Chapter 5

Wave Equation

In this final chapter we consider the homogeneous and inhomogeneous wave equation
% —Au =0 and % —/Au = f on open subsets of R” xR. The wave equation is a linear
second order PDE. The coefficient matrix for the second derivatives has one positive
and n negative eigenvalues and is neither definite nor semi definite. In the second
chapter we introduced this differential equation as the simplest hyperbolic differential
equation. The method which solves this PDE is completely different from the methods
which solve the Laplace equation or the heat equation. The wave equation describes
phenomena which propagate with finite speed through space time. The example of
electrodynamic waves motivated the investigation of this equation. Later these methods
were generalised to non linear hyperbolic equations in order to describe gravitational

waves.

5.1 D’Alembert’s Formula for n =1

First we solve the following initial value problem:

Pu N
w_w_o for (z,t) e RxR
u(z,0) = g(z) %(x, 0) = h(x) for x eR,

for given functions g and h on R. If we consider this PDE as an ODE on the vector
space of smooth functions on R, then the theory of ODEs suggests that we should fix
the initial value u(-,to) and the first derivative g—’;(-,to) with respect to t for a given
initial time ty. Here the initial values g and h are exactly of this form for ¢, = 0. So
we expect that this initial value problem should have exactly one solution.

7
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For n = 1 we may factorise the wave operator (also called D’Alembert’s operator)

02_82_8+8 0 9N_ (0 0 0+8

o2 0z2 \ot ox)\ot o0x) \ot ox)\ot 0x)’
If u solves the homogeneous wave equation, then v(z,t) = (& — 2)u(z,t) solves
% + % = 0. This is the transport equation with constant coefficient with the unique
solution

v(z,t) =a(zx —t) with a(z) =v(z,0).
So the solution u(z,t) of the wave equation solves the first order linear PDE

ou  Ou (x— 1)
— — — =a(zr —1).
ot Ox
This is an inhomogeneous transport equation with constant coefficients with the solu-
tion
T+t

u(z,t) = /Ota(x +(t—s)—s)ds+blz+t) = %/ a(y)dy + b(z + 1)

—t
with b(z) = u(z,0). The initial values u(z,0) = g(z) and 2%(z,0) = h(z) yields

b(x) = g(z) and a(x) =v(z,0) = %(I, 0) — g—;(:ﬂ, 0) = h(z) — ¢ (z).

If we insert this in our solutions, then we obtain
1 x+t
uet) =5 [ () - S ) dy + gla+ )
z—t

Hence the solution of the initial value problem of the wave equation is given by

ue ) =5 gl +gl—0)+3 [ hw)dy

In this way we derived with the help of the homogeneous and inhomogeneous transport
equation the D’Alembert’s Formula:

Theorem 5.1 (D’Alembert’s Formula). If g : R — R is twice continuously differen-
tiable and h : R — R continuously differentiable, then

T+t

G+t +g-0)+y [ hdy

r—t

1
U(l’,t) = 5
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is a twice continuously differentiable function on R x RS, which is the unique solution
of the initial value problem
0%u 0%u

w(flf,t) — @(I’,lﬁ) =0 fOT (flf,t) e R x R+,
u(z,0) = g(z) and Ou

ot

D’Alembert’s Formula shows that for n = 1 the general solution of the wave equa-
tion takes the form

(x,0) = h(xz)  for zeR.

u(x,t) = F(x +t) + Gz —t).

Conversely, every function of this form is a solution of the wave equation if F' and
G are twice differentiable. This fact is a consequence of the factorisation of the wave
operator into the two first order linear PDEs’

whose solutions are differentiable functions of the form F(z +t) and G(x — t).

We interpret the fact, that the value of the solution at (z,t¢) depends only on the
values of g at x+t and the values of h at points in the interval [x —t, z+¢] as the bound
1 on the length of the speed of propagation, since the straight lines from all these points
to (x,t) propagate with speed of length not larger than 1. If we insert instead of h an
anti-derivative H, then the value u(x,t) of the solution at (z,t) depends only on the
values of g and H at x =+t and the propagation speed has length 1. Furthermore, the
solution is k-times differentiable, if g and H are k times differentiable, or equivalently
if g is k times differentiable and h is (k — 1) times differentiable. So the regularity of
the solution does not improve with time, as it does for solutions of the heat equation.

