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1. ABBREVIATIONS

e ODE = ordinary differential equation

e PDE = partial differential equation

e LHS = left hand side

e RHS = right hand side

e w.r.t = with respect to

e = = implies

e LHS := RHS means that the LHS is defined by the RHS.
e nd (e.g. 1d, 2d, ...) = n dimensional

2. WHAT ARE PARTIAL DIFFERENTIAL EQUATIONS AND WHY DO WE 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 +4? =0, (unknown ¥, non-linear Ist order) (2.1)
x
v'+y +y=0, (unknown y, linear 2nd order) (2.2)
2
(2% — 1)d2_u +u =0, (unknown u, linear 2nd order) (2.3)
x

(2.4)

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,

£ (2.5)
t

{fl—f{ + 2 =0 (unknowns: y and z, linear, 1st order)
u” +v*> =0 (unknowns: u, v, w, non linear)
v vt =0 (2.6)
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 7" in a room. It will in general be different at different positions in
the room, so 7' is a function of (z,y,2). T can also change over time, thus 7' = T'(¢, z,y, 2).
An equation involving T and its derivatives can then have derivatives with respect to any
of the variables t, x, y, or z, which will be partial derivatives, %, a%’ 8%, %. This will be a
partial differential equation. Formally:
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Definition 2.1. A partial differential equation 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 sill 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
mathematics, such as in complex analsis 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.

3.1. Laplace’s equation:

Au =0,
where A is the Laplacian operator defined by
0? 0? 0?

=t o o,
ox?  0y? 022

so explicitly Laplace’s equation reads:
0%u N 0%u N Pu 0
0z oy 022

We will often denote coordinates in R* by (x!, 22, 23), in which case we write A as A =

a(i?)Q + 8(22)2 + a(?;)z. We write expressions of the form u = wu(z!, 2%, 2*) to indicate the

variables that a function depends on, e.g., in this case that u is a function of z!, 22, and 3.
We can also consider Laplace’s equations for a function of ', 22, --- , 2", for some arbitrary

n, u = u(x!, 22 -+, 2"), in which case
0? 0? 0?

2= oy e T o

so Laplace’s equation reads

0%u 0?u 0*u "L 0%
Lu = d(x1)? + d(x?)? Tt (zm)? Z
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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.
O — Au = 0.

This equation has many applications. For example, v can represent the temperature so
u(t, zt, 2% 23) is the temperature at the point (z', 2%, 23) 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 dyu — kAu = 0, where k is a constant
known as diffusivity. In most of these notes, we will ignore physical constants in the equa-
tions, setting them equal to 1.

3.3. Wave equation.

Ut — Au=0
(Here we recall the notation u; = dyu = %, uy = Ohu = 2273 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; — ¢?/Au = 0 where the constant ¢ is the speed of propagation of
the wave (we will see later on why ¢ is indeed the speed of propagation).

3.4. Schodinger equation.

ov
— + AU+ VU =
1 BT + + 0,

where 7 is the complex unit > = —1, V = V(t, 2!, 2% 23) is a known function called the
potential (whose specific form depends on the problem we are studying), and the unknown
function W, called the wave-function, is a complex function, i.e.,

U =u+ v,

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

3.5. Burger’s equation.
w + uu, = 0.

Burger’s equation has applications in the study of shock waves.
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3.6. Maxwell’s equations.
O F —curl B=—J,
0B + curl E = 0,
div E = p,
div B =0,
where the F and B are vector fields that are the unknown functions (or vector valued
functions), so they have three components each:

E=(E'E* E°), (3.2)
B =(B',B* B, (3-3)

div and curl are the divergence and curl operators, sometimes written as V- and VX, re-
spectively (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 = 0 X" + 0, X2 + 0: X3,

(3.1)

and
curl X := (0, X% — 03X% -0, X°? + 05X, 0, X7 — 93 X2
where we have introduced the following notation:
0
&L- = -
or?
E 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.

Notation 3.4. Note that the above, we did not denote vectors with an “arrow” i.e., ﬁ and

, 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., x =
(', 2% 23) in R3, or more generally x = (z*, 2%, 23,--- | 2*) in R, So, sometimes we write
expressions like u = u(t, r) instead of u = u(t, zt, 2%, x3).

Notation 3.5. The curl can be written in a compact form as

(curl X)* = €779, X;..
———

meaning the it" component of the vector curl X

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

¢% .= { —1 ifijk is an odd permutation of 123 (3.4)
0 otherwise.
Eg., e =1, €3 =1, 3 = —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:
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Notation 3.6. When an index (such as i, j, etc.) appears repeated in an expression, once
upstairs and once downstairs, it is summed over its range.
E.g., we can write the divergence as

3
dwxzaﬂﬂ=§:@XH:QXP+@X?+@X?
=1

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

In the expression for curl, for example:
(curl X)? = €99, X,
— 2139, X, + 219, X,
=01 X35+ 05X;.
We also sometimes use the notation
curl’ X = (curl X)".
3.7. Euler and Navier-Stokes equations.

{(%p—k (u-V)p+pdivu =0

p(du+ (u-Vu) 4+ Vp = pAu (3.8)

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

p = p(t,x) is a scalar function representing the fluid’s density and v = (¢, x) 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. p > 0 is a constant known
as the viscosity of the fluid. V is the gradient operator; recall that Vf := (01 f, 02 f, 05f),
where f is a scalar function, so the i component reads (V f)? = 9;f; we also write V'f for
(Vf)"

u -V is the operator

u-V = u'0; (3.9)

= u181 + U282 + u383. (310)

When v - V acts on a vector field it does so componentwise. /A also acts on a vector field
componentwise.

These equations are known as the Navier-Stokes equations if 4 > 0 and Euler equations
if 4 = 0. They are the fundamental equations of hydrodynamics.

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

divu =0
3.11
{8tu+(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).
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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 analogs 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, 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

4.1. Introduction. Our goal is to investigate solutions to the Schrodinger equation,

oV h?
ih T QMA\IH—V\I/, (4.1)
where i is the imaginary number i2 = —1; h = 1.51 x 10727 erg s is Planck’s constant; p is a
positive constant called the mass; V = V (¢, z) : R x R® — R is called the potential function;
and the unknown is the complex-valued function ¥ = ¥(t,z) : R x R® — C called the
wave-function. The variables t and x represent, respectively, the time and space variables.
The Schrodinger equation describes the dynamics of a particle of mass p interacting with
a potential V', according to the laws of Quantum Mechanics. The physical interpretation of

U is as follows. If U C R?, then
/ W (t, )| da
U

represents the probability of finding the particle in the region U at a time ¢. In particular,
one must have
1 (t,2))* doe = 1. (4.2)
R3
Notice that, upon multiplying ¥ by a suitable constant, condition (4.2) can always be fulfilled
as long as

W (t,z)|]* dz < co. (4.3)
R3
Our treatment will be based on [2-4], to which the student is referred for more details.

4.2. Separation of variables for a time-independent potential. We shall assume that
V' does not depend on time, i.e., V(t,x) = V(z). We will have to divide several expressions
by W. In order to make this sensible, it will be assumed that U does not vanish (or, at least,
does not vanish on an open set). Look for solutions of the form

U(t,z) =T(t)y(x), (4.4)
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Plugging (4.4) into (4.1) gives
T/ h2
th— = ———A V,
T 2411 v+
The left-hand side depends only on ¢, whereas the right-hand side depends only on x. Thus,
both sides have to be equal to a constant, which we denote be E. Therefore
ihT" = ET, (4.5)
and
h2
——A@/} + Vi = E. (4.6)
Equation (4.5) is easily solved. Its Solutlon is
T(t) =e 7, (4.7)

where we ignored an arbitrary constant of integration (such constants will be neglected
throughout, as an overall constant of integration can be fixed at the very end via condition

(4.2)).

4.2.1. The time-independent Schrédinger equation. We now focus on (4.6), known as the
time-independent Schrodinger equation. To solve it, we assume further that V is radially
symmetric, i.e., that V(z) = V (/2% 4+ 23 + x3) or, in spherical coordinates, that V' = V (r).
This assumption suffices to treat many physical systems of interest.

