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Part I
The Wave Equation

I was observing the motion of a boat which
was rapidly drawn along a narrow channel by
a pair of horses, when the boat suddenly
stopped—not so the mass of water in the
channel which it had put in motion; it
accumulated round the prow of the vessel in a
state of violent agitation, then suddenly
leaving it behind, rolled forward with great
velocity, assuming the form of a large solitary
elevation, a rounded, smooth and well-defined
heap of water, which continued its course
along the channel apparently without change
of form or diminution of speed. I followed it
on horseback, and overtook it still rolling on
at a rate of some eight or nine miles an hour,
preserving its original figure some thirty feet
long and a foot to a foot and a half in height.
Its height gradually diminished, and after a
chase of one or two miles I lost it in the
windings of the channel. Such, in the month
of August 1834, was my first chance interview
with that singular and beautiful phenomenon
which I have called the Wave of Translation.

John Scott Russell

Resources:

1. Partial Differential Equations (2nd Ed.), Lawrence C. Evans
2. Introduction to Nonlinear Wave Equations, Jonathan Luk

3. Nonlinear Wave Equations, Gustav Holzegel




1 INTRODUCTION TO THE WAVE EQUATION

1 Introduction to the Wave Equation

1.1 Explicit Representation Formulas

In this section, we talk will work through the derivations of explicit representation formulas for initial value
problems of the wave equation,

Ou=uy —Au=0 (or more generally, f), (1.1)

where the unknown is the function u: U x [0,00) = R, u = u(x,t), with 2 € U°P*® ¢ R™ and ¢ > 0, A is taken
with respect to the spatial variables x = (21,...,2,), and f:U x [0,00) = R is a given function.
1.1.1 The Wave Equation in One Spatial Dimension — D’Alembert’s Formula

The simplest example of the wave equation happens in the case n = 1. Consider the following initial value
problem,

Upt — Ugr =0 in R x (0, 00
" (0,00) (1.2)
u=g,u=h on R x {t = 0}.
We note that the wave equation can be written in a more suggestive manner:
Ozutt—um = (8t+8x)(8t—8z)u = (6154‘69:)'1), (13)

where we set v = v(x,t) = u; —u,. Thus, v satisfies the transport equation, v; + v, = 0. Using the solution to
the transport equation in one dimension, one obtains the solution,

v(x,t) =alz -t),
where a(z) =v(z,0). This gives us the nonhomogeneous transport equation,
ug — Uy = alx - t),

for which the explicit representation formula was shown (see Appendix) to be

T+

u(x,t):fota(x+(t—s)—s)ds+g(x+t):%/ ta(y)dy+g(a:+t). (1.4)

-1

It remains for us to identify the function a(z,t). Using the definition of v(x,t), at ¢ = 0, one has,
a(z) = v(x,0) = us(z,0) —ugy(2,0) = h(x) - ¢'(x).

Therefore, using the fundamental theorem of calculus and the above results, we conclude that

T

+t
h(y) dy (x e R",t>0). (1.5)
-t

u(a,t) = 5 lo(e+1) - gle -] + 5

This explicit formula is called d’Alembert’s formula for n = 1. Hence, we have shown that if the wave
equation has a “sufficiently smooth solution u”, then it must be given by d’Alembert’s formula. The following
theorem formalizes this result.

Theorem 1.1 (Solution to the Wave Equation (n = 1)). Assume g € C2(R), h € CY(R), and define u by
d’Alembert’s formula. Then

(i) ue C*(Rx[0,00)).

(ZZ) Ut — Ugpy = 0 in R x (0, oo)
(#ii) lim )u(a:,t) =g(2°) and lim ug(z,t) = h(2®) for each point z° € R.

(@,t)~(2°,0 (x,t)—(«",0)
t>0 t>0
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Proof.
(i) Define u by d’Alembert’s formula. Then we compute the following:

wy = %[g'(m i)+ g (z-t)]+ %[h(m 1) = h(z-1)].

up = %[g'(m i) =g (z-1)]+ %[h(x 1)+ h(z—-1)],

whence
1

= 30"+ 0) 4" (@ = 0]+ S[H (e 4 ) - W (2 -1)]

Uy = %[g"(x it)—g"(z-t)]+ %[h’(x )+ B (@ -1)].
= %[g"(x )+ g (@ -]+ %[h’(a: )= (z—-1)].

Since ¢’,¢” and h,h’ are all continuous at every x € R and ¢ € [0,00), as are the functions z + ¢ and
x —t, we conclude that each of the first and second-order partial derivatives of uw are continuous on
R x [0,00). Thus, u € C%(R x [0, 00)).

(ii) From the above calculations, it follows immediately that s — ug, = 0.

(iii) By (1), u is continuous at every (x,t) € R x [0,00), and thus continuous at every point of the form
(z°,0) e R x {0}. Thus by the limit definition of continuity, one has

li ,t) = 0.0)= .
L m ) = u(,0) = (")

Likewise, by our remark above, u;(x,t) € C*(R x [0, 00). Thus by the limit definition of continuity, one
has

1' ,t = 070 :Zh 0 .
(m)g&%)ut(w) ug(x”,0) = h(x”)

O
1.1.2 The Wave Equation in One Spatial Dimension — Half-Line
Now we will consider the modified initial value problem,
Utt — Ugy = 0 (1n R_,_ X (O, OO)
u=g,u;=h (in Ry x {t=0}) (1.6)

u=0 (on {x =0} x (0, 00).

To solve this problem, we will use the method of reflections; i.e., we will extend the initial value problem to
the entire real line by means of the odd reflections:

u(x,t) x>0
—u(-z,t) x<0.

() - {g(m)’ o2y

u(x,t) = {

—g(_ﬂf), T < 07
~ h(zx), x>0
M) = {—h(—x), <0

It is straightforward to check that 7, ’g“,ﬁ satisfy the ordinary wave equation (n = 1) on the whole real line.
Thus by d’Alembert’s formula, we obtain the following solution:

(. t) = [9(x+t)—g(x—t)]+%f::th(y)dy (z>t>0)

N~ N~

o +t)-gt-0)+1 [ hydy  0<a<)
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1.1.3 The Wave Equation in n > 2 Spatial Dimension — Kirchoff’s and Poisson’s Formulas

In this subsection, we will develop explicit representation formulas for the wave equation for dimensions n > 2.
To develop these formulas, we require the method of spherical means. Consider the following definitions.

Definition 1.1 (Spherical Means).

(i) Let x € R™, t>0, and r > 0. We define the average of u(-,t) over the sphere OB (x,r) to be
Uwsr,t) = f. 1) dS(y). 1.8
(r0)=f  ulun)asw) (18

(ii) We make the analogous definitions,

{G(x;r) = fonam 9() dS().

H@) = fopon h(©) dSW). (19)

For any fixed x, we will regard U,G, H as functions of  and t.

Lemma 1.1 (Euler-Poisson-Darboux Equation). Fiz 2 € R™, n,m > 2, and let ue C™(R" x [0,00)) satisfy
the initial value problem,

Ugg — Au=0 (in R™ x (0, 00))

u=g,u=h (in R™ x {t =0}).

Then U € C™ (R, x [0,00)), and Uy satisfies the Euler-Poisson-Darboux initial value problem,

n-1 .
Utt—Urr—TUrZO (in Ry x (0,00)) (1.10)

U=G,U;=H (on Ry x {t =0}

Proof. We begin by taking the partial derivative of the spherical mean U with respect to r. To do so, we
rewrite

1 1
U;,t:][ ) dS :7f 1) dS(y) = 1) dS(2).
(x57,t) BB(x,T)U(y ) dS(y) na(n)r aB(m.)U(y ) dS(y) na(n) OB(071)u(m+rz ) dS(z)
Thus,
Uity = — < [ ez dS(2)
r LT, 0) = na(n) or 83(0,1)u r+rz, z
1

= D t)-zdS
na(n) Joso u(x +rz,t)-2dS(z)

rl—n

Y-
= D t)-——dS
na(n) JoB(z,r) u(y:t) r ()

r ou
=— — dS
na(n)rm faB(a:,r) v )
r r
=— Au dy = — Au d
na(n)r" »[B(m,r) uay B(z,r) “ay,

where passing the derivative inside the integral in the second line is justified since u is sufficiently smooth
(meaning that Du exists a.e. and is integrable on dB(0,1)), and the final line follows from Green’s formula.
Now taking some large R > 0, and restricting to 0 < r < R/2, one has that since B(x,r) c B(xz, R/2) and Au
is continuous (so that the extreme value theorem applies),

| AUl Lo (B(2,ry) € 1AUl L= (B2, R)) = C < 00




1.1 Explicit Representation Formulas 1 INTRODUCTION TO THE WAVE EQUATION

Hence,

Up(x;r,t) < ¢
n

r = _1i%1+ Ur(z;r,t) =0.