Let us use a reflection in order to derive the solution of the following initial value
problem, which will show up later in this chapter:

2 2
%(I,t) — %(I,t) =0 for (x,t) e R xR,  w(0,t)=0 for teRy,
u(z,0) = g(x) and %(I, 0) = h(x) for ze€RT.

The functions u, g and h extend to odd functions on the whole space R x R

(o, 1) = u(x,t) for z > 0,
) —u(=x,t) for z <0,

N g(x) for x > 0, . h(x) for x > 0,
g(x) = h
—g(—z) for z <0, —h(—z) forx <O0.
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For any solution @ of the initial value problem

o*u  0*u n
W_@: for (l’,t)ERXR,
o0 s
(x,0) = g(zr) and a—?(z, 0) = h(x) for z eR,
the function (z,t) — —u(—=x,t) is another solution. Due to the uniqueness of the
solution both solutions coincide: @(—z,t) = —u(xz,t). In particular for the unique

solution of the first initial value problem the solution # of the former initial value
problem extends to a solution of the latter initial value problem on R x RJ. Because
the functions @, § and h are odd with respect to z, for x < t the first integral on the
right hand side vanishes:

-+t 5 t—x B t+x 5
/ h(y)dy = / h(y)dy + / h(y)dy.
r—t r—t t—zx

Hence the solution of the former initial value problem is given by
gz +t)+glx—t)+ [T h(y)dy) for0<t<uz

r—t

u(z,t) =
(@:9) gt +2) — gt —2) + [T h(y)dy) for 0 <a <t

N= D=

Note that the waves propagating towards the boundary at x = 0 are reflected at the
boundary and propagate back.

5.2 Spherical Means of the Wave Equation

We shall derive now the PDE which is obeyed by the spherical means of the wave
equation. This PDE is similar to the one-dimensional wave equation, which we shall
solve later. This will lead to the general solution of the initial value problem of the wave
equation in all dimensions. This initial value problem is the search for the solution u
of the wave equation % — Au =0 on (z,t) € R x R which obeys u(z,0) = g(z)
and %(x,O) = h(z). We define for all x € R",t > 0,r > 0

Ul rt) = — /83( uly, o(y) = / uly, t)do(y).

-1
nwWpT" OB(z,r)

Here the symbol {denotes the mean on the domain 2, i.e. the integral over the domain
Q2 divided by the integral of the function 1 over the domain 2. Analogously we define

Gz, r) = /a o d)io) ad H(r) = /a o B ).
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Lemma 5.2. Ifu € C™(R" X RY) is a m-times continuously differentiable solution of
the initial value problem (with continuous partial derivatives of order < m on R" xRy )

0%u

W_Au:() on (z,t) € R" x RT with
u(z,0) = g(x) and %(I,O) = h(x),

then the spherical mean U(x,r,t) is for fivred v € R™ a m-times differentiable function
on (r,t) € RT x RT, which solves the following initial value problem of the FEuler-
Poisson-Darbour Equation (with continuous partial derivatives of order < m):

0*U 02U n—10U

W(m,r,t)—w(x,r,t)— . E(:ﬁ,r,t):O on (r,t) e R" x RF

U(z,r,0)=G(z,r) and %—g(x,r, 0) = H(z,r)

Proof. By a substitution the domain of the integral becomes independent of ¢t and r:

1
/ u(ry + ., t)do(y).
2B(0,1)

nwy,

Ulz,rt) =

Hence we may calculate the derivative

ou 1 /
—(x,r,t) = Vu(z +ry,t) - ydo(y
oot = | Vule ) oy
- L / Au(zx + ry, t)d™y
NWn JB(0,1)

= 1/ Au(y, t)d™y.
" J B(z,r)

The first line determines the first derivative of the spherical mean with respect to r

for continuouls differentiable u and implies liII(l] %—g(x,r, t) = 0 by continuity of Vu.
r—s