Recall the expression for the Laplacian in spherical coordinates,

2 1
A=0+-0,+5As, (4.8)
r r
where
0y cosgb 1 9

is the Laplacian on the unit sphere, r € [0, oo), o€ [O, 7T], and 6 € [0,27). From now on we
shall work in spherical coordinates.
We suppose that

U(r,0,0) = R(r)Y (¢,0). (4.10)
Plugging (4.10) into (4.6), and using (4.8)
h2 § /" / 2 h* 1

Since the left-hand side depends only on r and the right—hand side only on (¢, #), both sides
must be equal to a constant, which we denote by —a. Thus,
h2 /! / a
R+—R +QH_QR:E& (4.11)
2,u T
and

h2
5 AsY = —aY. (4.12)
,u
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4.2.2. The angular equation. We first investigate (4.12), which, in light of (4.9), becomes

cos ¢ _2ap
RY + — ¢8¢,Y+ ¢89Y =Y
Supposing
Y (6.6) = 2(6)0(6), (4.13)
one gets
"  sin’¢ "y singcos¢ _, 2ausin® ¢
5= s Yt (4.14)

Once more, both sides ought to be equal to a constant, which we denote by b. One equation
becomes

0" = —bO. (4.15)

To solve (4.15), we need to analyze the cases b > 0, b = 0, and b < 0. Notice the following
boundary condition: the points with coordinates 6 and 6 + 27 must be identified as they
correspond to the same point in R?. Thus,

0(0 + 21) = O(0). (4.16)

We immediately see that the case b < 0 does not yield a solution satisfying (4.16); b = 0 and
(4.16) give ©® =constant; and b > 0 along with (4.16) give that © is a linear combination
of cos(v/b8) and sin(v/bh). Moreover, 2m-periodicity requires that v/b = integer. All these
cases can be summarized by setting

b=m? mcZ, (4.17)
and writing
o) = ™. (4.18)
Next, we move to the ®-equation. From (4.14) and (4.17), one has
d
81(r11)gz5d¢ (smgzﬁ ¢) m? = —\sin® ¢, (4.19)
where
2#
A= Sha (4.20)

and we used the product rule to rewrite the terms involving derivatives. In order to solve
(4.19), let us make the following change of variables,

r=cosp, 0 <o <.

Notice that this change of variables is well-defined since cos is one-to-one for 0 < ¢ < 7.
The chain rule gives

d o, d
smqﬁ—(b (ﬁ%d_ — sin (b%—

so that (4.19) becomes

% ((1 — ;ﬁ)%) + <)\ - T;) O =0. (4.21)

— @1

(cos* ¢ — 1)— o
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To solve (4.21), we seek for a solution of the form

Sx)=(1—-=z )T dx|m| , (4.22)
where P solves
o d2P dpP
To see that this works, differentiate (4.23) |m| tlmes, obtaining
dml+2p dm+1p dml p
2

Students are encouraged to verify (4.24) (compute the first few derivatives to see that a
pattern as (4.24) emerges). On the other hand, let ® be defined by

O(z) = (1 - 2?) 5 B(z) (4.25)

and plug this into (4.21). Computing the derivative terms,

+ @ (( 2 )|2‘(1 25 (—20) — 2(1 — ﬁ)é”) b
— - TS - () G+ - (o) g

[m]

what gives, after canceling (1 — 22) 2,

> Ao~ (|m[*a? mf? \ =
1— 22— —2 1 A+ [ | — d = 0.
-5~ 2ol + ) G 428+ (= ol - L) G o
But
[m|[*2? im[*  |m|(jm| + D)a* — |m|(jm| +1)
and therefore
d2® dd -
1 — 22— — — — d =0. .
( x >dx2 2z (|m| +1) o + (A = |m|(|m| + 1)) 0 (4.26)

Comparing (4.26) with (4.24), we see that if P solves (4.23), then (4.25) solves (4.21), as
claimed.
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Therefore, it suffices to solve (4.23). We seek a power series solution of the form

P(x) = Zak;ﬂk. (4.27)
k=0
Plugging (4.27) into (4.23) gives
(1—2?) Z k(k —1)apz®? — 22 Z kapr*' + A Z arz™ =0,
k=0 k=0 k=0

or yet, after rearranging some terms,

> ((k+2)(k+ Daga — (k(k + 1) — Nag) 2" =0,

k=0

which implies the following recurrence relation,
- k(k+1)— X
T k1) (k+2)

Relation (4.28) determines all coefficients ay except for ay and a;, which remain arbitrary
(this is consistent with the fact that we are solving a second order ODE). Furthermore, ag
determines all even coefficients, giving rise to an even power series, while while a; determines
all odd coefficients, giving rise to an odd power series. These two power series, even and
odd, are two linearly independent solutions of (4.23).

Next, we investigate the convergence of (4.27). Since it suffices to investigate the con-
vergence of the even and odd expansions separately, as these are two linearly independent
solutions, the ratio between two consecutive terms in the expansion is obtained from (4.28),
yielding

ag, k=0,1,2,.... (4.28)

k42
. A2k + 2
lim |———| = [|z[%,
k—oo akl'

and thus (4.27) converges for |z| < 1 by the ratio test. We need to investigate the case
|z] = 1 (which corresponds to ¢ = 0 or ¢ = 7). Plugging x = £1 into (4.27) gives

P(x1) = iiak. (4.29)

From (4.28) we have

R0k ROk (k=2 +0k) ot ay,  keven,
TR TOR) T ROk (k=22 40k T | o) kodd.

FFroRR) 41
It follows that

lim ag 7& O,
k—o0

and therefore (4.29) diverges by the divergence test, unless (4.27) is in fact a finite sum;
i.e., unless ar = 0 for all k greater than a certain ¢. Hence, we must have, form some
non-negative integer ¢,

(0+1)— X
a€+2:0: ( ) )aéa

(C+1)(0+2
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which implies
A=LL+1), (4.30)

provided that a, # 0. Relation (4.30) determines A, and hence the separation constant
a in view of (4.20). The conclusion is that there is a family {P;} of solutions to (4.23)
parametrized by ¢ = 0,1,2,.... After conveniently choosing ay and a; to obtain integer
coefficients, the first few P’s are

Py(x) =1, Pi(x) =z, Py(7) =1 — 32%, P3(x) = 32 — 52°.

Since P, is a polynomial of degree ¢, from (4.22) it follows that ® = 0 for |m| > ¢. Thus, the
values of m are restricted to |m| < ¢, i.e., the allowed m-values depend on ¢ and satisfy

me{—0—0+1,...,-1,0,1,...,0—1,(}. (4.31)

We write m = m, when we want to stress this dependence of the allowed values of m on
¢. One obtains a family of solutions {®g,,} to (4.21) parametrized by ¢ and m,, where
¢ =0,1,2,... and my satisfies (4.31). The first few ®’s are

Dgo(x) =1,

Dip(z) = 2, By o(z) = (1 —2?)2,

Dog(z) = 1 — 322, Douy(z) = (1 — 22) 2, Poso(z) = 1 — 22,

Do (2) = 3z — 5a®, yuq () = (1 — 22)2 (1 — 52?), Byra(x) = (1 — 22z, Paus(l — 22)2.

Finally, it is necessary to rewrite our solutions in terms of the ¢ variable. Denoting

Frm, = @mw
and using 1 — 2% = sin? ¢,
Dy, (@) = sin™ Fy, (cos @), £=10,1,2,..., |my| < L. (4.32)
Combining (4.13), (4.18), and (4.32) gives
Yim, (¢,0) = €™ sin™! ¢ F,,, (cos ¢), £ =0,1,2,..., [my| < L. (4.33)
Notice that, in view of (4.12) and (4.20), Y7, solves

ASQYEmZ = —E(f + 1>Yémz’

which is an eigenvalue problem for Ag2; thus, the spherical harmonics are the eigenfunctions
of Agz. We finish this section with some terminology. Equation (4.23) is known as Legendre
equation, and its solutions P, are known as Legendre polynomials. The functions Fy,, are
known as associated Legendre functions. The functions Y/, are called spherical harmonics.
Legendre functions and spherical harmonics have many important applications in Physics.
The interested reader is referred to [1] for details.

4.2.3. The radial equation. We now turn our attention to equation (4.11). Using (4.20) and
(4.30), equation (4.11) can be written as

1d [ ,dR 24 R
—— — —(E=V(r)R=(({+1)—. 4.34
w (P + -V R =+ 1) (4.3)
It is important to stress that the results of section 4.2.2 are general, i.e., they apply to
separation of variables to any radially symmetric potential V' = V (r). To solve (4.34), on the
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other hand, we need to specify the function V'(r). We shall assume that V' is the potential
describing the electromagnetic interaction of an electron with a nucleus. This covers the
important case when one is solving the Schrodinger equation describing the evolution of an
electron on a hydrogen atom. In this situation, V' takes the form

Ze?

Vir)=— po— (4.35)

where Z is the nuclear charge (for example, Z = 1 for the hydrogen and Z = 2 for an
ionized helium atom), —e is the electron charge, where e = 1.6 x 10719 C, and ¢ is the
vacuum permitivity whose values is gg = 8.85 x 1072 F//m (farads per meters). In order to
investigate solutions to (4.34) with V' given by (4.35), one needs more information about the
separation constant E.