Now we will compute the second partial derivative of U with respect to r. We compute,

1= 1-n
Urr(x;r,t)=7nfB(M)Au dy + — 0 fB(I Y Au(y,t) dy

na(n)rn no(n) or
1-n i n
=y Sy s [ Auy ) dS()

1
= A t)d —-1 A t)d
AB(m,r) U(y7 ) S(y) " (n )]lB(a:ﬂ‘) U(y, ) Y

where the second line follows from the coarea formula (see Appendix). By applying similar reasoning to
above, one computes that lim, o+ Uy (2;7,1) = (1/n)Awu. In this manner, repeatedly differentiating U, one
sees that U € C™ (R, x [0,00)). Now differentiating,

d
(n-1)r"2U, +r"'U,, = d—(r"_lUT)
r

a1
~ drna(n) JB(.r)

1
= as
na(n) JoB(z,r) ust dS(y)

n-1 n—-1
= ds =T U s
r ]{ B(z,r) Utt (y) tt

Uy dy

with the third line following from the coarea formula. O

Now we will derive the explicit representation formula for the 3-dimensional wave equation by reducing the
system to the one-dimensional Euler-Poisson-Darboux equation and solving this system using the formula
we derived for the one-dimensional half-line equation.

Kirchoff’s Formula for the Wave Equation (n=3) Suppose u € C%(R?x [0, 00)) solves the initial-value
problem

{Utt -Au=0 (in R? x [0, 00)) (1.11)

u=g,ur=h (on R? x {t = 0})
Define the functions, U = rU(x;r,t), G(r) = rG(x;r), and H(r) = rH(z;r). Then we observe the following:

() . ,
Utt = TUtt =T I:Urr + *UT:I
T

=1Upy +2U, = (U +7U,)y = Uy

(i) On Ry x {t =0}, U =G and Uy = H so that U =G and U, = H.
(iii) For r =0, 0B(«x,0) =@ so that U =0 on {r = 0} x (0, 00).
In other words, we have shown that U satisfies the following initial value problem,
Utt_Urr =0 (in Ry x (0,00))
U=G,U=H (on Ry x {t=0})
U=0 (on {r =0} x (0,00))

Using the solution for the one-dimensional wave equation on the half-line, for 0 < r < ¢, one has

O(ir,t) = 5[Gr+ )~ G- + f:tﬁ(y) dy.




1.1 Explicit Representation Formulas 1 INTRODUCTION TO THE WAVE EQUATION

On the other hand, one has that

u(,t) = lim Uz t)
r—0* r
o [GUret)-Gl-r) 1 it
- i | PR L [ A a
=G'(t) + H(t).

Recall again that

0= 5 (., 10 )

o( 1
T ot (na(n)t /OB(x,t) 9 dS(y))
1 1 9 (.2
7 oty 9 8500 o (#0120 852)

2 1 Yy—x
L S S+ s [ gatz) dS(2) ¢ ey oy D) (57 asw)

na(n) t

f o AW f D) (=) dS (o).

(1.12)
Likewise, one has

H(t)=tH(t) = DB th(y) dS(y).

Therefore, we conclude that

u(w,t) :ng,t) th(y) +g(y) + Dg(y) - (y — =) dS(y) (1.13)

This is Kirchoff’s formula for the wave equation in dimension 3.

Poisson’s Formula for the Wave Equation (n = 2) Assume u € C?(R? x [0,00)) solves the IVP for
n = 2. Unlike for the n = 3 case, we will consider the 2-dimensional problem and “view” it as a 3-dimensional
problem. Define @(z1,x2,x3,t) = u(x1,x2,t) so that u satisfies the IVP

'U/tt -Au=0 (1n RS X (0,00))
=g, =h (on R? x {t = 0}),

where we define § and h analogously. For z = (x1,29) € R?, write Z = (x1,22,0) € R®. Then by Kirchoff’s
formula, one has

a _ _
tYy=ulzx.t)=—1t gdS t hdS
’U/(-’L‘a ) U(fL’, ) 8t (]gg(.’i,t) 9 ) * 83(@,0 ’

where B(Z,t) denotes the ball in R3 with center Z, radius ¢ > 0, and where dS denotes the 2-dimensional
surface measure on 0B(Z,t). But we can write

_ 1 _ 2
gdsS = f gdsS = [ 141D 212 gy
]gB(i,t)g 4rt? BB(i’,t)g 4mt? B(x,t)g(y)( 1Dy (»)I7) Yy

where y(y) = (t2 = |y —z|>)'/? for y € B(z,t). The factor 2 comes from the two hemispheres of dB(Z,t). Since
(1+|Dy)?)Y2 = t(t? - |y — z>)"/2, one has

GdS = 9(y)
as=— [ I
]gg(m) g 27t JB(a,t) (12 - |y — x[?)1/2 Yy

t 9(y)
- - NI,
2][1;<z,t> @ —ly—ap)2 "
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Using this and the coarea formula, one obtains

19, 9(y) t h(y)
u(x,t) 20t ( ][B(x,t) (12 — |y — z[2)1/2 Y+ 2B (12 - |y - 2|2) 1/ Y

Using the same reasoning as above to pass the derivative inside the integral, one has

9 (2 9(v) _ ][ 9(v) ][ Dg(y) - (y-=)
at (t]g@,t) @y Y Toeny @ ly= a2 Y Ty @@=y a2y 2

Thus for n = 2, we obtain Poisson’s Formula,

1 t t?h(y) +tD (y-=x 9
u(z,t) = E]ZB(N) o) (tz(ig?y _xg)(fj/)z =) dy (reR*t>0) (1.14)

Notice that in solving the wave equation for n = 2, we used the method of descent; i.e., we solved the problem
for n = 3 first, and then dropped down to n = 2.

General Solutions for n > 2 Following similar extensive calculations as above (see Appendix for the
work), we obtain the following solutions to the wave equation,

)7 ro5) () ()| 2

AN h(y)
= " S LS A n>2
" ( t 675) ( ]g(a;,t) (t2 - |y — z|?) /2 Y n evén

where in the first equation 7, =1-3----(n-2), and 8(n) =2-4-----(n—-2)-n. The above solutions highlight
an interesting contrast between odd-dimensional, and even-dimensional solutions. Note that if n is odd and
n > 3, the initial data at a point = € R” only affect the solution u along the boundary {(y,t) |t >0, |z -y| =t}
of the cone C = {(y,t) | t > 0,]x — y| < t}. On the other hand, if n is given, the initial data can affect
the solution within all of C. Thus, a disturbance originating at x propagates along a sharp wavefront in
odd dimensions, but continues to have effects even after the leading edge of the wavefront passes in even
dimensions. This phenomenon is Huygen’s principle.