The second line prepares higher derivatives of the spherical mean and evaluates the
divergence of y — Vu(ry + x,t) as rAu(ry + z,t). Analogously we get

02U 0 1

— t) = —— A t)d"

gz (&7 1) Br /B - u(y, t)d"y

1—n 1
_ lon / Nuly, )y + — / Ny, t)do(y).
nwpr™ J Bz nwnr AB(x,r)

1
_ (——1) [ sty [ sutiioty),
n B(;p’r) aB(m,r)
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In particular we have lim,_,q 82—(2](3:, r,t) = L Au(z,t). Furthermore, the partial deriva-
. 67” . n . . .

tive of the mean over a ball of radius r with respect to r is equal to  times the

corresponding spherical mean minus ** times this mean:

0 1 n 1
— Ad'y = ——— ) d™y + t)d
Or wyr™ /B(x,r) U(y ) Y W™t /l;(x,r) U(y ) Y Wy ™ /8B(x,r) U(y ) U(y>
n . n
= 2w+ 2 dety)
" J B " JoB,r)

These formulas allow to calculate all partial derivatives of the spherical means in terms
of the mean of powers of the Laplace operator applied to the original functions over
spheres and balls. On the other hand we also have

g ,_,0U0 0 1 1 2 0*U

— = t) = — Auly, t)dy = Su(y Hdo(y) =" — t).

aTT 87" (LU, T, ) 87’ nwy, B(g:i)(yj ) Y nw, /63657537 ) U(y) r atQ (.f(f, T )
2 2

This implies "_188712] =(n— 1)7"”_288—[; + r"_laaTg]. q.e.d.

5.3 Solution in Dimension 3

We shall see that for odd dimensions the spherical means of solutions of the wave
equation can be transformed into solutions of the one-dimensional wave equation, but
not for even dimensions. For this reason we shall next solve the initial value problem
of the wave equation in three dimensions. In this section we consider for any x € R3
the following initial value problem for the spherical means of a solution of the wave
equation:

- ——— =0 omn (;L',T,t)E{l’}XR+XR+

U=G and aa—[t]:H on (z,rt) € {z} xR" x {0}.
The substitution U = rU transforms the former initial value problem into the following:
*U  0°U .
52 " 5T =0on (z,rt) € {x} x RT x %QJF, U(z,0,t) =0 for t € Ry,
~ ~ ou ~ n
U(xz,r,0) =G(z,r) =rG(z,r) and —(z,7,0) = H(x,r) =rH(z,r) for r € R".

ot

We solved this initial value problem in the first section. The solution is

1/~ . 1 [t
Umn0=§@Wm+O—maww»+§/ H(z,s)ds for0<r<t.
—r+4t
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The continuity of u(x,t) implies
u(z,t) =limU(z,r,t) = lim

rl0 rl0 r

Therefore we obtain for all € R3,¢ > 0.

- ~ _ _ t+r 5
u(z,t) = 13?3 1 (G(m,t+r3—G(m,t) i G(w,t—i)T—G(ac,t)) n 1}{5‘ 1 A Az, 5)ds

OG (1) ~

_ t
0

= -t / g9(y)do(y) +1 h(y)do(y)
Ot J o OB(x,t)
0

_ 9, / o(z + t2)do (2) bt / h(y)do(y)
ot Jop,) OB(.t)

[ Vgl 1) tado ) s ) + 9 doty)
8B(0,1) dB(z,t)

_ ]/ (th(y) + g(y)) do(y) + / Vyg(y) - (y — x)do(y)
OB(z,t) O0B(,t)

The last line is Krichoff’s Formula for the solution of the initial value problem of the
three dimensional wave equation.