We claim that £ must be real and negative. To see this, multiply equation (4.34) by r2R*,
where R* is the complex conjugate of R, and integrate from 0 to oo:

o d [ HdR 2p 2,2 = p 2p /oo 2.2
* dr — dr — 00+ 1 dr=——F d
/0 R dr( dr) 72 V|R| redr — (0 + )/0 |R| dr 72 |R|“r* dr,
(4.36)
where we used that |R|? = R*R. Integrating by parts the first term,

< _.d [ ,dR dR*dR dR dR*dR
* dr = — —r?dr *r? =— r?dr (4.
/0 B dr ( dr) /0 dr dr R dr ‘ /0 dr dr (4:37)

where it has been assumed that R* and Vamsh sufficiently fast at co. Writing
R =Rgr+1Rc,
where Rr and R¢ are real-valued, it comes

dR*dR  dRr dRc. . dRp .dRc dRr\> [dRc\?
- (EE SR+t - * ,
dr dr dr dr dr dr dr dr

and we conclude that 4=4E i real-valued. But from (4.36) and (4.37) we have

b fooodﬁ*df 2dr+ fo VIR|*r*dr + (£ + 1) fo |R|2d7“
N fo |R|?r2 dr

(4.38)

Therefore, since all terms on the right-hand side are real, we conclude that E is real as
well. Students should notice that (4.38) gives an explicit expression for E in terms of (the
integral of) R and other data of the problem (although we shall derive a much more explicit
expression for E, see below).

Now that we know that E is real, let us show that it is negative!. Let us investigate the
behavior of (4.34) for large values of r, i.e., r > 1. Then we can neglect the terms that
contain % and (4.34) gives, after expanding the terms in <

dr?
d’R . 2uE
a2~ B2

R. (4.39)

Tt is possible to obtain E < 0 by a more delicate analysis of (4.38), but here we employ a simpler
argument.
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But for » > 1 we also have the approximation
d*R  dR d*R
r—+ — ) r——,
dr?  dr dr?
so that
d*(rR) d*R dR d*R
= 2— R r——. 4.4
dr? T + dr e (4.40)
Hence, multiplying (4.39) by r and using (4.40),
d*(rR)  2uE
ar2 -~ R
This approximate equation can be easily solved, producing
:ti‘/_sﬁr

(rR).

rR~e
If £ >0, then R is a complex function which satisfies
|rR| ~ 1 for r > 1.
Then the integral

[ ) dr = (/0% /OW Y (6, 9)]2sin¢d¢d6> (/OOO R(r)r? dr)

diverges since |R(r)|*r? &~ 1 for large r. Consequently, condition (4.3) fails, and this does
not produce a physically sensible solution.
In light of the above arguments, we assume, once and for all, that £ < 0. In this case, we

can define the real constants

2uE
and
uZe?
= = 4.42
7 47T€0h25’ ( )
and make the real change of variables
0 =20r.
With these definitions, equation (4.34), with V' given by (4.35), becomes
1d [ ,dR 1 e+1) ~
—— — —— = - | R=0. 4.43
QQdQ(QdQ)+(4 P (44)

Equation (4.43) will be solved using a power series expansion, but direct application of the
method does not work. To see this, try plugging

R(o) = Z ar"
k=0

into (4.43), obtaining

o0 - 1 o0 o0 B oo B
kz_ok(k—i-l)akgk 2—Zkz_0akgk—€(€+1)kz_oakgk 2~|—’ykz_0akgk E—
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This can be rewritten as

—0(0+ 1)ago? + ((2 = £(£ + 1))ay + vag) o *

1
Vanishing of each term order by order implies that ag = 0, then a; = 0, and subsequently
ap = 0 for any k, so R = 0. We need, therefore, to try a different approach.
We shall focus on the behavior of (4.43) when g > 1, in which case the equation simplifies

to
1 d dR _R
— 4 hy (4.45)
Fdo\° do) " 4
This (approximate) equation can be solved as follows Look for a solution of the form e
Plugging into the equation we find A = —3, i.e., 7% is a (approximate) solution of (4.45).
This suggests® looking for solutions of (4. 43) in the form
R(0) = ¢ %G(o). (4.46)
Plugging (4.46) into (4.43) gives an equation for G,
d*G (2 ) oG (fy—l €(€+1))
— +|(-—1) =+ - G =0. 4.47
do* ~ \o do 0 o (447)

We seek a solution of the form

oo o¢]
=0’ Z aro” = Z aro® (4.48)
k=0 k=0

where s is to be determined. The term p° has been included due to the % terms in the
equation, as these may lead to singular terms that do not fit into a general recurrence
relation, as it occurred in (4.44). Notice that the traditional procedure is included in this
approach by simply setting s = 0.

Plugging (4.48) into (4.47) gives, after some algebra,

(s(s+1) — (£ + 1)) ago*?

+Z (((s 4k D)(s 4k +2) = 60+ 1))agss = (s +k +1 = 7)ag) "+ = (4.49)

The vanishing of the term in ¢*~2 requires
s(s+1) =Ll +1)=0,

which has roots s = ¢ and s = —(¢+ 1). This latter root is rejected on the basis that it does
not yield a finite solution when ¢ — 07, i.e.; G(o) blows up at the origin when s = —(¢ + 1)
(recall that ¢ is non-negative).

2The reader may remember that when one solves second order ODEs with constant coefficients, sometimes
we have to multiply a solution by a suitable power of the variable in order to produce a particular solution or
a second linearly independent solution. What it is being done here resembles that: we have some information
about solutions, i.e., that e~ 3 solves the equation (in an approximate sense) for large values of p. Thus, we
try multiplying by e~ % to construct the full, exact solution.
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Using s =/, one finds from (4.49) the following recurrence relation,

E+0+4+1—y .
(k+0+D)(k+0+2) —(+1) "

From (4.50) and the ratio test, we see at once that (4.48), with s = ¢, converges for all values
of o.

In order for (4.48) to be an acceptable solution, we also must verify (4.3). From (4.50), it
follows that

st (4.50)

k+-- 1+
ak:—i-l:kz_i_“.ak:k_i__“ak,
and
k—14+--. 14+
Ak = makq = Wak—h
so that
14+--- 1+--. 1+
ak+1:k+...ak:k+...(k_1)+...ak—1
B 1+---
Continuing this way,
14--.

TR D= e

Remembering that
k=0
we see that G(p) is asymptotic to p°e?, i.e., its series expansion behaves very much like the
series of g‘e? (recall that s = {):
G(o) ~ o'e?,
which implies, upon recalling (4.46),
R(0) = e 2G(0) ~ e % ge? = ge?,

which diverges when ¢ — co. As a consequence, (4.3) is not satisfied. This will be the case,
unless the series (4.48) terminates, i.e., unless a; = 0 for all k greater than a certain n. From
(4.50), this means

E+l+1—-~=0,
ie.,
y=k+{+1.
In particular, v has to be an integer,

y=n,n=0+1,0+2,....
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With this, the series terminates at the (n — (¢ + 1)) term, and G is a polynomial of degree
n — 1. Recalling (4.41) and (4.42), we have found the possible values for the separation
constant £ = F,,, namely,
uZz?et
E,=——t2" 5 —123,... 451

2(4meg)?h2n? " (4:51)
We write R, to indicate that R is parametrized by the integers n and ¢, withn = ¢, (+1,....
We can now write, for each n, the corresponding R,,, by using (4.50) to find the polynomial
G = Gy, and then R, via (4.46). Unwrapping all our definitions,

oz (7r\' Z
Rnf(r) =€ "Zao <_T) an (_T> )
nog no

where
47T80h2
Qn = D)
e
In light of (4.10), we see that ¢ is also parametrized by n, ¢, and m,. Instead of thinking
of n varying according to n = ¢,/ + 1, ..., we can equivalently think of ¢ as constrained by
¢=0,1,...,n—1, for each given n = 1,2, ..., what is more convenient in order to organize
the parameters n, £, m,. We obtain, therefore, a family of solutions to (4.6),
wnfmg = RHZY'KT)’L@7 (452)
where
n=1223,...,
(=0,1,2,...,n—1, (4.53)

meg = —0,—0+1,....0,....0—1,0

Our final solution is then given, in view of (4.4) and (4.7), by

_iBp

\I](ta fL‘) = Anﬂmge h twnémg (I)a

where n, ¢, and my satisfy (4.53), E,, and ey, are given by (4.51) and (4.52), respectively,
and A, is a constant (depending on n, ¢, and my) that ensures (4.2), i.e., A, is given

by
N
Anfmg = (/ |wn€me| ) :
R3
iE

The term e~ %t does not contribute to |U|? (since (e_iET"t)*(e_ S (e+i€nt)(e_iET"t) =1).
It is customary to absorb the constant A,s,, into ¥ne,,, in which case

/IR;3 ‘wnémgP =1

Or course, (4.2) is automatically satisfied in this case.
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4.3. Final comments. We close with some remarks about the physical meaning of the prob-
lem we just described. Readers are referred to [4] for a more thorough physical discussion.
Below, we list some the first few 1,4, .

n|l my wnémg
5 _zr
1/0[ 0 Y0 = == <£O> o
3
2100 0 ¢200=4\}ﬂ<%>2<2—f—5)e%
3
21110 P10 = 4\/15 a_z()) 2 ﬁeifao €os ¢
3
2|11} +1 o141 = \}g (%) ’ Zre %0 sin pet?