Sl

1.2 Solution to the Nonomgeneous Wave Equation

Now we will use the solutions from the previous sections to address the nonhomogeneous wave equation,

Uy — Au= in R" x (0, 00
w-du=f (R (0,00) w16
u=0,us=0 (on R" x {t =0}).
To solve this problem, we use Duhamel’s principle! by setting u = u(x,t;s) to be the solution of
wa(s) = Au(s) =0 (IR % (0,00)) (117)
u(;8) =0,ue(8)=f(-,s)  (onR™ x{t=0}). '
Thus, by Duhamel’s principle,
t
u(a,t) ::f u(a,t:s)ds  (zeR™,t>0) (1.18)
0

1See https://en.wikipedia.org/wiki/Duhamel%27s_ principle for an explanation.



https://en.wikipedia.org/wiki/Duhamel%27s_principle

1.3 An Introduction to Energy Estimates 1 INTRODUCTION TO THE WAVE EQUATION

is a solution of the above nonhomogeneous wave equation. Consequently, the solution to the general inho-

mogeneous wave problem,
Uy — Au= f (in R™ x (0,00))
u=g,us=nh (on R™ x {t =0})

is equal to the sum of the solutions to the problems

{utt - Au=0 (in R™ x (0, 00)) nd {utt -Au=f

u=g,ug=nh (on R™ x {t =0}) u=0,u =0

(1.19)

(in R™ x (0, 00))

(on R™ x {t =0}) (1.20)

1.2.1 Example 1: Solution to Nonhomogeneous Problem for n =1

By d’Alembert’s formula, one has

1 T+t+s
u(z,t;5) = §L_t+s f(y,s) dy.

Thus,

1 t T+t+s 1 t T+s
u(x,t):ff [ fly,s) dde:ff f fly,t—s) dyds (x eR,t>0).
2 Jo xr—t+s 2 Jo -8

1.2.2 Example 2: Solution to Nonhomogeneous Problem for n =3

By Kirchoft’s formula, one has

uetis) =(t-s)f o f(s)dS.

This implies that

uwn)= [(=9)f - f(5) dsds

t 1
- \/(; (t N S) 47T(t - 8)2 \/E;B(w,t—s) f(y’ S) dsds

t
:if f F.8) 164
47 Jo JoB(zt-s) t—s
t _
:i/ / F@t71) ysar.
47 Jo OB (z,r) T

Hence, we conclude that

1 t—|y-
u(axt):fB(wt)f(y’Mdy (z eR3,t>0),

4 ly - x|

where the integrand on the right is called a retarded potential.

1.3 An Introduction to Energy Estimates

In this section, we will introduce the concept of energy for the initial value problems for the wave equation.
Subsequently, we will use the energy to establish some fundamental properties of solutions to the wave
equation. In particular, we will show uniqueness of solution, and finite propagation speed. Our standing
notation for this section is as follows. We will be working with a bounded, open subset U ¢ R™ with a smooth
boundary AU, and the sets Ur = U x (0,T], I'y = U; \ Ur, where T > 0. We will also be looking at the general

initial value problem,
wt—Au = f in Up

u=g on I'r
ug =h on U x {t=0}.

(1.21)
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Theorem 1.2 (Uniqueness for the Wave Equation). There exists at most one function u € C*(Uy) solving
(1.21).

Proof. Suppose 7 is another solution in C?(U;) to the given initial value problem. Then w := u— solves the
following initial value problem
wy—Aw =0 in Up

w=0 on I'p
wy =0 on U x {t =0}.
Define the energy,
e(t) = % wa(z,t) +|Dw(z,t)* de (0<t<T).

Since U was assumed to be a bounded set, and w € C?(Ur), for all 0 < ¢ < T', there exist constants M and N
so that for all z € U, |wy(z,t)|* < Mxy and |Dw(x,t)[> < Nxy, both which are integrable functions since U
is bounded. Thus by the Dominated Convergence Theorem, when differentiating e(t) with respect to ¢, we
can pass the time derivative inside the integral sign to obtain the following:

é(t) = f wywy + Dw(x,t) - Dw(x,t) dz
U

= /[;wt(wtt - Aw) dx =0.

Note that there is no boundary term since w = 0, which means w; = 0, on U x [0,T]. Therefore, for all
0<t<T, e(t) =e(0) =0, so that w;, Dw = 0 within Up. Since w = 0 on U x {t = 0}, we conclude that
w=u—-1u=01in Up. The proof concludes. O

Now we will use the energy method to prove another distinct property of hPDE, the finite propagation speed.
First, we define what we mean by the domain of dependence.

Definition 1.2 (Domain of Dependence). Suppose u € C*(U) solves the wave equation
ug —Au=0 (in R"™ x (0, 00)).
Fiz xg e R™ and to > 0. Then define the cone
C={(z,t) |0<t<ty,|z—x0| <to—t}. (1.22)

In some sense, we have already seen this explicitly in the representation formulas for solutions to the wave
equation. However, we will now use energy methods. We have the following theorem.

Theorem 1.3 (Finite Propagation Speed). If u = wu; =0 on B(xg,t9), then uw =0 within the cone C. ILe.,
any disturbance originating outside B(xo,to) has no effect on the solution within C, and consequently has
finite propagation speed.

10
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foa, to-t)

Cone of dependence

Figure 1: Depiction of the domain of dependence for a point (zg,tg). Le., the value of u depends only on
the points contained inside this cone.

1.4 Exercises

Problem 1-1.

(a) Show the general solution of the PDE uy, =0 is

u(z,y) = F(z) + G(y)
for arbitrary functions F,G.

(b) Using the change of variables { = x +t, n = x — ¢, show uy — uy, = 0 if and only if ug, = 0.
(¢) Use (a) and (b) to rederive d’Alembert’s formula.

(a) Consider the PDE ug, = 0. Let v(z,y) = u,. Then v satisfies the differential equation v, = 0. Thus

since v is independent of y, one has u,(z,y) = v(z,y) = f(x) for some arbitrary function f. But then
integrating both sides with respect to x, and supposing that F'(x) is the antiderivative of f(z),

w(z,y) = F(z) + G(y),
where G is some arbitrary function of y.

(b) Define ¢ =z +t and n=x -1t so that z = (£+7)/2 and t = ({ —n)/2. Then,

Ue = U 8£+U @
¢T o Moe
1 1
= —Uyp + < Ug.
2 2
u, —l[u @‘FU @]4'1[“ %4—11 @:I
&n = 2 X 877 xt 377 2 tx 377 ttan
1 1 1
= §[umx - uxt] + E[utz - utt] = §[utt - uxm]y

where we used the fact that u,; = ug. Thus, the proof concludes.

11
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(¢) Consider the initial value problem,
utt—um:O (IHRX(0,00))
u=g,u;=h (on R x {¢t=0}).

Define the change of variables £ = z+t¢ and 1 = -t as above. By (b), us —uz, = 0 if and only if ug,, = 0.
By (a), it follows that w must be of the form,

u(&,n) = F(§) +G(n).
Thus, u(x,t) = F(z +t) + G(x —t). Now we must match the initial conditions. At ¢ =0,
u(z,0) = F(z) + G(z) = g(z).
ui(2,0) = F'(2) - G'(z) = h(z).
Differentiating the first equation, one first obtains the system
{F'(JJ) +G'(x)=g'(x)
F'(z) - G'(2)= h(x).

Thus, we get
F() = 1 (6'@) +h(2)) = Fle+1)= ol +0)-g(0)]+ 3 [ hly) dy+ F)

Likewise, we get

+ —
2
1 z—1
Glo=t) = 3lga-1) = 9] [ h(y) dy+G(0).
Adding the two equations, and using the fact that F(0) + G(0) = g(0), we conclude that

u(e.t) = loGe =D+ e 0]+ 5 [ b dy

which is precisely d’Alembert’s formula.

Problem 1-2. Assume E = (E', E?, E®) and B = (B!, B2, B%) solve Maxwell’s equations. Show

Utt—AUZO

where u = E* or B (i =1,2,3).

Recall that Maxwell’s equations are given by the following system,
E,=VvxB
B;=-VxE
V-B=V-E=0.

Assume E = (E',E?,E?) and B = (B!, B2, B?) solve Maxwell’s equations. Then differentiating the first
equation and using the fact that time derivatives commute with spatial derivatives, one obtains

Ey=VxB;=-Vx(VxE)=-V(V-E)+AE = AE,
where the final equality follows from the fact that V- E = 0. Thus, we have
E;-AE=0 < (E},-AE',...,E} - AE*)=0.
Hence, each E' satisfies the wave equation. Now differentiate the second equation. We get
By =-VxE;=-Vx(VxB)=-V(V-B)+AB = AB.