5.4 Solution in Dimension 2

In two dimensions the Euler-Poisson-Darboux equations cannot be transformed into the
one-dimensional wave equation. We present another method and transform the initial
value problem of the two-dimensional wave equation into an initial value problem of the
three-dimensional wave equation, by choosing initial vales which depend only on the
coordinates z; and x5 and not on the coordinate x3: Let @(x,t) be on (z,t) € R®* x RT
the solution of the initial value problem

O*u(x,t)

T — Aﬂ(fﬁ,t) =0 fOI' (x,t) € Rs X R+

du
ot

Here we set T = (11, 23) for = (21,2, 73) € R3. We observe that the mean over
0B(xz,r) of a function f depends only on z, if f depends only on Z:

9 9 - ofx+y),
/a o @50 /a o S i) = / W do(y) ~o.

Dy - Org 2B(O1)

u(z,0) = g(z) and (z,0) = h(z) for xR
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This shows that w(z,t) is of the form u(Z,t) and the latter function u(z,t) yields the
desired solution of the two-dimensional initial value problem. Let us now calculate
this function. The function v(z) = /r? — (z — Z)? on the two-dimensional ball B(z, r)
yields by the formula U(z) = (z, £7y(z)) a parametrisations of both hemispheres of the
boundary of the three-dimensional ball B ((z,0),r) by the two-dimensional ball B(Z,r)
as in Definition 2.3l The 3 x 2-matrix V’(z) has the same form ¥'(z) = (ivlﬁf/(z)) as
¢ after Lemma 2.4 with O = 1 and g = &y. Hence the determinant of (V'(2))TW(z)
is 1+ (Vv(2))?. So the intgerals over both hemispheres is equal to the integral over

B(z,r) with the measure do(z, £7(2)) = /1 + (V~(2))2d2*:
1 2
| st = / 9(3)do(y) = / 9T (VA
OB(z,r) mr? OB(z,r) B(z,r)

4Ar?

with /1 + (Vy(z \/ Z_xz—:ij_x) _ 7~2_7(nz—:)3)2'

Both hemispheres do not cover the boundary dB((Z,0), r) completely, but the missing
equator is one-dimensional and has measure zero with respect to do(y). This implies

_ 1 g(z r g(z
[ swaw=gt [ et SO g,
8B(z,r) T JB@Es) /T2 — (2 — ) Bar) /12— (2 —T)

This gives finally the following formula for «(Z,t) on (Z,t) € R? x RT:

0
u(z,t) = — y)do h(y)do
@0 =5t ] g@dot wtf  H@ot)

Ot J o
2 2
0t 2 Jp@n /1~ (2 —7)? 2 @y VP~ (2 —7)?
0t / 9(@ +1z) 5 t? h(z) 2
_ 2! ILL) p, + v =
t2 Jpo1 V1—22 2 JB@n /1? — (2 — T)?

t2—(z—x)?

The last line is Poisson’s formula for the solution of the inital value problem of the
two-dimensional wave equation. It shows that in two dimensions the propagation
speed of solutions of the wave equation has all lengths bounded by 1. In fact the value
u(x,t) depends only on the values of g and h on the ball B(z,t) and the straight lines
connecting these points with (z,¢) have all speeds whose lengths are bounded by 1
This method of deriving the solution of the initial value problem in a lower di-
mension by transfoming the initial value problem into an initial value problem in the
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higher dimensional space, is called the method of descent. Here the initial values do
not depend on some of the coordinates of the higher dimensional space. We have to
show that the corresponding solutions do not depend on these coordinates as well. A
natural question is, whether we may obtain the solution of the one-dimensional wave
equation by this method of descent from Poisson’s formula?

5.5 Solution in odd Dimensions

In any odd dimension we can transform the Euler-Poisson-Darboux equation into the
one-dimensional wave equation. As a preparation we first show the following Lemma:

Lemma 5.3. Let ¢ ba a (k+ 1) times continuously differentiable function on R. We
obtain for all k € N

(i) (£)° (EL)" " ro o) = (L4)" 12 (y)

(ii) (Tdr)k_l rlo(r) = Z?;Ol 5k7jrj+1%(r) with numbers B ; (7 = 0,...,k — 1),
which do not depend on ¢.

(iii) fro=1-3-5---(2k—1) = 2'4321@—1)! __ (2k-1)!

. (2k—2) 2(k=1) (k—1)!

