¥1 ()
The equations for v follow from the following computation: for ¢ # j, we have
v’ + Aj(0)dpv' = Ot 4 Nj(u) D0’
= VR'(u) - Opu + \j(u) VR (u) - Opu
= (Opu + \j(u)0zu) - VR (u)
= (=0 (F(u)) + \j(u)0zu) - VR (u)
= ((=DF(u) + \j(u)I)0pu) - VR (u)
where DE is the Jacobian matrix of F' and [ is the identity matrix. We also write the above as
(VR (u)(—A(u) + \j(u)]))0u

Since VR! = 0 along the integral curves of r;, VR is parallel to l;, thus VR! is a left eigenvector

with eigenvalue \; and the term in parenthesis vanishes.

Observe that v’ is constant along the integral curve(t, z;(t)) where dcfti = Xi(u(t, z(t))) since

%vi(t, zi(t)) = Ovi(t, zi(t)) + Ni(u(t, z(t)))Ozv(t, z(t))
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Theorem 15.19. Assume that the system

put + 0, (F (u!,u?)) = 0 in (0,00) x R,
o’ + 0, (F?(u!, u?)) =0 in (0,00) x R,
ul(0,2) = hl(z),
u®(0,2) = h*(x),

is strictly hyperbolic and that the eigenvalues X\;,i = 1,2, are genuinely nonlinear. Assume that
h has compact support. Let R = (R', R?) be Riemann invariants for the sytem and assume that
VR #0,i=1,2,. Set v=U(u) as above (which is well-defined, see below). If either dyv* < 0 or
0,v% < 0 somewhere in {t = 0} x R, then the system cannot have a smooth solution u that exists
for allt <0.

Proof. The assumption VR’ # 0 implies that (R'(2', 2%), R%(2', 2)) define a system of coordinates
in R? (vic the level sets of R?). In particular, v = ¥(u) is well-defined. Consider \; = \;(z!, 2?) as
a function of (R, R?), i.e., \i(2!, 22) = N (21 (R, R?), 22(R', R?)). Then

N O\ 9z
ORI~ 92F ORI
we also have that
OR; 02 B OR! _si
0k ORI ORJ J

Hence, for i 75 J, 8RJZ = 2 (21, 2?) is perpendicular to VR'(z). But VR!(z) is perpendicular to

ORT
7i(t), thus 575z is parallel to r;,4 # j. Thus = fr; for some f # 0. Hence

6RJ
R f@(ﬁ') = fVAi-r

But V;-r; # 0 by our assumption that the eigenvalues are genuinely nonlinear, so this assumption

can equivalently be stated as

8RJ
If u is a smooth solution to the system, we set

a:= 0! and b := 9,v°
Note that we have already showed that v = (v!,v?) solves
vt + Ao (v)dpv! =0,
O + A (v)0,0° =0

Differentiate the first equation with respect to x to obtain:

8)\2 av 1 _
ora + N0y a+8)\RZ Oz — 0, v =0,
Ora + A20; a+0R1 + 6AR2ab:0

Adding and subtracting A20,v? = Aob to the v? equation
O + Xa0v% — (A2 — A\)b =0
solving for b and plugging into the d;a equation (recall that Ao — A; # 0) :

8)\2 2 a 8)\2

2 2
SR1% + Y aR2(8tv + X20,v°) =0

ora + AoOza +
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Now fix 2 € R, consider the curve (¢,z1(x)) where

%(t) = Xo(u(t, 21 (1)),
21(0) = o

Then v! is constant along (t,x1(t)) since

%(Ul(t,xm(t)) = atvl(t,ml(t)) + )\g(u(t,xl(t)))awvl(t, x1(t)) = 0.

Hence
vl (t,z1(t)) = v (0,20) := v}
Netx, set

3(15) . efo peesvy )\1 8R2 2 (0pv24+-X20502)) (1,21 (1)) dT

B(t) = alt, x1(1)) = dpv' (1, 21(t))
We will transform the evolution equation for a that we derived above into an evolution equation
for 3 and A3. Since v! is constant along (¢, 21 (t)), we have that, as a function of v,
10X
Ao — M OR?
depends only on v? along this curve. Therefore, setting

Sl Oy
= dw
r(s) /0 M — N\ OR? (v9, w)dw,

i()f 10X
ds T N = Ay ORZ

we have

and thus

3(t) = o Gty o (G $200,0))(rs (7))

t d

_ i @ (1)) g
_ (02 (6))~r(v2(0,1(0))
_ (021 (6)~r(v?(0,20)