Thus we have,
B, -AB=0 < (B},-AB',...,B} ~AB%) =0.

Therefore, each B® satisfies the wave equation.

12



1.4 Exercises 1 INTRODUCTION TO THE WAVE EQUATION

Problem 1-3. (Equipartition of Energy). Let u € C*(R x [0, o)) solve the initial-value problem for the
wave equation in one-dimension:

{utt —Ugqy = 0 (1n R x (0, 00))
u=g,u=h (on R x {t =0}).

Suppose g, h have compact support. The kinetic energy is k(t) = %ff; u2(z,t) dx and the potential
energy is p(t) = %ff:o u2(x,t) dz. Prove

(i) k(t) +p(t) is constant in ¢,

(ii) k(t) =p(t) for all large enough times t¢.

(i) Let us define the kinetic and potential energy, k(¢) and p(t) as given above. We wish to show that the
total energy

1 oo
e(t) = k() +p(1) = 5 f w? + 2 de
is conserved, where u is given by d’Alembert’s formula,
1 1 4+t
ue,t) = oo+ )+ g(o =01+ 5 [ hy) dy.
so that

ur(x,t) = =[g'(x+t) - g (x—t) + h(x +t) + h(z - 1)].

N =N =

ug(z,t) = =[g'(x+t) +g'(x —t) + h(z +t) — h(z - t)].

Let T >0, and let K c R be a compact set large enough so that supp g, supp h are both contained in K.
Then it follows that u? and u2 are both supported in Kt = K + [-T,T] for all 0 <t < T. Since u} and
u? are continuous on R (and thus on K7) for all 0 < ¢ < T, by the extreme value theorem, there exist
finite constants M and N so that for all z € K and 0 <t < T, |u|* < Mxg, and |[uZ| < Nxg,, where
both dominating functions are integrable since Kp is compact. Thus using the Dominated Convergence
Theorem, taking the derivative of e(t) gives us,

: 10 [ 10
e(t):§& . u? +ul dx:i& KTut2+uid:v

1
:ifKTﬁt(ut2+ui) dx
:f WplUpt + Uy - OpUy AT
Kr

= [ g (g — Ugy ) dx (by integration by parts)
Kr
= O’
where there is no boundary term since u,, u; are supported inside Kp. So we have shown that é(¢) =0

for all 0 <t <T. Since T > 0 was chosen arbitrarily, it follows that é(¢) = 0. Therefore, the total energy
is constant in t.

(ii) What we wish is that in the limit ¢ - oo,

- 0.

’fuf—uidw
R

First, we compute

ui —ul =h(x+t)h(z—t)-h(z+t)g (x—t) + h(z-t)g'(xz +t) - ¢'(x - t)g'(x +1).

13



1.4 Exercises 1 INTRODUCTION TO THE WAVE EQUATION

Then

’[uf—uidm
R

< [T iwne-201dy+ [ Inw)e w20 dy
[T -20dWldy+ [l (=209 W)l dy.

Let K c R be a compact set large enough that contains the support of both g and hA. Then we may

write,
’[ up —u? d
R

< [ Ihhy-201dy+ [ 1h)g' (v -20)]dy
+ [ =209 W)l dy+ [ lg'(y-20)g' ()] dy.

We will only show that the first term on the right vanishes since the work for the remaining terms is
identical. Since h(u) — 0 as |u| = oo (by compact support of h), we know that pointwise |h(y)h(y—2t)| -
0 as t — oco. Next since h is continuous, there exists some finite M > 0 so that |h(y)|, |h(y - 2t)| < M
for all y € K. Thus, |h(y)h(y - 2t)| < M?xk € L'(R) since K is compact. Hence, by the Dominated
Convergence Theorem, one has that the first term vanishes as ¢ - oo. As we stated before, the
remaining three terms also vanish as ¢t - co. Thus, we conclude that as t - oo,

‘fuf—uidm
R

- 0.

Problem 12-6. Let u solve

Ut -Au=0 in Rg X (0,00)
u=g,u=nh on R® x {t =0},

where g, h are smooth and have compact support. Show there exists a constant C' such that

lu(z,t)|<CJt  (zeR3t>0).

Let u be the solution to the initial value problem given above. We recall that u is given by Kirchoff’s formula,
u(t)=f  thy) +9(u) + Dg(w)- (y-2)dS(y)  (x<B1>0)

Let R > 0 be a fixed positive constant so that the support of ¢ and h are both contained inside the ball
B(0, R). We can rewrite,

[u(z,t)| <

1
tlh d d
47t? ./aB(w,t) ()l S(y)+[68(z,t) l9()I dS(y) +

(a) ©) (c)

D —z|d .
6BW)| g(y) |y — x| dS(y)

We will try bounding each term independently.
(a) Let us denote Xy = dB(x,t) n B(0, R). Then it follows that

faB(m th(y) dS(y) =t fz Ih()lds(y) < tM -ATR®,

where M > 0 is a constant so that |h| < M, and we used the fact that the surface area of 0B(z,t)nB(0, R)
cannot exceed the surface area of 4mR?.2

2https://math.stackexchange.com/questions/1302682/2d-wave-equation-decay-estimate

14


https://math.stackexchange.com/questions/1302682/2d-wave-equation-decay-estimate

1.4 Exercises 1 INTRODUCTION TO THE WAVE EQUATION

(b) Now let N >0 so that |g| < N. Then repeating the work from above shows that
dS(y) < N -4mR*.
oo |91 ) < N -

(¢) Now we note that for all y € 9B(z,t), |y — x| = t. So taking L > 0 so that |Dg| < L, and repeating the
work from (a), one has that

D - dS(y) =tL-4nR*.
Loy /P9Iy =] dS(y) = 1L 4m

Combining all of the pieces together, we find that

lu(z,t)] < [4nR*(M + L)t + 47 R*N]

47rt?

1, C
St*QC(].-Ft)S?

Problem 12-5. Let u solve
{utt -Au=0 in R? x (0, 00)

u=g,ug=nh on R® x {t =0},

where g, h have compact support. Show that

lu(z,t)| < C/t7 (xR, t>0)

for some constant C.

Let u be a solution to the initial value problem for the wave equation on R?, where the initial data are
compactly supported. We recall that u is given by Poisson’s Formula,

1 tg(y) + t*h(y) +tDy(y) - (y - x) 2
u(z,t) = il[B(r,t) |y~ 22)1/2 dy (x e R%,t>0).

Let R > 0 be large enough so that the ball B(0, R) contains the support of both g and h. We begin by
writing,

1 tg(y) f t*h(y) / tDg(y) - (y - x)
)= — L AN VA Yy 29y W) g
)= 575 | foan Tl U oo Ty s BT W S (o ly ey

(a) (b) (c)

We will look at each of the above terms independently.

(a) Since the support of g is contained in B(0, R), we can write

tlg(y t
J L ol
B(x,t) (12 - |y —x[2)Y/ B(z,t)nB(0,R) (12 - |y — z[2)Y/
tM

< d
/l;(z,t)nB(o,R) (t+y—x)2(t - |y - x])1/2 4

tY2 M
< f —  _dy
B(x,t)nB(0,R) (t — |y — x])1/2
tY2 M
< f ey = ().

B(O.R) (t— |y —x[)!/?

where M > 0 is chosen such that |g(y)| < M for all y € B(0,R). By the triangle inequality, one has
|y — x| < R+ |x| so that [!! Complete Later !!]

15



1.4 Exercises 1 INTRODUCTION TO THE WAVE EQUATION

Problem 1-5. (Stokes’ Rule) Assume u solves the initial-value problem

Ut -Au=0 in R™ x (0,00)
u=0,u.=h  onR"x{t=0}.

Show that v = u; solves

vy — Av=0 in R™ x (0, o0)
v="h,v=0 on R™ x {t=0}.

This is Stokes’ rule.

Assume u solves the given initial value problem, and set v := u;. The boundary value conditions for v are
immediately clear by the initial value problem for u. Thus, it suffices to show that Ov = 0. Observe the

following:

Vgt = Uttt -

Av = A(ug) = 0i(Au) = Op(ugt) = Ugss

This implies that vy — Av = uge — ugee = 0. Thus the proof concludes.