Proof. First we proof (i) by induction. For k = 1 we have

2
aaro(r) = 28 () +rgE () = 14t E ).

Now we assume that the statement is true for k¥ € N. Then we obtain for k + 1:

(P () o) = (R (2k + 1)(r) + r(r))
= (L) (2h+ 1)6(r) + 12 ()
= (LM (2 + 2 (r) + 2L (1)) = (L )

By the Leibniz rule every derivative in (ii) results in two contributions: The first
deminishes of the power of r by one without changing the order of the derivative of ¢.
The other increases the order of the derivative of ¢ by one without changing the power

of 7. The highest power of 7 is r2*71=( =1 — ¢* and the highest order of derivatives of
¢ is (<)*=1. This implies (i).

In the term with the coefficient ;¢ all derivatives act only on the powers of r.
The first derivative acts on %! the second derivatives acts on %73 and the last

derivative acts on 3. This shows (1ii). q.e.d.
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Let the dimension n = 2k + 1 > 3 be odd and let u € C*1(R?**+! x R{) obey

o*u "
w—ﬁu—() for (z,t) e R" x R
u(z,0) = g(z) and ?;: (z,0) = h(z) for z€R™
We define Uz, r t) = 19 2k_lU(:z: r,t)
) Y r 8’,” 7 Y
a _ 19 r2k—1 ] _ 10 r2k—1
G(z,r) = (7’87’) G(z,r) H(z,r)= (7’87’) H(x,r).

Lemma 5.4. If u € C*(R**! x RY) solves the initial value problem of the wave
equation, then U(z,r,t) solves for any x € R**1 the following initial value problem.:
U 00U -
W_WZO on (z,r,t) € {z} x RY xRt U(z,0,t) =0 fort € R]

Ulz,r,0) = G(x,r) and aa—[t](:z,r, 0) = H(x,r) forr € R*.

Proof. Let U(x,r,t) solve in the dimension 2k = n — 1 the corresponding initial value
problem of the Euler-Poisson-Darboux equation:

02U B 0? 10 (21 (10 o OU

or? gzt = (W) (r 87’) Ula,r.t) = (r 87") E(LT’ 2
(10 k107U ok—2OU
= (7" 87’) (7‘ W(m, r,t) + 2kr E(m, r,t)

10\""! 10U U
n (7" 87’) ot? o @t = ot? e @)

Due to the Lemmas [5.2] and (iii) the values of U(z,r,t) vanish for r = 0.  q.e.d.

For any (x,7,t) € R x R{ x Ry with r < ¢ the solution of the initial value problem is

U(z,r,t)z%(é(z,t%—r)—ézt—r / H(z,s)d
We recall Lemmal5.3) (ii): Uz, 7, t) = Lo zk WUz, t) ZB —(z, 7, t)
ror kg? T

Lemma [5.2 implies lim, o r”l%—U(:c r,t) =0 for all j € Ny. We conclude

U(x, r,t)

u(z,t) = lim U(z,rt) = lim oo

r—0 r—0
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Alltogether the solution of the initial value problem in odd dimensions is given by

~ ~ t+r
k=1(k—1)! . Gz t+r)—G(z,t—r 7 2k=1(k—1) ¢ I
u(w,t) =2 (2k(—1)!1) ll_rf(l)( e t{[(% S)ds) = ﬁ(%ﬁ(%@*‘f](%t))-

Theorem 5.5. For odd n > 3 the solution of the initial value problem

2
%—Au:o for (z,t) e R x R"
ou

u(z,0) =g(z) and E(w, 0) = h(x) for xeR"

with g € C"2 (R") and h € C"= (R™) has at any (z,t) € R™ x R{ the value

e =T (3 (i) g (1) g

Proof. First we consider the case g = 0. In this case Lemma [5.3] (i) implies

QU

3

Pu TSN 10N\T
BT =2 o (za) t ]QBM hy)do(y)

27 (550 (19T 0

- (n—-2)! (2@) : 5/83(%15) My)doly)
2 (23 19N\ 0 1

- e R h(z +t2)d
(n—2)! (t&t) Bt nwn /83(0,1) (z+2)do(z)
273 (n23)) (1 a)”TltH/

= - Vih(z +t2) - zdo(z
(n—2)' t&t nwny, 2B(0,1) ( ) ( )
) 1 9\T 1 /

= - h(y) - N(y)d
=20 \10t) oy Jopy W) N NOW)

_ 2T (10T 1 .