— 182 22—;) ¢ B0

20

w
o
(@]
<
w
o
o
\
oo
=
—
5
N
L~ |©
&N
[SJ[o% ]
[S] [V g
N)
\]

- f—(’;) fge Se0 coS @
3
311+ 1| a4 = 81/377 (%) ’ (6 — f—g) Zre 520 cos pet?
3
312 0 77@320 = 81\1/@ <%> ’ Z2526 3’10 (3 COS ¢ — 1)
3
32| 21| oo = iz (£) LFe

0

3

2 2 .
(g) Z%r2 ~Z sin? GeL2i0

oo
—
N
g
N
D

+i6

3121+2) Yswr =57

It is possible to show that the constants E,, ¢(¢ + 1), and m, have important physical
interpretation: [, corresponds to the electron energy, ¢(¢ + 1) to the magnitude of its
orbital angular momentum, and m, 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 m, 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. Remembering that |¥|? is a probability density, what these orbitals represent are
“clouds of probability,” 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/

We finish mentioning that in a more detailed treatment of the problem, u 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,


http://demonstrations.wolfram.com/VisualizingAtomicOrbitals/
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FIGURE 1. An illustration of FIGURE 2. An illustration of
the orbital 1s (n = 1,0 = the orbital 2p (n = 2, =
O,mg:O). 1,mg20).

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

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  to be the reduced mass.
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5. SEPARATION OF VARIABLES FOR THE ONE-DIMENSIONAL WAVE EQUATION

Consider the wave equation in one dimension:
2
Uy — 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 v = u(t, x) with x € R.

We are interested in the case when the spatial variable belongs to a compact interval,
eg., 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(¢, ) representing the string amplitude at x at time ¢:

// \\
, N
, N
, N
N
u(t,z) L7 N
, N
. N >
N 7 T
S 7
N e
N
z=0 D it z=1L
N 7’
~ I

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 — uy, = 0 in (0,00) x (0, L)
u(t,0) = 0 (5.1)
u(t,L) = 0

where the wave equation is defined for all ¢ € (0, 00) and « € (0, L). 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:

u,(t, x) = (an cos (?t) + b, sin (%t)) sin (%x)

where n = 1,2,3,... and a, and b, are arbitrary constants. Since the equations is linear,
sums fo the above function are solutions, i.e.,

N N
nmwc e nmw

olt:) = 3 (ancos (Z77) + busin (“770) ) sin (Fa)
nz:;u( x) ; @, COS 7 + b,, sin 7 sin Lx

is also a solution.

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

u(t,z) = i <an Ccos (%t) + b, sin <?t>> sin <n%x> (5.2)

n=1

provided that this expression makes sense, i.e., the series converges.
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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 coefficients
in order to make the series converge or diverge.

Therefore, we consider the above BVP (5.1) 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), Owu(0,z)=h(z), 0<az<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 solutions that satisfies the initial
conditions.

Remark 5.2. Note that any multiple of the (formal) solution w will also be a (formal)
solution. This is encoded in the arbitrariness of a,, and bn~, since if we multiple u by a constant
A, we can simply redefine new coefficients as a,, = Aa,, b, = Ab,,. This freedom, however, is
not present once we consider initial conditions, since if u(0,z) = g(z), d;u(0, z) = h(x) then
Au(0,x) # g(x), Adwu(0,x) # h(z) (unless A =1).

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

Uy — ity = 0 in (0,00) x (0,L),c¢>0
u(t,0) =u(t,L) = 0, t>0
u(0,2) = g(x), 0<z<L
Owu(0,z2) = h(z), 0<z<L,

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, x) and d,u(0, x), because the wave equation
is second order in time. Note that g and h have to satisfy the following compatibility
conditions:

(5.3)

9(0) = g(L) = h(0) = h(L) = 0. (5.4)

We have already derived a formal solution to the wave equation satisfying the boundary
conditions (5.2). It remains to investigate the initial conditions. Plugging ¢ = 0:

O’ pummy pu— n 1 <_ ) .
u(0,x) = g(z) ngl apsin (2
Differentiating v with respect to ¢t and plugging t = 0:

Owu(0,z) = h(z) = i ?bn sin <n%x) :

n=1
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Since g and h are in principle arbitrary, the above is essential 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.
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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

FS{f}(x :——i-Z(ancos( > + by, sin (nzx))) (6.1)

where the coefficients a,, and b,, are given by

/ fla cos("zx) dz, n=01,2, .. (6.2)
/ fla sin nre )d:v 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 evening 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, —7<x<0

f(x):{ L, 0<z<m

We compute:

1 s
ap = —/ f(z)cos(nz)der =0 (even-odd functions)
™ —Tr
1 [7 ) 2 [T )
b, = —/ f(x)sin(nx)de = — [ f(z)sin(nx)dz
™ J_x T™Jo N~

”:E(E_Q)

Thus:
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_4 (sin(a:) + %sin(Bx) + %sin(5a§) + ) .

Note that f(0) =1 but F.S.{f}(0) =0, so F.S{f} # f.

3

Example 6.4. Find the Fourier series of f(z) = |z|, —1 <z < 1. Compute:

1 1
ag = f(x)dx:2/ xdr =1,
-1 0

2
m2n2

an = 1 f(x)cos(nmz)dr = 2 /1 x cos(nmr)dxr = (-1)"—=1), neN
-1 0
1
b, = f(x)sin(nrz)der =0 (even-odd).
-1

Thus

+ Z 2 ((=1)" = 1) cos(nmx)

1 1
- = (cos(mc) tys cos(3mx) + % cos(bmzx) + ) :

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 continu-
ously 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°([)
is the space of continuous functions on /. 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
_fa?sin(l), 2#£0
J(x) = { 0, =0

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

Remark 6.7. Note that C*(I) C CY(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 fis C* except possibly at a countable number of isolated points.
Example 6.9.
(1) The functions |z| and
1, >0

ro={ 1120

are piecewise smooth (C*) functions.



MATH 3120 25

(2) Below is piecewise C*° function.

\J

ool
ENE
NG

is not piecewise C* because the set of points where it fails to be C* are not isolated.
6.2. Convergence of Fourier Series.

Notation 6.10. We denote by f(z") and f(z7) the right and left values of f at x, defined
by

=1l h =1 h).
fa7) = lim flz+h), fl@7)= lim f(z+h)
If f is continuous at x, then f(z) = f(x~) = f(x), but otherwise these values might differ.

Example 6.11. Consider the unit step function,

1, >0
H(t):{ -1, =z <0.

Then H(0") =1 and H(07) = —1.
Theorem 6.12. Let f be a piecewise C' function on [—L, L]. Then, for any x € (—L,L):

FSAf} ) = 5(f) + fa)) (6.4)
and
FSAFYED) = S(f(-L) + F(L7). (65

In particular, F.S{f} converges.

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

flz) = % + i (an cos (?) + by, sin (?)) : (6.6)
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graph of f graph of F.S.{f}
fot)y =1 1 frm)=1
\
I
I
I
\
| l
1 —» —@ o>
jbr 7T —m T
\
: I
\
\
fl=rt)y=-1 FO7) =-1
( '—69,1 (07) D 4

Example 6.13. We graph

-1, —7m<2<0

f(x):{ 1, Og_argﬂ
and F.S.{f}(z) below (note that f is piecewise C!)

Example 6.14. Since || is continuous and piecewise C':

| = % £y nfﬁ (=1)" — 1) cos(nrz).

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

+Z (an cos (%77) + busin (7)) .

we have

F.SA{f'}Hx)

> (o oo (1)) + 0 (o0 (7))

n=1

2 (—anmr “in (nzx) N bﬂlzjm: cos <n7Irjx)> .