16



2 GENERAL ANALYTIC TECHNIQUES

2 General Analytic Techniques

In this section, we will revisit the linear wave equation. This time, however, we will be doing so from the
lens of Fourier/harmonic analysis, and functional analysis.

2.1 Holder Spaces

Definition 2.1. Hoélder Continuous Function with Exponent v A function u on U is said to be Héolder
continuous with exponent 0 <~y <1 and a constant C if for any x,y € U, |u(z) - u(y)| < Clz -y|”.

Definition 2.2 (Hélder Norms).
(i) If u:U — R is bounded and continuous, we write

lulle(gy = supu(@)].
zeU
(it) We define the yth-Hélder seminorm of u:U — R to be the following

[U]co,w((]) = sup {Ml‘)_u(y)'}7

z,yeU |ZE - yl’*
Ty
and the yth-Hélder norm to be
HUHco,w(U) = ||UHC(U) + [U]CM(U)~

This allows to define the Holder space, C*7(U) as the following.

Definition 2.3 (Holder Space). The Holder space C*7(U) consists of all functions u e C*(U) for which
the norm
lulcnn oy = )y ID%ull oy + > [Dkoé]cowv(ﬁ) < oo.
|a|<k |a|=k

In particular, | - | crn gy forms a norm on Ck(U), and C*V(U) is a Banach space under this norm.

2.2 Sobolev Spaces

While the classes of Holder functions on U are nice function spaces, often times, we cannot make strong
enough analytic estimates on solutions obtained for PDE to prove that they belong to such spaces; by our
definitions above, we require a certain degree of regularity. Therefore, we now seek to replace these spaces
with function spaces that have some, but not a lot, of smoothness properties. We start by defining the notion
of a weak derivative.

Definition 2.4 (Space of Test Functions). Let U be an open subset of R™. Then we define the space C°(U)
to be the space of infinitely differentiable (i.e., smooth) functions ¢ : U — R with compact support in U. We
call such functions test functions.

Definition 2.5 (Weak Derivative). Suppose u,v € Lj, (U) (recall that L}, (U) denotes the space of locally

loc
integrable functions on U). Then for any multiindex o, we say that v is the o' weak partial derivative

of u, denoted D™u = v, provided that
fUuD“qs dz = (—1)‘a|fUu¢ dr,  VoeC=(U). (2.1)

The motivation behind weak derivatives comes from the integration by parts formula. Suppose u € C*(U).
Then by integration by parts, for any ¢ € C°(U), one has

fu(bxi da::—[ Uy, P AT (i=1,2,...,n),
U U

17



2.2 Sobolev Spaces 2 GENERAL ANALYTIC TECHNIQUES

where there are no boundary terms since ¢ hs compact support in U. More generally, if v € C*(U), and
a=(aq,...,0,) is a multiindex of order |a| = a1 + -+ + a, = k, then

qu“cj)dx:—f Dud da.
U U

If w is not k-times continuously differentiable, then the left side is still well-defined so long as u is locally
integrable in U. But the right side is generally not defined. Thus, we instead look for locally integrable
functions v so that the above formula holds, with v taking on the role of Du.

Example 2.1 (Example of a Function with a Weak Derivative). Let n =1, U = (0,2), and

x if0<x<1
u(z) = )
1 ifl<x<2.

Define

1 if0<x<l
v(z) = .
0 ifl<x<2.

We claim that v is the weak partial derivative of u. Indeed, let ¢ be any compactly supported smooth function

in U. Then
2 1 2
f urb’dx:f x¢'dx+/ & da
0 0 1

- [Co@dr o) o) =~ [ vpdn.

Example 2.2 (Example of a Function without Weak Derivative). Let n =1, U = (0,2), and

T if0<x<1
u(z) = .
2 ifl<x<2.

Assume to the contrary that there exists some locally integrable function v € Llloc(U) such that
2 2
f u¢'dx:—f vo dx
0 0
for all test functions ¢. Then some quick computations give us,
2 2
—f vqsdx:f ud dx
0 0
1 2
= f x¢’ dx + f 2¢' (z) dx
0 1
1 1
o)~ [ odr-20(1) =~ [ o du-o(1).
Now choose a sequence {¢m tor_; of smooth functions satisfying
0<dm <L, ¢n(l)=1, ¢n(z)—>0 forall z=1.
By the above computations, one has
2 1
1=6m() = [ “vpmdo- [ pdr.
0 0
Thus taking the limit m — oo, one has
2 1
1= lim ¢m(1) = lim [[ Vb dm—/ . dm] -0,
m—oo m—oo 0 0

which is a contradiction. Thus u has no weak partial derivatives.

18



2.2 Sobolev Spaces 2 GENERAL ANALYTIC TECHNIQUES

More fundamentally, if a locally integrable function has a weak partial derivative, then it must be unique as
the following lemma asserts.

1

1oe(U) are weak partial derivatives of u €

Lemma 2.1 (Uniqueness of Weak Derivatives). Assume v,7 € L
Ly, (U). Then for any ¢ € C(U),

fU(v—@“)gﬁdx:wadx—wadx

= (-1 |a‘f D% dx — (-1 '“'[ D% dx = 0.
(-1) Uu x—(-1) Uu ¢ dx
Thus, v=7 a.e.

2.2.1 Definition and Basic Properties of Sobolev Spaces

Keeping the notion of weak partial derivatives in mind, we now make the following definition of Sobolev
spaces

Definition 2.6 (The Sobolev Space W*?(U)). The Sobolev space W*?(U) consists of all locally integrable
functions u: U — R such that for each multiindex o with |a| <k, D®u exists in the weak sense and belongs
to LP(U).

As a function space, two functions in W¥*P(U) are said to be the “same” if they agree a.e (which is precisely
how we view functions in the L? spaces). Moreover, in the case that p = 2, since L? is a Hilbert space, we
denote H*(U) = W*2(U). Now we introduce a norm on our Sobolev spaces.

Definition 2.7 (Sobolev Norm). If u e W*P(U), we define its norm to be

1/p
o = ( 5 fU DOyl da:) (1<p<oo) 22
oP T ||k .
Liaj<k DU oo 1y (p=o0)

Notice the resemblance to the LP-norms. In particular, we define convergence in the Sobolev spaces as
follows:

Definition 2.8 (Convergence in the Sobolev Spaces).
(i) Let {um}o_1,ue WEP(U). We say that w,, converges to u in W*P provided

im [up, = ulyes ey = 0. (2.3)

m—>0oo

loc

(iii) (Closure of Test Functions) We denote by Wéc’p(U) the closure of the space of test functions, C(U)
in WhP(U).

(ii) We say that wy, —u in WFEP(U) iff iy |t — ulyrpyy =0 forall VeU.

Example 2.3 (Verifying a Function is in a Sobolev Space). Let U = B°(0,1) denote the open unit ball in R™,
and let u(zx) = |z[7*, where x € U\ {0}. We will calculate the values of , n, and p for which uw e WHP(U).
The “problematic region” is at x =0, where u is not differentiable in the classical sense. Therefore, we will
isolate this problem to a small e-ball. Indeed, since u is differentiable on U \ B(0,¢), one has that for any
fized ¢ € C(U) and fized e > 0,

[ Uy, dx = — f Uy, ¢ dx + / ugr' ds,
U~B(0,e) U~B(0,e) 0B(0,e)

L ..., u™) denotes the inward pointing normal on dB(0,¢). Note that

where v = (v

|
||+l

|Du(z)| = (z #0).
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2.3 Fourier Theory 2 GENERAL ANALYTIC TECHNIQUES

If a+1<n, then |Du(x)| e L*(U). We will now use this to force € — 0. Indeed, one first has

‘f ugr' dS
9B(0,¢)

< dS:f 16l dS < 8] - 4
]QB(O£)|un¢| oy & 1915 < 16l m om0y [0 2

<Ce

1-a €0
n—-1l-«

0.