T (n—2) \tot W J B(z.p) Ahly)d'y
n—3 n—3

o2 (i) 1o T 1

T (n—2)! \tat nwpt /83(1,@ Ahy)do(y)
2"&%*)!(18)”73 ]/

= - t" ANh(z 4+ y)do
(n—2)! \tot 85(0,) (2 +y)do(y)

I
>
I~
—
8
~
~—
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Here we used the divergence theorem and polar coordinates for the calculation of the
derivative of integrals over B(x,t) with respect to t. If we replace h by g and u(z,t) by
v(z,t) with u(z,t) = (2, t), then we obtain the solution in the case with & = 0. This
shows that v(x,t) and therefore also u(z,t) solves the wave equation. The Lemmas
and (iii) finally imply

(0 o
oe0) =t (5 f oot +o o) <0 =gt

t—0 B(z,t) )

%(:c, 0) = lim (t Ag(y)do(y) + gt ]/EjB(Z’ztgy)da(y)) +O(t) =h(z). q.ed.

ot =0 OB(x,t)

To the limit ¢ | 0 only the lowest powers of ¢ with j = 0 in Lemma (ii) contribute
and in the second formula we used that the integral solves the homogeneous wave
equation. The solution u(x,t) depends only on the values of g and h at elements of
0B(x,t). Therefore the speed of propagation has length 1. This is the content of
Huygen’s principle. However the formula for the solution of the initial value problem
of the heat equation shows that the speed of propagation of solutions of the heat
equation can be arbitrary large. Besides this difference there exists another difference
to the heat equation: The solution u of the homogeneous wave equation is at (z,t)
"T_l times less differentiable than ¢ and "T_?’ times less differentiable than h. This is a
general property of solutions of hyperbolic PDEs in contrast to parabolic PDEs: for a
large class of initial values the solutions of the homogeneous heat equation are smooth
independent of the regularity of the initial values.

5.6 Solution in even Dimensions

We again use the method of descent, and derive the solutions in the dimension n as
special solutions in the dimension n + 1 with initial values g(z) and h(z) on R™™ not
depending on z,4; for z = (z1,...,2,.1). By the general formula of the last section
we see that in this case also the solution does not depend on z,;. Indeed if the partial
derivative 0,119(x) and 0,,1h(x) vanish, then the same is true for

/ 9(y)do(y) and / h(y)do(y).
OB(z,t) 0B(w,t)

If the function f obeys afan = 0, then we obtain

0 0
/ f(y)do(y) = / Flo 4 y)do(y) = 0.
Oy 41 OB(z,t) 8B(0,1) O%pi1
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This holds for all ¢ € RT and therefore also for all partial derivatives with respect to
t. So the solution in dimension n = 2k is obtained as the composition of the inclusion
R"™ < R""! 2+ (z,0) with the solution of the corresponding initial value problem in
dimension n + 1. As in the application of the method of descent to the descent from
dimension three to dimension two we parameterise both hemispheres of 0B (z,t) by the
maps V : B(Z,t) — 0B(x,t) with z — (z,£7(z)) with 7(2) = /t? — (2 — Z)2. The
Jacobi matrix of this map is the (n + 1) x n matrix ( i(v]lﬂ,‘;’gz)) ) and the determinant of
(U'(2))T0(2) is again 1 + (V.v(z))?. Hence we obtain

Fwydoy) = ————— [ F)doy) = —————— [ () V/TT (VA ()"

OB(a.t) (n+1Dwnat™ Jop (n+1)wpt" B(xt

_ 2t / f(z)d _ 2w, ]/ f(z)d"z
(n 4 Dwnat" Jpaay /2 — (z—2)2 0+ Dwni1 Jpay V2 — (2 —2)%