In particular, if f' is continuous at x, we have

f(x) = Z; n% <—an sin <n2 > + by, cos <n2x>> :

n=

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

n+1

FS{f}(x Z sin(nx),
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which converges for any x, but the term-by-term differentiated series, which is

2 Z 1) cos(nx)

diverges for every .

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

FS{f}(x ):—ao—l—Z(ancos (m; ) + by, sin (m;x)) (6.7)

Then, for any x € [—L, L]:

/_xL f(t)dt = /_xL %aodt + g /_IL (an cos (nTﬂt) -+ b, sin (?)) 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:

303 (oo (1) s (7))

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

write
n
V= E Ci€4,

where {e;}"_; is an orthogonal basis of R". In other words, we have to find the coeflicients
. Since the vectors e; are orthogonal

GlGJZOIfZ#],

where - is the dot product, a.k.a. inner product of vectors. Thus, for each 7 =1, ..., n:

v-€j
GJ'U:E Ci€j € = Cjej * €j == Cj = .
- €€

We want to do something similar to find the Fourier coefficients a,, and b,. Consider the
functions
1 -
Eo(z) = 2 E,.(z) = cos (?) , E,(r)=sin <?> n=12 ..
Then:

f = aOEO + Z(anEn + bnEn)

n=1

This is very similar to the case in R™. In fact, the space of piecewise C* is a vector space,
so (6.3) 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
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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)ie = / f(2)g(x)dz (6.9)

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

1fllz2 := VS, f)- (6.10)

We sometimes write || - || for || - ||;2. We also write (-,-)z2;) and || - ||z if we want to
emphasize the interval I.

It is a simple exercise to show that (-, )2 has all the following properties, which are similar
to the properties of the dot product:
(1) (f,g) € R when defined

(2) (f,9) =g, 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) < oc.

Remark 6.19. The dot product has the property v -v =0 = v = 0. This is not true for
(-,-)r2, as the example

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

shows. However, if f is continuous, then it is true that (f, f);= = 0= f = 0.

Consider now [ = [~L, L] and let us go back to (6.3). A simple computation shows that
(En,Ep) =0if n#m, (E,, E,) =0if n#m, (E,, E,) =0, (E,, E,) = L,

{
L n=0
—J
(En, En) {L, n > 0.

Taking the inner product of (6.3) with E,,, E,,,m > 1, and Ey, gives:
<f7 Em> = aO<EO’ Em> + Z(an<Ena Em> + bn<E~n7 Em))
n=1

{f, Em)
L

= am(Em, Bn) = anl = a,, =

(f, Eo) = ao(Eo, Eo) + Y _(an(En, Eo) + ba(En, Eo))
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Writing explicitly (-,-) in terms of an integral and using the definitions of E,, 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(x) = f(z+2L)
for all z. 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 con-
sider its Fourier series (note, however, that this extension is not unique). This is illustrated

in the picture below:
—L L /L M ;,/u >

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

nmL
T

F.S.{ f}(z) = % + Zan cos ( ) , x€l0,L], (6.11)

where

f(a:):{ ff(x)’ ogng? (6.12)

The Fourier coefficients of f are

ay, = %/_i f(x) cos (nLLx> dz = % i (x) cos (nLLx> dz = ay,, (6.13)

by = %/_LL f(a) sin (”—Zx> dz =0, (6.14)

where we use that f is even. Thus, for z € [0, L]

FS{f}(z)=F.S<{f}(x). (6.15)

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.
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Similarly, we define the sine Fourier series of f : [0, L] — R by

F.85 Y (z) = f: b, sin (?) (6.16)

b, = %/OL f(x)sin <?> dz.

Letting f be an odd extension of f,

fo-{ {5 95558 o4

where

We find the Fourier coefficients of f to be
1 [F .
a, = T /_L f(z) cos (?) dz =0, (6.18)

b, = %/LL f(x)sin (?) dz = %/OL f(z)sin (n_z:z:) dz = by, (6.19)

thus F.S.{f}(z) = F.S5™{f}(z),z € [0,L]. 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

Uy — Pty = 0 in (0,00) x (0,L),c>0
u(t,0) =u(t,L) = 0, t>0
u(0,2) = g(x), 0<z<L
Owu(0,z) = h(x), 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 formed solution to this problem is given by:

ult, z) = f: (an cos ("T) + b, sin (m;t)) sin (?) (6.21)

n=1

(6.20)

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

= . (nTX
g(x) = ; (p, SII (T) 5

and

o
nmwe, . (NTT
h(l’) = ; Tbn Sin (T) .
The last two expressions mean that g and h equal their sine Fourier series, with Fourier
coefficients given by a,, and "7¢b,, respectively. These equalities will in fact be true if we
make suitable assumptions on g and h. Let us assume that g and h are C? functions. Then,
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from the previous theorems for Fourier series, we know that g and h equal their sine Fourier
series, and the coefficients a,, and b, are given by
L

2 [E . /nTx 2 . /nTX
a, = Z/O g(x) Ssin (T) d:L‘, bn = n_7TC ; h(:E) sin (T) dzx. (6.22)

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 (5.3) 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 = 1"(0) = n"(L).
Then a solution to (5.3) 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.
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7. THE 1D WAVE EQUATION IN R

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

Uy — Ctyy = 0 in (0,00) X (00,00),¢ >0
u(0,2) = wup(z), —oo <z <00 (7.1)
Ou(0,2) = wui(x), —oo <z < o0,

This is an initial-value problem for the wave equation (IVP). Compared to the initial-
boundary value problem we studied earlier, we see that now x € R, so there are no boundary
conditions. This initial-value problem is also known as the Cauchy problem for the wave
equation, a terminology that we will explain in more detail later on. We refer to the functions
uo and wu; 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,z) = F(x + ct) + G(z — ct).
Proof. Set a:=x + ct, :=x — ct, so that t = 2i( —pB),x = %(OH—B), and
),

v(, ) = u(t(e, B), z(e, B)).
Then, from u(t,z) = v(a(t, z), f(t,x)) we find
U = Vo 0y + V803 = cvy — CUg,
Ut = CUaa 0 + CU P — CUBa 0y — BBy
= Voo — CQUQB — 621)5& + 62055,
Uy = Vo Oy + V38; = Vo + Vg,
Upy = Voo Oy + Vapfz + Vgaly + V330
= Vaa T Vap + Vga + Vps-
Thus, 0 = uy — Py, = —4c*v,5, where used that v,s = vg, since v is C? (because u is C?
and the change of coordinates (¢,z) — («, ) is C*°). Thus, in («a, §) coordinates the wave
equation reads: v, = 0.

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

- / 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(B), and in (¢, x) coordinates: u(t,x) = F(z + ct) + G(x — ct). O
)-

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

G(z) G(z —ct)

x

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

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

u(t,z) = 2+ 7) _; vl =) | %
This formula is known as D’Alembert’s formula.
Proof. Note that ug € C?,u; € C*. From

u(t,z) =Flx+1t)+G(x —1t)

in the pervious result, we have

/ )y, (7.2)

—t

adding to u(0, z) :

Pa) = gule) +3 | widy+ 5

Plugging back into u(0, x) :

1 1 [ C
G(z) = Quo(l’) - 5/0 ur(y)dy — 5
Replacing x — x +t in F and = — = —t in G and adding gives the formula. O

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 (3! of 1d wave). Let uy € C*(R) and uy € C'(R). Then there exists a unique
u € C?([0,00) x R) that solves the Cauchy problem for the 1d wave equation with data ug, u;.
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,u;) thus they are equal, establishing uniqueness. To prove existence, defined u
by D’Alembert’s formula. Then u € C*([0,00) X R) since vy € C? and u; € C', and by
construction u satisfies the wave equation and the initial conditions. 0
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Definition 7.5. The lines x + t = constant and z — ¢ = constant in the (¢,z) plane (or
x+ct = constant, x —ct = 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 ug(x) = 0
for x ¢ [a,b]. Since ug(x +t) and uo(x —t) are constant along the lines x + ¢ = constant and
x — t = constant, respectively, we see that u(t,z) # 0 only possibly for points (¢,z) that lie
int he region determined by the region lying between the characteristics emanating from a
and b as indicated in the figure:

t

r+t=a z+t="> rT—t=a z—t=">
u(t,z) =0
b<z+t
r—t<a
a<z+t<b a<z—t<b
r—t<z+t<a b<z—t<z+t
u(t,z) =0 u(t,z) =0
1 1 z
a b

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

Suppose now that ugp = 0 and that u;(z) = 0 for x ¢ [a,b]. Then f;jtt u(y)dy = 0

whenever we have [v — ¢,z +t]N[a,b] =, i.e., if x+t < aor x —t > b. Therefore, u(t,xz) #0
possibly only in the region {z +¢ > a} N {x —t < b}, as depicted in the figure

t

z+1i=a r—t=0»
r+t>a
and
r—t<b
r—t<x+t<a b<zx—t<uz+t
u(t,z) =0 u(t,z) =0
T 1
a b T

For general uy and w;, we can therefore precisely track how the values of wu(t,z) 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, x) for (t,z) € {x +t > a} N {x —t < b}. This
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reflects the fact that waves travel at a finite speed. The regions (¢,z) € {z+t > a}N{x—t <
b} is called the domain of influence of [a,b]. Consider now a point (to, z¢) and u(ty, zo). Let
D be the triangle with vertex (to,zo) determined by x + ¢t = x¢ + to,x —t = 9 — to, and
t=0:

(to, wo)

r—t=x9—1o r+t=ux9+1o

T =xo — to T =um+1o

Then

+_

’U,o(l'o -+ to) + Uo(.%o — to) 1 /xo—i—to
2 2 /.

u(to, xo) = uy (y)dy.

o—to

and we see that u(to, xo) is completely determined by the values of the initial data on the
interval [xg — to, 2o + to]. The region D is called the (past) domain of dependence of (tg, x).