Compute

d3 r(v?(t,x —r(v2(0,z d

t
= 30 ) 1 (0) 5 (R0 (1)

=30 o) )6 )

a8 d
E(t) dt( a(t,z1(t)))

oA a O
= (gr® = %y = o " + R0t (1)

= () (b1 (1)) — alt, 1 (1) (1 g 0?1 (0)
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Hence, since 3(t) = a(t,x1(t)), and using %

B o B3
dt — OR! 3dt
Thus (note that 3(t) # 0)
d, .4 1 d3 _dB
1 d3 dhy o [d3
(337 (BE +3(—ﬁﬂ - ga))
1
~ 30R!

provided B # 0. Since B(t) = a(t,z1(t)) = Oyv'(t,z1(t)) and v' is constant along (t,z1(t)), if
d,v! < 0 somewhere initially, then there exists a region consiting of characteristics starting on an
interval on {t = 0} x R such that § # 0.

Integrating

_ _ L RS P
BOAD) " = GOBO) 1+ [ T wlr ()

Note that 3(0) = 1. Solving for 3(t)

B = 5 1
30) S Ji 5 B (o(t 1 (7)) dr
_ BO) 1
3(8) 14 8(0) fy 3t 53¢t (w(t, 21 (7))dr
Changing r; by —r; if needed we can assume that % > 0 (recall that gé; is proportional to

Vi -ri) #0,i # j) From the equation for v, we see (integrating along the characteristics), we have
that v remains bounded, thus does 3. Therefore, the only map 8 = 9,v' could exist for all times
is if 3(0) is always > 0. A similar calculation with v? finishes the proof. O

Remark 15.20. Notice that the theorem does not quite reveal the mechanism of blow-up, i.e.,
it says that some x-derivative has to become infinite but does not quite say why. For Burgers’
equations, we saw that the mechanism is the intersection of the characteristics.

15.5. Non-uniqueness of weak solutions. Let us return to the example of solutions to the
Riemann problem for Burgers’ equation with data

0,2z <0,
h(x):{l x>0

Recall that we found that
0,z <0,

x
u(t,z) = ¥,0<m<t,
1,z >t
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was a weak solution. However, one can verify that

t
O,.%' < 5,
u(t,x) = y

17 >77
)

is also a weak solution. This illustrates an important fact about systems of conservation laws: in
general, weak solutions are not unique.

15.6. Entropy solutions. The non-uniqueness of weak solutions is possible caused because our
definition of weak solution is so general that it possibly includes some “non-physical” solutions. Is
there a way of restricting our definition of weak solutions so that we obtain a unique “physical”
solution? The answer is yes.

Definition 15.21. Consider a scalar conservation law
Ou + 0z (F(u)) =0
A weak solution is called an entropy solution if
F'(u) >0 > F'(u,)
along any shock curves, where we recall that ¢ = 7. The inequality is known as the entropy

condition.

Remark 15.22. Entropy solutions can also be defined for systems of conservation laws.

The idea of this definition is the following. As we have seen, we can have the formation of shocks
due to the intersection of characteristics, i.e., we encounter discontinuities in the solution due to
the crossing of characteristics when we move forward in time. However, we can hope that if we
start at some point and move backwards in time along a characteristics, we do not cross any other.
This is illustrated in the following example we saw of shock formation for Burgers’ equation:

/

tA

A

For Oiu + 0x(F(u)) = O + F'(u)dyu = 0 the characteristics are (t, F'(h(«))t + «), where
h(z) = u(0,z). (The solution is constant along the characteristics) The desired situation will
happen if when the characteristics meet the one on the left is “faster” thant the one on the right,
ie.,

F'(h(a)) > F'(h(w)),

Or since u is constant along the characteristics and the speed of the shock curve should be an
intermediate value,

F'(up) > o > F'(u,)
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One of the landmark results in systems of conservation laws in that, under some very general
assumption, entropy solutions are unique and exist for all time.

16. FINAL REMARKS

We finish this course with the following important observation. We developed some of the basic
elements of PDE theory, but we barely scratched the surface of the topic of PDEs. Because this
was an introductory course, we exploit at length techniques that rely on explicit formulas and on
ODE arguments. This should not give readers the wrong impression that these techniques are
appropriate for the study of more advanced topics in PDE. Going deeper into the topic requires
developing new tools(often connected to functional analysis and geometry) that are very different
of the ones we employed in this course.
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