Theorem 5.6 (Solution in even dimension). Let n be a positive even integer and
g€ C"T (R") and h € C"2* (R™). Then the solution of the initial value problem

0*u "
w—AU—O for (x,t) e R" x RY
u(x,0) =g(z) and 2—1:(93, 0) = h(x) for zeR"

takes at any (x,t) € R" x RS the following value:

1 (0 (1 0 )—]/ g(2)d"z (1 8) ]/ Mz)d"
u(x,t) = — vl Brievll K + t '
2521\ 0t \t0t) Jpuny /P2~ (z—2)2 \t0t) Jpan/t?—(z —x)?

Proof. The foregoing formula yields with the function f =1 and for z =0 and t = r:

do(z
n+ 1)w, 7’":/ dayer/ // ds
( Jon aB(0,r) ) ) Vr? — z2 8B(0,s) - 32

" nw,s"tds /
=2 | —E———— = 2nw,r 1—a?)"
= (1)

7 da

with the substitution x = ”2_3 = ,/1— f , rdr = —% and s = rv/1 —22. We
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calculate the remaining integral by inductive partial integration and insert the result:
1
/ (1 —2*)™dr = z(1 m‘ +2m/ )" tatda

2m ! (m!2m)?
_ o m m 1 _ _ 2\ym—1 _
= 2m/ (1—a2? d:)s+2m/ dx = 0(1 x) T

3
(n+1—2)0%+DMH1 ( 1)2yf3";g SEET aed
By this formula the value of the solution at (x,t) depends on the values of g and h on
B(z,t) rather than the values on 0B(z,t) like in odd dimensions. Hence the length of
the speed of propagation is bounded by 1, but not equal to 1. Furthermore the solution
is at (z,t) 5 times less differentiable as g and "T_z times less differentiable then h.

We close this section by showing that for any & € N the solution in dimenson

= 2k — 1 is obtained by the method of descent from the solution in dimension
n + 1 = 2k. The initial values ¢ and h are functions on R™ and again they define
functions on R"*! g(z) = ¢(z) and h(z) = h(Z) with (z1,...,2,01) = (21,...,2,)
which do not depend on x,,,1. For a differentiable function f on R™ we have

i of [+ -
0[SO e [ B,
Otni1 Jp@e /B = (2 — x)? By V=22

Hence the solution of the corresponding initial value problem in dimension n+1 does not
depend on x,,; and again defines a solutions of the initial value problem in dimension
n. The map z — Z maps the ball B(0,t) C R™*! onto the corresponding ball B(0,t) C
R™. The preimage of 2 € B(0,t) with repsect to this map is {(Z, 2n11) | 2011 €
(—Vt2 — 22, 3/t2 — 22)}. The substitution y = —2£L_ vields dz,41 = V12 — 22dy and

ViE—22
N RV

/ f(l' + 2) JEH2) w1, / / ez dzn41 FE 4 2)d"z
B(0,t) - 22 B(0,t) J—12=32 \/ — 72— z
x+zdz-7r/ f(z)d"z.
/B(Ot / \/1 — B(z,t)

So for odd n > 3 we indeed recover the formula for the solution in odd dimension:

B o (10 —/ (18)"71/
)= ——— [ = (=2 s+ (-= h(z)d"
u(t) = Sam EEETI <8t(t8t) o PO o oy 2
n—3
TNWy, 0 (10 2/ (18)7_2/
= n (2 £ dz + "2 hy)d'y | ,
25 2y, <8t (tﬁt) 8B(Sct)> T\t 83(5%)) Y
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W, T 2nw, (277 )2 (n—1) 277 23

T ety 2P el (nt Dwen 22 (=215 (n—2)

Here we use the same formulas as for even n. However, for odd n > 3 the final integral
is

For n = 1 the first formula gives with wy = m D’Alembert’s Formula. In particular,
the formula for the solution in dimension n € N gives by the method of descent the
formulas for the solutions in all dimensions less than n. The iterated application of
the method of descent shows that the solutions in dimensions m < n are obtained by
considering solutions u in dimension n with initial values which depend only on the
first m variables x4, ..., x,,. These solutions also depend only on x1, ..., x,, and define
the corresponding solutions as functions depending on (z1,. .., 2y, t) € R™ x RT.