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
up and u; 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 ¢y. u is C? except at the
point (ty, o). Writing u(t,z) = F(z+t)+G(x—t), we see that F is not C* at z+to and/or
G is not C? at xg — to. The two characteristics passing through (to, zo) are  +t = zg + to
and z —t = xg — to.

Thus, for any fixed 1, u(ty, z) fails to be C? except at one or two points, namely, 1 such
that

$++t1:$0+t0, I_—tll':l‘o—to.
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(t1, ) (t1,z4) t=to

r—t=x9—1p r+t=x9+1o

\J

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 unique-
ness 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.
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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 no-
tation/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 0f, is the set
00 := 0\ Q. We say that a boundary 99 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 note by |z| the Euclidean norm of an element x € R". Q and 092 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: S"! := 9B" = {x € R" | |z| = 1}. It is not difficult to see that
Sl is O, i.e., B" has a C™ boundary. For example, the upper cap of S"°!, given by
Sm=t N {z™ > 0}, is the graph of the function f: B"! C R"™! — R given by

flzt, 2" = /1= (212 — ... — (an1)2,

which is C®°.

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 z € U the graph of f at (z, f()) admits a
tangent plane. Thus, if 9 is C*, for each € 0 there exists a tangent plan to 0 at x,
denoted T,0€2. 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 the unit outer normals N, as x varies
over 0f2 forms a vector field over 02 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

—
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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 see 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 {d;}7;_;
such that ¢;,; = 1if i = j and ¢;; = 0 if ¢ # j. We identify the Kronecker delta with the
entries of the n x n identity matrix in the standard coordinates. We also define 6% := §;;,
which we also call the Kronecker delta and identity with the entries of the identity matrix.

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,Y) =) _ X",
i=1

which is also denoted by X - Y. We can write (X,Y) as (recall over sum convention):
(X,Y) =6, X"Y7
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
X, = 5,~ij, 1=1,...,n.

We say that we are lowering the indices of X and identify the n-tuple (X7, X5, ..., 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

(X,Y) = zn: Xy'
=1
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using our sum convention (thus avoiding to write > . ), one of the indices i needs to be
downstairs:

(X,Y) = XY,
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) =0, XY = X'6,;Y7 = X'Y,.
Similarly, recall that we wrote
curl’ X = eijkﬁij,

where we had artificially written X 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 0p;X7.

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 6;;X7. E.g.,

curl’ X = eijk(SM@ng.
But the point is precisely to have a compact notation, so 83 0X¢ = 9,64, X" = 0; X.

Remark 8.7. In the above computations, note that we can move dy, pass the derivative
because 0y, 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, ..., i; € {1,...,n}, j =
1,...,n. E.g.:
eF = 5,e",

K3
ik . ik
€, = 0j4€

j , etc.

Note that it is important to keep the order of the indices on the LHS due to the anti-
symmetry of €, so that eijk #* eij ¥ In fact, the order of indices always matter unless one is
dealing with objects that are symmetric in the respective indices. E.g., if a¥ are the entires
of a matrix, then

a; = 6;a”
j,
77

and in general a/ # a’,. However, if the matrix is symmetric, "/ = a’*, then a; = da’;, 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
D
A= 0" 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:

5t = 65,

It follows that
1

T ) Z:ja
s={4 177
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Note that raising and then lowering (or vice-versa) an index gives the same object back.
E.g.
X, =0;X = X' =6§9X; =696, X" = X',
——

5

where we used 6, = 0 for i # /.
Recall that 0; = %. We define the derivative with an index upstairs by:

9" =570

Using this notation, we can write the Laplacian as:
A =30; = 699,0;.
We sometimes abbreviate afj = 0,0;,02 “x = 0,00k, ete.

1

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, on 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.

4. Calculus facts. We collect a few calculus facts that we will use alter 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

/Guvdx— —/u@ivdx—l—/ wvr'dsS,
o0

i =1,..n, where v = (v!, ..., ") is the unit outer normal to 9 and d.S is the volume element
induced on 0.

Students who have not seen the above integration by parts in R" can view it as a general-
ization of the divergence theorem in R3. The latter can be written (using Stewart’s Calculus

notation):
[{[ aiv Fav = [ F.d9.

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

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

we find
div F = div(uv, 0,0) = 0, (uv) = dyuv + ud,v,

and similarly for €5 and 5. Recalling also that d? = 7WdS, where 7 is the unit outer
normal,

F.dS = (w?,) 7dS = we, - 7dS.
But ;-7 =it component of W= n’, thus

F . d? = won'.

Plugging the above into the divergence theorem:

jff(@iuv + udjv)dV = ff uvn'dS

which is the formula we stated in a different notation.

Definition 8.9. Let u € C*(Q). The normal derivative of u, denoted 2%, is a function
defined on 0€2by

— =Vu-v,
where v is the unit outer normal to 92 and V is the gradient.

From the integration by parts formula we can derive the following formulas (sometimes
called Green’s identities): for u € C'(Q):

/&udx:/ urtds.
Q a0

/Audx = @dS,
Q aq OV

/ Vu-Vudr = — / uAvdr + u@dS7
Q Q oo Ov

/Q(uAv —vAu)dr = /69 (ua — v$> ds.

9. FORMAL ASPECTS OF PDESs

For u,v € C?(Q):

Definition 9.1. A vector of the form

a=(ag,..,ap),
where each entry is a non-negative integer is called a multiindex of order || = a; + ... + a,.
Given a multiindex, we define:

olely
O(xt)or...0(xm)om’
where u = u(x!,...,x™). If k is a non-negative integer,
DFy = {D | |a| = k}

D%y =
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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:

9%u 0%u
a(z1)2 - Oxloxn
D*u = : , :
9%u 0%u
ox™dxt T 9(zn)?

We can regard D*u(x) as a point in R Tts norm is

|[Dru(z)| = [ IDu(z)]?,

|laf=k

where 37 ., means the sum is over all multiindices of order k. If u = (u',...,u™) is vector

valued, we define
D%y = (D“u’, ..., D*u™)

and set
Dy = {D | |a| = k},
and
[Drul = | > [Dou(w)]?
|la|=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(DFu(x), D" 'u(z), ..., Du(x),u(z),z) = 0,
x € Q, is called a k-th order partial differential equation (PDE), where:
F:R" xR" ' x .. xR'xRxQ—R

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

F(DFu, D*u, ..., Du,u,2) = 0 in Q.
() is sometimes called the domain of definition of the PDE.