In going to the final inequality, we used the fact that since 0B(0,¢) c U for sufficiently smalle, H(;SHLDO(@B(O ) S
|6l oo 17y, which is a constant. Thus we get

fugzﬁzi dx:—/ Uy, P dz
U U

for all ¢ € C2(U) provided 0 < o <m—1. Furthermore, since |Du(x)| € LP(U) if and only if (a+1)p <n, we
conclude that w e WYP(U) if and only if a < "=L. In particular, w ¢ W*P(U) for each p>n.

P
2.3 Fourier Theory

We start by considering the Schwartz class of functions on R™.

Definition 2.9 (Schwartz Class of Functions). By S(R™), we denote the Schwarz class of functions,

S(R") = {f e C=(R"™) | Vo, B € N, sup |xaaﬂf(x)| < oo}. (2.4)
reR"

Le., the Schwartz class of functions consists of all the smooth functions on R" that decay faster than any
polynomial near co. We introduce the seminorms,

[£1la.5 = sup 2207 f ()]

on this space, and we say that a sequence {u,} ¢ S(R™) converges to u € S(R™) if and only if for all «, 3,

|wn —ul, g 2%, 0. In particular, S(R") is a dense subspace of LP(R™) for all p > 1. Thus we define the
Fourier transform as follows.

Definition 2.10 ((Inverse) Fourier Transform). Given a function f € S(R™), define its Fourier transform
by the formula

f©= [ 1@em 0 da. (25)

Conversely, we define the inverse Fourier transform by the formula,

F@)y= [ 1@)e 9 de. (2.6)
The Fourier transform has the following properties:

Theorem 2.1 (Properties of the Fourier Transform).
(1) The Fourier transform maps the Schwartz space into the Schwartz space.
(2) (PLANCHEREL’S THEOREM) For f € S(R™), || 2@ny = [ flr2@n)- As a consequence, the Fourier

transform extends to an isometric automorphism on L*(R™). (See Appendiz A for a proof of this
statement. )

As we will see now, the Fourier transform is a powerful tool in PDE.
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2.3.1 Solving the Wave Equation using Fourier Transforms

Consider the initial value problem again:

{(btt - A¢: 0 in Rn X (O, 00)
¢=f¢e=g onR"x{t=0}

where f,g € S(R™). Using the basic properties of the Fourier transform, applying the Fourier transform to
the wave equation yields,

—076(t,€) - Am*|E[*B(t,€) = 0,

which is an ODE. Solving this ODE, and using the initial value conditions, one obtains the solution

9(§)

2rle] sin(2mt|€]) + f(f) cos(2mt|€]).

(ﬁ(gvt) =

In particular, the solution is unique and Schwartz in £. Therefore, taking the inverse Fourier transform, and
using the fact that the inverse Fourier transform is unique up to null sets, we obtain the unique smooth
representation formula,

¢@Jﬁ:A;[igﬁm@ﬂkh+ﬂ@am@mm)ém@@df. (2.7)

Thus we have the following result.

Theorem 2.2 (Unique Smooth Solution to the Cauchy Problem). Given f,g e S(R™), there exists a unique
solution ¢ € C°(R,R™) of the Cauchy problem, where ¢ is Schwarz in &.

While it is difficult to see the domain of dependence from the above representation formula, we can obtain
a conservation law.

Proposition 2.1 (Conservation Law for Solutions to the Cauchy Problem). Let ¢ be the unique smooth
solution to the Cauchy wave problem with appropriate initial data. Then

[0t o2 + 1Vl ro-r = Igll gro-s + 1V £l pror -

Remark 2.1. Note that the right side of the expression denotes the original energy of the solution, while
the left side denotes the energy at some time t > 0. Thus the above relation tells us that the energy of ¢ is
conserved. (cf. Problem 1-3.)

Proof. We start with the representation formula for ¢ in the frequency domain,

9(8)

2rle] sin(2nt|¢]) + f(ﬁ) cos(2mt|]).

(;B(&t) =

Differentiating both sides, one obtains
61 = §(€) cos(2ntle]) - 2mle|f(€) sin(2rtle]),
so that

|6el? = 19(&)P cos® (2mt|]) — 4ml€]§(€) £ () cos(2mt|é]) sin(2mt]E]) + 4m|E[*| £ (€)|? sin® (27t |¢]).
A2 €218 = 19(&)P sin® (2tl€]) + 4m[€|g(€) £ (€) sin(2mt|€]) cos(2rtl€]) + 4 || £ (€)I? cos® (2mt[é]).

Adding these expressions, one obtains

|64 + Am2|€P ) = [g(&) [ +4m2I€| (€)%
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Multiplying both sides by (1 +[¢|?)*7!, integrating, and using the definition of the Sobolev norms (in the
frequency domain), one obtains:

.

o+ H47r

Using Plancherel’s theorem, we conclude that

It o + 1V o = gl romr + 1V £l roa -
O
Now using the Fourier representation, we will prove the decay property for solutions to the wave equation.
Proposition 2.2 (Local Decay Rate I). Let f,g € S(R™), and ¢ be the unique solution for the Cauchy wave
problem. Fiz R>0. Then there exists a constant C(f,g,R) >0 such that for all |z| < R and t >0,

sup |6(t,2)] € —C

sup < (1 et (2.8)

Proof. We start by writing,

_ 27 (- 27t f(g) g(§) o 2mit f(ﬁ) J(§)
ot = [ e |exmss (L0 O ) om0 SO )] e

For the sake of this proof, we consider only the case n = 3, and just the second term in the integral above.
Define
T = p2mi(tlgl+a-g) 98S) g(&) de.
R3 2mif¢|

Furthermore, we will be considering just the case t > 1. Introduce polar coordinates on R? as follows: let
(1€],€0,&4) be the polar coordinates on Rg’ with & = |€]sinépcosy, & = |€]sinépsiné,, and &3 = || cosp.
The corresponding volume form is,

dé = €[> sin &y d|€¢|d€odEy.

Furthermore, one has that for any N € Ny,

N
I omitle| _ 2mitle]
—— e =e )
2mit O|¢|

Now using integration by parts,

27 T oo ) ) n
]:[0 fo /0 62w1t|§‘62w1(1'5)q521751?|€|Sil’l(fg)d|£|d£9df¢
Y TP aning omi(ee) ) .
—[W)zt [ im0 6y (©)le]sin(o) déyds N

o 27” g ¢ a 2#1305(7251(5)
f f / ot t €| €] | sin(&o) d|€|dEpdé,

We claim that the first term is identically zero. To prove this, we first note that

lim P72 @0 6 (6)]¢]sin(&p)| = Jim EAGISE

|€]—>o0

R—o0

since ¢1(€) € S(R?). On the other hand, the integrand vanishes identically at |¢] = 0. Now, we see that one
application of integration by parts gave us a power of t. To get another power of ¢, we will use integration
by parts on the second term. This time, after dealing with a boundary term at || = 0, we get

1= [ e - 3t2( ) sin(€p) diélddby + 55— 2¢1<€ 0).

22



2.4 Existence and Uniqueness for Linear Wave Equations 2 GENERAL ANALYTIC TECHNIQUES

The boundary term does not allow us to use integration by parts again. Thus bounding each of the term
and using the fact that ¢; € S, one obtains

C(1+ R?)

7] < e

Note that this decay bound is not uniform for all x € R™. O

However, we can get a weaker uniform decay rate.

Theorem 2.3 (Uniform Decay Rate). For (¢g,p1) € CZ(R™) x C2(R™), and ¢ the unique solution to the
homogeneous initial value problem, there exists C = C'(¢o, P1) >0 so that

C
sup |p(t,2)[ < ———+
zeR™ (1+t)2

fort>0.

2.3.2 Sobolev Regularity and Generalized Solutions

Till now, we have been assuming that our initial data has strong regularity (recall that the Schwartz class
S(R™) is a subset of C*°(R™)). But in practice, we might often have initial data with lower regularity. We
will now use the theory developed above to derive lower regularity (and generalized) solutions to the Cauchy
wave problem. We begin with the following theorem.