Example 9.3. Au = 0 in R? can be written as
F(D*u, Du,u,z) =0 in R?
with F : R® x R®* x R x R® — R given by the following expression. First, we label the
QO
coordinates 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 5

1 2
B(a1)? 9102 " B(@d)2 dxl’ 7 s T T

SO

F = F(p117p127p137p217 -y P23,P1,P2,P3, P, Il,x2,$3).
7 N——

Vv
9 entries 3 entries
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Then F'is given by
F(p1, ., %) = p11 + paz + pss-

Example 9.4. Au = f in R? where f(z) = (21)? + (2%)? + (2*)?, can be written, using the
notation of the previous example, as in the definition with F' given by

F(p11, ---7$3) = p11 + D22 + P33 — ((901)2 + ($2)2 + ($3)2)-

Definition 9.5. A PDE
F(D*u, D, ..., Du,u,z) = 0

is called linear if F' is linear in all its entries except possibly in z. Otherwise it is called
non-linear. More precisely, denoting F : R™ x R" " x ... x R" x R"Q — R, by F = F(?, x)

? = ( Pk,1, ”-7pk,nk y Pk—1,1, ‘”7pk—1,nk*17 "'7p)7

nk entri;srfor RF k-1 entri:srfor R
we can write F(7,z) = Fy (7, x) + Fi(x), where F; contains all terms that do not depend
on 7 (i.e., terms that do not depend on u or its derivatives). Fy is called the homogeneous
part of F' and F; the inhomogeneous part. Thus, the PDE is called linear if Fjy is linear in
all its entries. The PDE is called homogenous 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, Fy(Du,u,z) = 0 is linear if it is
linear in Du. Since Du = (0yu, ..., O,u) we mean that F' is linear in each entry of (0yu, ..., O,u)
plus in the entry u. In other words, labeling the entries of F' = F(py, ..., pn,p, 2", ..., 2"), the
PDE is linear if F is linear in each p;, i = 1,2, ...,n, and in p. A linear PDE F(D*u, ..., u, x)
can always be written as

Z a, D = f,

| <k

where the a, and f are known functions defined on 2. 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 aoDu + ag(D*'u, .., Du,u,z) = 0,
|ae|=k

where the a : Q — Rand ap: R" ' x ... x R" x R x Q — R are given functions.
(2) A k™ order PDE is called quasi-linear if it has the form

Z ao(D* 1, .., Du,u, ) D + ag(D*tu, .., Du,u, x) = 0,
la|=k

where au, a0 : R" " x ... x R" x R x Q — R are known.
(3) A PDE is called fully nonlinear if it depends nonlinearly on its highest order deriva-
tive.
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Definition 9.7. An expression of the form
F(DFu(x), D" 'u(x), ..., Du(x),u(z),z) = 0,
is called a k' order system of PDEs, where

F=(F', . F :R™ x R™"

"X L X R™ X R x Q) — RE

is given and u = (u!,...,u™) : @ — R™ is the unknown. A solution to the system of
PDEs is a function u :  — R that satisfies the system of PDEs. We sometimes drop the
r-dependence and write

F(D*u, ..., Du,u,z) =0
in (2. 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
straightforward fashion to systems. In particular, a linear system can be written as

Z AuDu = f,

|la|<k

where A, : Q — R are known ¢ x m matrices (depending on x € Q) and f: Q — Rfis 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 variables
by 2. In this case we have n 4 1 variables and extend the multi-index notation to

olely
A(x0)20d(zt)r...0(xm)n

The domain of definition of the PDE in this case is Q C R™!, but it is convenient to take
it to be (Ty,Tr) x Q C R™", for some interval (T7,7Tr) C R and some domain  C R".
Typically (T7,Tr) = (0,T) for some T > 0. We also write R"*! = R x R" wen we want to
emphasize the the first coordinate, z°, correspond to time. We also write ¢t := 2 for the

time variable. Thus, % = %.

a=(ag,....,qn), loj=ay+..+a,, Du=

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“O,u = a’Oyu + a'du
= a0 + a'Ou
= a0yu + a'Oju + ... + a0, 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,,
o is an index summed from 0 to n, whereas in } ., a®D®, v is a multi-index summed over

all multi-indices with |«| < k. Finally, if « = («, ..., @) is a multi-index, we write o for its
“spatial part,” ie., @ = (1, ey ).
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We next state some useful calculus facts using multi-index notation. The formulas below
involve functions u = u(x!,...,2") and o = (ay, ..., a,,), but clearly similar formulas hold for

u=u(z’ 2!, ..., 2") and a = (o, A, ..., @, ). For multi-indices o and 3 define

al = aqlas!..ap!, a< s a; < fforeachi=1,...,n, % = on"

(1) Multinomial theorem:

|
(:El 4o+ xn)k _ Z (‘Oz‘)xa’ where <|O[‘) — ﬂ
«Q « al

laf=k

(2) Leibniz’s formula or product rule:

D*(uv) = Z (g) DPuD* Py, where (g) = 5!(+15)!‘

BLa

(3) Taylor’s forumla:

u(@)= 3 épau(ow + 0| as & — 0.

| <k
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 €. It may happen, however
(and it is often the case for non-linear PDEs) that we are able to find a solution u but w is
defined only on a smaller domain €' C 2. l.e., u satisfies the PDE only for x € ', where
' is strictly smaller than €. In fact, we a priori do not know whether it is possible to
satisfy the PDE for all z € Q. We still call such a u that is defined only on 2’ 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 2.

Example 9.10. Let us illustrate this situation with a simple ODE example. Consider the
Riccati equation 3y = y? in Q = (0,00) with initial condition y(0) = 1. The solution is
y(t) = 1. This solution, however, is not defined for ¢ = 1. Thus we in fact have a local
solution defined on 2 = (0,1) (we do not take " = (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
definitions 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 2. For
example, we may want v : 2 — R in a boundary 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
computations 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.
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C' will generally depend on a fixed data of the problem (e.g., the dimension n). Sometimes
we indicate the dependence of C' using subscripts or function notation, e.g. C, or C(n).
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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:
— 1 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| = ((x!)? + ... +
(z™)?)Y/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:

Ohr = $—2,a7 #0, Ou= v'm—z, Ofu = v"@ + (1 - @) .
r r r rooor

Summing from 1 to n:

Au ="+ n—_lv'
r
Hence Au = 0 iff v + "T’lv’ = 0, which is an ODE for v. If n’ # 0 we cam write it as
v 1—n
1 "N\/ — _
)y = % =122

which gives v'(r) = rnA, r for some constant A. If r > 0, integrating again we find

(r) = alnr +0, n=2
UT)— (1_2+67 n23,

rn

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

Definition 10.1. The function
1
== In |z| n=2
M(x):=< 277" 4
( ) { n2—n)wn Jz|"~2° n Z 37

is called the fundamental solution of Laplace’s equation.

Notation 10.2. We denote by B, (z) the (open) ball of radius r centered at x in R”, i.e.,
Bi(z) ={y eR" [ |z —y| <r}
Sometimes we write BJ'(z) to emphasize the dimension. We denote

wy, := vol(BY(0)).

In particular, ws = %ﬂ'.

Note that Al'(x) = 0 for « # 0 by construction. Sometimes we write I'(Jz|) to emphasize
the radial dependence on r = |z|. 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 the bar 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.
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Theorem 10.4. Let f € C*(R"). Set

Then:
(1) u is well-defined
(2) u e 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(z)| < C for every x. Moreover, again by the compact support of f, there exists a
R > 0 such that

[ re—nswa= [ TG =)

Thus,
1

[ re- y)f(y)dy‘ <o re-plase [ Ly
n Bpr(x) Br(x) [z — |

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

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

/ n2y// n2”1drdW—/rdr/
Br(z) ISC—Z/’ gn—1 T Sn—1

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

ulz) = / (o~ y)f )y = / () - 2)d=
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Note that 9;f and 8% f also have compact support, thus an argument to the above shows
that
ID()0:f (x — y)ldy and | |D(y)3; f(x — y)|dy
R™ Rn
are well defined. Let e¢; = (0,...,1,...,0) be the canonical basis vectors in R™ and let A > 0.
Then, for any x:

wle + heﬁ) —u(x) _ / It <f(:c + he; — %) — flz - y)) dy

[ rw (fothey) = fe=),,

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

f. Since

flx+eh—y)— flz—y)

}lllg(l) h =0;f(z —y)
and the integral of I'(y)0; f (z — y) is well defined,
u(r A he) —u(z) fl@+hei—y) — flx—y)
T h W
N [t hei —y) — flz—y)
= / T(y) (,lgr(l) h dy

= [ rwase - yay.

showing that the limit limj_,q “(‘”M+)_“(””) exists, i.e., Q;u(z) exists. Repeating this argument

with f(z — y) replaced by 9;f(z — y) we conclude that J7u(z) exists and

Oulz) = [ TWOS(x ~ y)dy

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

|075u(0) — Ofjulw)| =

/n L)@ f (w0 — y) — 02 f(x — y))dy

<. IC(W)|07 f (x0 — y) — 05 f (z — y)|dy.

Since 8%- f is continuous and has compact support it is uniformly continuous, i.e., given €,
there exists a 6 > 0 such that |0}, f(z) — 05 f(y)| < € whenever |z —y| < §. Putting € = §,
with C' = fBR(O) IT'(y)|dy ( which we already know to be finite), we find that if |zo — 2| < 6,

so that |(zg —y) — (x — y)| <, we obtain that

02 u(0) — Pu(z)| < /

BRr(0)

PI935 f (w0 —y) — 05 f(x —y)|dy <€,

<€

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

Nu(r) = 596%u(x) = / L(y) A f(z — y)dy,

n

= / L(y)Axf(z —y)dy + / C(y) A f(x —y)dy =: IT + 15,
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 = variable. Noticing that A, f(x —y) = A, f(z — y), Green’s identities give:

L— / () A, f(z — y)dy
R\ B(0)

of
= VI'(y) -V —y)d Ny)=—(x —y)dS
0 TVt =iyt [ TG - as)

=I5y + Ty,

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 5, I7,, and If,. Observe that:

I3 < / T A (e — y)] < C / T(y)ldy
Bc(0) ‘—Cf—“ B

<(0)

€1
S C/ Wrn_ldr = 062.
0

.
Since dS(y) = " *dw and |T'(y)| < C/e" 2 on 9B.(0):
: of
< [ rw)
0B.(0)

3@ =) ast) < ce
For If,, we integrate by parts again:

ov
I = — / V() -V, (- y)dy
R7\ B, (0)

or
= AT x—y)dy — — x—y)dS
Lo AT =0ty [ s - pas)

8B.(0)

_o- /8 N ) f e —y)dS(y),

B.(0) OV

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

V() = —2, yAo.

nw, [y’

The unit outer normal in the integral is given by v = ﬁ, thus

. 1 yP? B 1 B
15, = /m@ f(z — y)dS(y) = /aBe(O)f(:r y)dS(y).

nwy, |y Ny, €1

since |y| = € on 0B.(0).
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Making a change of variables x — y = 2z, we find
1

— [ rese)
n dB.(0)

€ __
Ill_

Note that nw,e" ! is the surface are, or volume, of 9B.(0) (e.g., for n = 3, nw, "' = 4me?),

so we write
1

I, = m /8B6(x) f(y)dS(y).

Au(m):/ ()+/ (..)=I1+ 15
R™\B(0) Bc(0)

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

Since we have

Au(z) = lim Iy + lim I

if the limits exist. From the foregoing:

lim I§ = 0,

e—0t

lim /7 = lim I{; + lim I3,
e—0F e—0t e—0t

0

. 1
= I oB. ) /aBe(x) 1(y)dS(y).

The result (3) now follows from the lemma stated right below, whose proof will be a HW. [0
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Lemma 10.5. For any continuous function h:

1
lim —————— h(y)dS(y) = h
0+ vol(9B.(x)) /@)Bf(m) W)d5) = i)
1
lim ———— h(y)dy = h
Proof. HW U
Remark 10.6. From the expression for I'(x) we obtain the following useful estimates:
C C
IDR(@)| < ey 1DT(@)] < p @ #0

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 €.

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

el o
u(r) = —————— udS = ——— udy,
)= @B, @) Jop " = Vol B@) S
for each B.(x) C Q.

Remark 10.9. This theorem says that harmonic functions are “non-local” since their value
at = depends on their values on 0B, (z); in particular r can be arbitrarily large for 2 = R".

Proof. Define
1

f(r):= —/ u(y)dS(y).
") =SB, @) ooy
Changing variables z = ==, recalling that dS = r"~'dw, vol(0B,(z)) = nw,r" "
1
flr) = / u(z +rz)dS(2).
9B1(0)

NWy,

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

1
"(r) = Vu(x +rz) - zdS(2).
7(r) /831(0) (2 +72) - 2dS(2)

NWy,

Changing variables back to y:

Jr) = W /aBT(@ vely) (3/ ; 55) 45().

Since -* = v =unit outer normal to 9B, (z):

1
"ry= —— Yu(y) - vdS
() /a o T S0)

nw, "1
1 ou

=—0 / ——()dS(y)

nwet 1 Jop, () OV
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1

n—1
nwy,r By(z)

where we used Green’s identities. Thus, f(r) is constant so
1
= =1
ol(@B. (@) /8 o u(y)dS(y) = f(r) = lim f(r)
1
pu— l. _—m pumy

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

(&

TV
=nwp s Lu(x)

O
Theorem 10.10 (converse of the mean value property). If u € C*(Q) is such that
1
uwr) = ————— / udS
vol(0B,(r)) OB ()
for each B,(x) C Q. Then u is harmonic.
Proof. This will be a HW. U

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

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

Students who have no 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. ”

Theorem 10.13 (maximum principle). Suppose that u € C?(2) N C°(Q) is harmonic where
Q is bounded. Then

max % = max u.
Q onN

Moreover, if u(xg) = maxgu for some xy € ), then u is constant.

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

Proof. Suppose that for some zy € Q, we have u(xg) = M = maxgu. For 0 < r <
dist(xg, 0R2), the mean value property gives:

1
M = = dy < M.
ule0) = L51B, (ao)) /Bm) vy =
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Equality in < happens only if u(y) = M for all y € B,(x(). Therefore the set A := {z € Q|
u(x) = M} is both open and closed in €2, thus, A = €2, showing the second statement. The
first statement follows form the second. 0

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

Definition 10.16. Let f: 2 — R and g : 92 — R be given. The following boundary-value

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

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

Au=f in€
u=g on S}

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.
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11. THE WAVE EQUATION IN R"

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

Ou=0 1in0,00) xR"
u=mwuy on {t=0} xR"
Ou=wu; on {t=0} xR"

where [0 := —9? 4+ 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) = uo(x), Qu(0,z) = uy(z), x €
R"™.
Definition 11.1. The sets
Cto,xo = {( )6( O0,00)XR”| |£L’—{E0|< |t_t0|}
toatg {(t,z) € (—00,00) X R" | [z — xo| <t —to},
oo = {(t.2) € (—00,00) X B | 2 — g <t — 1},

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

]Cto zo T Cto o N {t > O}

K oy =Cib oy N {t >0},
Kiowo = Ciwo N {t >0},

are called, respectively, the light-cone, future light-cone, and past light-cone for positive time
with vertex at (o, xg).

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, z0)

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 02(T) and v the unit outer normal to OQUt). If f = t(7,x) is smooth

then y
—/ fdx:/ 8de:c—|—/ fv-vdS.
T Jao(r) Q(7) oQ(r)

Proof. HW. (Compare this with the fundamental theorem of calculus). U
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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, (xo), then u = 0
within ICp (Thus, the solution at (to, o) depends only on the data on By (zo) and the

to,zo "
cone K, . is also called a domain of dependence).

Proof. Define the “energy” as

1
E(t):i/B ( )((8tu)2+|Vu]2)dx, 0<t<t

Then:
dE 2 1 2 2
- = (Opud;u + Vu - Vou)dr + = ((Ou)” + |Vu|*)v - vdS.
Bty —t(zx0) d

0Bty —t(z0)

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

vatt

Integrating by parts:

/ Vu - Voudr = — / Audyudr + / a—uf)tudS

Bty —t(zo0) Bty —t(zo0) OBt —t(20) v

Thus,
dE 1
b / (020 — Au) OudS + / O g — L / (Bu)? + |Vaul)dS
dt Bt 7t($0)ﬁ_/ 8Bt 7t(x()) 8]/ 2 8Bt 7t(xo)

B ou 1 9
_/mom (ayatu— (0)* - 5IVul )dS

1 1
< / (\VuH@tu\ — ~(Ou)? — —]Vu]Q) ds,
0Bt —t(x0) 2 2

where we used that 8"0tu < { atu| = ‘ | |Oyu| and

ou

Em =|V.-v| <|Vu| |v| =|Vul.

1

Now apply the Cauchy-Schwarz inequality ab < “7 + 2 with a = |Vul,b = |0ul, to get

2
dF 1 1 1
< Z 2 - 2 _ = 2) _
7 S /Mtw(m) (2|Vu| (3tu) 2((9tu) 2!Vu| ) 0
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thus E(t) is decreasing. Since E(t) > 0 and

E(0) = %/{wto(m)(@tu(o, 2))* + |Vu(0,2)]*)dz = 0.

-~ -

=uq(x)=0 |[Vug(0,x)]=0

We conclude that E(t) =0 for all 0 <t < .

Since E(t) is the integral of a positive continuous function over B;_y (), E(t) = 0 implies
that, for each ¢, the integrand must vanish, i.e.,

(Owu(t,x))* + |Vu(t,z)]* = 0

for all (t,x) € KCy, ,,, which then implies dyu(t,z) = 0 and Vu(t,z) = 0 for all (¢,z) € K
Since K, ., is connected, we conclude that v is constant in time and space within
u(t,z) = C =constant in K

to,w0"
ton 1€
to.zo- Oince u(0, ) = uo(z) = 0, C must be zero. O

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

1

Ult,z;r) = m /33,«(@ u(t,y)dS(y),
1

Up(z;r) = M/%r(a:) uo(t, y)dS(y),

1
Up(z;r) = m /a&(a:) ui(t, y)dS(y)

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