Theorem 2.4 (Existence and Uniqueness for Sobolev Regularity Initial Data). Let f € H'(R™) and g €
L?(R™). Then there exists a unique solution ¢ to the wave equation with ¢ € C*(R, L?(R™))nC°(R, H*(R")).
Le, ¢ is continuous, and in L? and H' in the spatial coordinate, and ¢’ is continuous, and L? in the spatial
coordinate.

Proof. (Existence): Since C°(R") is dense in L?(R™), there exist sequences { f,, }, {gn} of smooth compactly
supported functions that tend to f and g in H'(R™) and L?(R"), respectively. Using the well-posedness
for the linear wave equation for smooth data, we obtain a sequence {¢,} of smooth solutions of the wave
equation on R x R™. Now recall the energy functional defined in Section 1.3: for any solution w to the wave
equation,

2 2
2B[w)(0) = [ 1V0lt ) +0uw(t.) do = [l g + 100012y

where H'(R") denotes the space of functions whose weak derivatives are in L?(R™) (this space is equipped
with the seminorm HVfHLz(Rn). By energy conservation, for any 1" > 0, one has that

2 2 2 2
2 (1) ey #1000 agenn) = 100 sy # 10000 s gay
€l-4,

Since the norms HH; + HHiIl and || .2 +]-] 5. are topologically equivalent, setting w = ¢y, — ¢r,, one has that

0 (19m(:) =600 s aoy + 108 () = 00 0. ) = i = Il + gm =~ oy
€[- b

[I! Complete Later !!] O

2.4 Existence and Uniqueness for Linear Wave Equations

Now we will revisit the existence and uniqueness results for general linear wave equations. For context, we
will be studying PDE of the following form:
Do (a®Pgp) = F
¢(0,2) = f(x) (2.9)
at¢(oa l‘) = g(l‘),
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where a®? are the components of a (n + 1) x (n + 1) symmetric matrix on I x R™ so that

1
> la® =y < —
7

10°

Here we are using Einstein summation convention.

2.4.1 Returning to the Energy Estimate

In the following section, we will return to the notion of energy estimates, and eventually use these to derive
solutions for general linear wave equations. As a precursor, we make the following notation.

061 = (949)? + le(aio:)?. (2.10)

Moreover, we present Gronwall’s lemma.

Lemma 2.2 (Gronwall’s Lemma). Let f: R - R be a nonnegative continuous function and g : R - R be a
nonnegative integrable function such that

F@y <A+ [ (s)g(s) ds

holds for some A >0, and every t € [0,T]. Then

f@) < Aexp(/otg(s) ds)

for every t € [0,T].

Proof.
(1) (Standard Proof): The proof follows by showing that the result holds for any A >0, and then passing
to the limit A — 0. First, we compute

d

S+ [T r6a000) ) = 190 <90 (4+ [ 1190 s).

In particular, this implies that

Liog[as [7 1)) ds] < o0,

so that integrating,
t t
log [A+ f f(8)g(s) ds] < f g(r) dr +log A.
0 0

Thus, we conclude that
t t
f@) <A+ fo f(s)g(s) ds< Aexp (fo g(r) dr).

(2) (Bootstrap Method): Now we will prove the same result again, using the bootstrap method. For each
€ >0, consider the following condition:

< +6)Aexp((1 +2) fotg(s) ds), (%)
and define the subset B < [0,T'] by

B:={te[0,T]:(*) holds for all s€[0,¢]}.
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It follows immediately that B is nonempty as it at least contains the point 0 € B. Likewise, by
continuity of f, it follows that B is closed. By continuity of f, if we can show that f satisfies a better
estimate for ¢ € B, then it must follow that f satisfies the above bound in some small neighborhood of
t, which would show that B is open in [0,7]. Indeed, let t € B. Then combining the hypothesis, one
has that

f(t)£A+/otg(s) ds£A+(1+5)Av/0tg(s)exp((1+€)fosg(r) dr) ds
< A(l + (exp ((1 +¢) fotg(s) ds) - 1)) (by integration by parts)

. Aexp((l o) fotg(s) ds).

Thus, this shows that B must be open. Since [0,7] is connected, one must have B = [0,T]. Hence the
modified condition holds for all ¢ € [0,7] and € > 0 so that passing to the limit € — 0 yields the desired
estimate.

O

Now we will use Gronwall’s lemma to derive an energy estimate for the Cauchy wave problem.

Proposition 2.3 (Energy Estimates for Classical Solutions to Cauchy Problem). Given a classical solution
¢ to the Cauchy wave problem, 2.12, there exists a constant C = C(n) > 0 such that the following energy
estimate holds.

T T
2001001y (0) € (19 ey ey = ) 1FluscanJeso (€ [ 100]mguey (0] . 210
€Lu,

Remark 2.2. Note that the quantity |0¢| 2 gny (t) denotes the total energy of the solution at some time
te[0,T]. The terms,

T
1V ey *+ 19l zqemy + [ 1Pl oy

denote the total initial energy, as well as the energy introduced into the system by the forcing term F. The
term

T
exp (Cfo |9all o gy () dt)
denotes the energy introduced into the system due to a possibly dynamic background (e.g., if the background
is static so that 0a =0 for all t, then the exponential term is identically one).

Proof. For the sake of this proof, we will be assuming that ¢ is compactly supported so that we can ignore
the spatial boundary terms in the integration. The fundamental idea behind the techniques in this proof
is to bound the energy of the solution on the time interval [0,7T"] by looking at the total energy at some
fixed time, and then summing these contributions. In other words, we wish to integrate the first term of the
quantity, 9;¢(9.(a*?ds¢) — F) by parts. Before doing so, we make the following observations.

(1) Suppose first that @ = 8 =0. Then one has that
01000 (a7 050)) = (0:) (90 010))
= (2:9)((8:a")(9:9)) + a"*(8:0) (Due )
- (@a")(016)* + 5" 0(016)”
so that

[ [ @o@a o) = [" [ 0a)00) + La"00.0)" dudt

1 tt 2 1 tt 2
=— 0 dr — — 0 d
2 {T}><]R"a (0:9)" dx 2 {o}ana (0:9)" du

1 T tt 2
5 f | (@) (@10)* du,
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where the second line follows from Fubini/Tonelli, and the fundamental theorem of calculus.

(2) Now assume that one of the indices is ¢, while the other index runs from j = 1,...,n. Then one has
that

010(0a(a*’00)) = (040) - [9;(a?*0r) + 9, (a7 0;0) ]
= (9,0) - [(9;07")(8:9) + a?'0;(Dp) + Bp(a?*) (8;0) + a?*8;(D49) ]
= (0;07")(049)* + ' 0;(019)* + (01a”") (010)(9;0).

Observe that a’! = a¥ by symmetry of a. We first consider the integral of the middle term. Integration
by parts tells us that

fOT fR a’'0;(0,)* duvdt = fo T[aﬁ(atcé)ledr.— fR (9,07 (2u9)” dm] dt
-~ [ [ 00000 daa,

where the boundary terms vanish because of our assumption that ¢ is compactly supported. Thus in
fact,

[ ) 00050 drat= [ [ (@07)(00) - (0307 (@19)? + (0a7")(016)(0;6) der

(3) Now assume that both indices run over 4,5 = 1,...,n. Then one has that

[ L 000a70,0)) dude = 0u0)(a"050)

.—fOT [R 0,069 0; dwdt

1 T y
-3 fo fR a0,(8,00;0) ddt

1 - 1 -
I 59 b, - 9. ).
3 Jory e ® az¢aj¢dx+2f{o}wa 0:00;6 dzx

bdr

1T N
il ijia ‘
5 [ [ (00 (0:6)(0,0) dud,
where the final line follows from the fact that
0,(a" 0,00;0) — (0,a7)(0;6)(0;) = a™ 8,(9;00;0),

we used the fundamental theorem of calculus after using the above fact, and the boundary terms in
the first line vanish since ¢ has compact support.

Now we obtain the following result:

[ [ @oou@romn= [ [ @or

1 tt 2 1 [ 1 - 9 1 f |
- 0, dx — = Y0;00;0 dx = = 0, dr — = " 0;00; 0 d
N 5 f{T}xR" a"(0rp)” dx 5 Jiryere a”0;90;¢ dx 5 Jiopeze a” (0rp)” dx 5 Jioyere a” 0;90;¢ dx

+ ‘/OT‘/Rn(at(yb)F_ %(8tatt)(8t¢)2 - (@a]t)(afqﬁ)Q
+(9;a7")(9,9)? - (9pa”*) (8,0)(9;¢)) ddlt

Now, one has that

"[OT Rn(3t¢>)F - %(atatt)(8t¢)2 ~(9;a7")(9:¢)? + (0j07") (019)* — (0:a”*)(9:9) (8; ) dadt

T
<C" [ 100l 3y 1Ly () + 100l oy (8) 19613y (8)
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where we used Holder’s inequality to obtain the first term, and assumed da € L= (R™). On the other hand,
by our hypothesis on a®?, there exists some constant K >0 large enough so that (taking C' = min{C’, K}),
how?

1

tt 2 1 %l
|\a¢>\|L2(Rn)(T)gc‘if{T}ana @) o= [ a¥0ig0,0 dal.

Thus this implies that

T
|\3¢\|L2(Rn)(T)SC\l%Hiz(Rn)(O)JrC/O 100l L2y 1 | 2 geny (8) + 10l oo geny (1) 106 72 gny () .

Since one can repeat this argument for any smaller interval [0,7'], where 0 < T" < T, one obtains

T
ts[gﬁ;] 100 12 (rny (1) < C H3¢||2L2(]R") (0)+Cf0 10:0 ]l 2y 1] 2y (D) +10a] oo (g (£) Haéf’HQL?(Rn) (t) dt.

For the first term inside the integral, one has that

T T
B o) 1P gy (8) dt < G o | L 1P ey (8
100y Pl 5 s [0 f) ey 0 )
2

2 1 T
<0100l5acemy + 35 | [ 1Pl 9 ) -

where the second line follows from Young’s inequality with 2. If we fix 6 > 0 small enough so that the first
term can be combined with the left side of the above inequality (and absorbing § into the constant C), one
has that

T 2 T
21 1061122y (0 S C 1900y 0) + c( SV ey 0 ) € [ 1000y 01063y (1)
€10,
Thus using Gronwall’s lemma concludes the proof. O
We have the following corollary.

Corollary 2.1 (Uniqueness of Classical Solutions to General Linear Wave Equation). Any classical solution
of the general Cauchy wave problem, 2.12, is unique.

Proof. Let ¢1,¢2 be two solutions to the general Cauchy wave problem 2.12. Then their difference v = ¢1—¢o
satisfies the Cauchy wave problem

Do (a®P051) = 0
¥(0,2) =0
Opp(0,2) =0,

Thus using the energy estimate we derived above, one has that for any fixed 7' > 0,

sup [ 09| p2(gny (t) =0,

te[0,T]

so that the energy of v is always zero. This must mean that i, Vi) = 0 a.e. within [0,7T] x R™. But since
¥ =0on {t =0} xR" we conclude that ¥ =0 <= ¢; = ¢2 a.e. on [0,T] x R™. Since T was arbitrary, the
proof concludes. O

3For any a,b> 0 and any ¢ > 0,
ePaP 1
+

p elq

ab <

, where p, ¢ are conjugate exponents.
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Now we will derive some higher order energy estimates. In particular, we will show that the higher order
H* norms are also propagated.

Proposition 2.4 (Higher Order Energy Estimate I). Let ¢ be a smooth solution to the Cauchy wave problem
1.21, and let k be a positive integer. Then for some constant C = C(n,k) > 0, the following energy estimates
holds:

sup H¢HH’C(R") (t) + sup Ha@Hkal(Rn)(t)
te[0,T] te[0,T]
T T
< Tyesp (100l ey (00 ) (1o + ooy * ) 1P s 0

T
e f Y [00200076] g, D+ Y Hc’?ﬁa@@faﬂ”LQ(Rn)(zﬁ)dt). (2.12)

0 |af+|Bl<k-1 o] +|Bl<k—1

Remark 2.3. Notice that in this bound, we are using the Sobolev space, H" (R™), norms. As we discussed
in Section 2.2, these norms measures the “L? size” of ¢, 0;¢ and their spatial derivatives up to order k and
k -1, respectively. Therefore, the above estimate tells us something about the higher-frequency energy of
the solution. Another interesting feature is the difference in reqularity that our estimate has for each term
(notably, we only require k — 1-reqularity on our source, but k reqularity for ¢ and the initial data f).

Proof. [!! Complete Later !!] O

2.4.2 Existence of Solutions

In the section above, we assumed that the Cauchy wave problem had a classical solution, and deduced various
energy estimates such a solution must satisfy. In particular, we showed that if a classical solution exists,
then it must be unique. But we are yet to show the existence of a solution. In this section, we will use
elements of functional analysis to prove the following existence theorem.

Theorem 2.5 (Existence of Unique Solution to General Cauchy Wave Problem). Let k be a fized positive
integer. Given (f,g) € H*(R") x H*"1(R™), and F € L*([0,T], H*"Y(R™)), there exists a unique solution

¢ € CO([0,T), H*(R")) n C ([0, T], H*(R"))
to the general Cauchy wave problem 2.12.

The main tools we will use to prove this result are the Hahn-Banach theorem (which we will state below),
the energy estimates from the previous section, and the Sobolev embedding theorem.

Theorem 2.6 (Hahn-Banach). Let ¢ be a bounded linear functional
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A  Proof of Theorem 2.1

Proof. (1) First assume that f.7.9.G¢ LY(R™). Then
[ F©s@de= [ ([ £ ds) o) de
- fR (@) ( /R _g()emine dg) d (by Fubini/Tonelli)
- [ 1@)3() da.

Pointwise, it is clear that
2 . —~ .
li_>0 6—57T|E| +27rm:-§f(§-) _ 627”13-5 . f(é—)

for a.e. £ e R™. On the other hand, we note that
jem=mleF e2mim S Fe)| = e[| Flo)| < [F(e)| e L1 (™),
for any € > 0. Thus, by the Dominated Convergence Theorem, we have
(Fy=lim [ e emine ) de.
Let g(&) = e el e2ming First, by definition of the Fourier transform, one has
) = [ 9@ dg
- f e Tl 2mig(e-y) ge

—e2n (1€ =2 e (mmr)) = L |pmy[?) —lz=ul®
:f o (P2 e ey Klayl?) T
"

_ it / TG ) g

2
=Y
- |lz—y|

= e e2

Let ¢ be a compactly supported smooth function such that [, ¢(z) dz =1, and let 8 € LP(R™). We
will show the equivalent result that S.(z) = [p. B(z—y)e "¢ (%) dy converges to f(x) in LP as € — 0.
Further assume ¢ > 0. Then we compute

.- 5= [ | [ 18- - @™o (2) dy

< [ fosa-n-s@lemo(L) a] a
1/

» P
(S f ( |B(x —y) - B(x)]P dx) e ™ (y) dy) (by Minkowski’s Integral Inequality)
rr \ JRn €

<([28l,em0 (L) @)

Since the integrand tends to 0 a.e. as ¢ - 0, and is dominated by a suitable L' function, we conclude
that S — B under the L? norm as € — 0. We shall now conclude the proof of the Fourier Inversion
Formula as follows:

p

dzr

() =tim [ g(©F(©) de
~tim [ F()70) dy

mle—yl?

= 1 -n - 52
lim fR f(y)eTe dy
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Thus, (f) = f(z) a.e.
(3) We consider

f ‘f(§)|267ﬂ€|§|2 d€ = f ([ f(x)e*%”'(l’»f) d$) . (f f(y)e%-i(y,ﬁ) dy) ef7r5|§\2 de
Rn Rn RTL ]RTL

_ dxdy ) - / —7r5|§\2+27ri(§,y—a:)

([, 1@ FG) dody)- [ e i

- ] S@F@E e T dady

£=0 —

— < dx.

[ @@ da

Since f.(x) — f in L?, the RHS tends to [, |f|* dz. On the other hand, the left side tends to [g. |f|? de¢

by the monotone convergence theorem. Hence, the proof concludes.
O
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