5.7 Inhomogeneous Wave Equation

Duhamel’s principle also applies to the initial value problem of the wave equation. We
conceive the wave equation as a first order linear ODE on pairs of functions on x € R™:

i <%(€7,tt)>) - (2 é) <%(€7,tt)>) * (f(g, t)) ‘

So we may calculate the special solution of the inhomogeneous wave equation

2
%—Au:f for (z,t) e R" x R"
ou

u(z,0) =0 and E(m, 0)=0 for zeR"

as an integeral of the family of solutions of the homogeneous wave equation whose
initial values is given by the inhomogeneity: If u(x,t, s) solves for any s € R

— —Au=0 for (z,t) € R" x (s, 00)

—(z,8,8) = f(z,s) for = € R",
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then u(z,t) = [}

o u(,t,5)ds solves the former inhomogeneous wave equation since

0?u 0 " ou o ["ou
w(m,t) =% (u(:)s,t,t) —I—/O E(I’t’ s)ds) =3/, E(I’t’ s)ds =

ou

= E(m,t,t) + /Ot %(I,t, s)ds = f(x,t) + /Ot Au(z,t,s)ds = f(x,t) + Au(x,t).

Consequently the initial value problem of the inhomogeneous wave equation

2
%—Au:f for (z,t) € R" x R*
ou

u(z,0) = g(z) and E(m, 0) = h(x) for zeR"
is the sum of the former special solution with trivial initial value and the solution of
the corresponding homogeneous initial value problem.
Finally we investigate how the presence determines the past. The wave equations is
invariant with respect to time reversal ¢t — —t. However, this transformation replaces
% by —%. Therefore the values u(z,t) of the solution of the end value problem

2
%—Au:f for (z,t) e R" x R™
ou

u(z,0) = g(z) and a(:c, 0) = h(x) for xeR"
are given by the values u(x, —t) of the solution of the initial value problem with initial
values g and —h and inhomogeneity (z,t) — f(x, —t). This means that we can derive
both the future and the past from the presence. Both solutions fit together and form a
solution u(x,t) of the wave equation on (z,t) € R™ x R which is completely determined
by its values u(z,0) and 2%(z,0) on = € R™.

5.8 Energy Methods

Hyperbolic PDEs do not satisfy a maximum principle. A maximum in the interior of
a domain can be only excluded by a second order PDE which ensures that the Hessian
cannot be indefinite. This are exactely the elliptic PDEs and theire limiting cases as
the parabolic PDEs. Indeed the methods of Theorem applies to degenerate elliptic
PDEs as well. However, energy methods apply to hyperbolic PDEs as well as to elliptic
PDEs and we may prove the unigeness of solutions with such methods:
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Theorem 5.7 (uniqueness of the solutions of the wave equation). Let Q@ C R" be a
bounded domain. Then the following initial values porblem of the wave equation

0?u
w—Au—f on QX(O,T)
u(z,t) = g(x,t) on Qx{t=0} and on 02 x (0,7T)
%(m, 0) = h(x) on Qx{t=0}

has a unique solution in C2(Q2 x (0,T)) with continuous extensions of 0%u to Q x [0, T
for |a| < 2.

Proof. The difference of two solutions solves the analogous homogeneous initial value
problem with f = g = h = 0. For such a solution we define the energy as

e(t) = % /Q ((%(“))2 4 (Vu(:c,t))2> .

Then we calculate

de o*u du OVu .
E(t) = /Q (w(z,t)a(x,t) + Wu(:v,t)Vu(x,t)) d"x

ou 0%u .
A E(%t) (w(%t) — AU(:E,t)) d"z = 0.

Here we applied once the divergence theorem to the vector field %Vu which vanishes
at 00 x [0,7] together with u and 2¢. Initially the energy is zero e(0) = 0. Since the
energy is non negative it stays zero for all positive times ¢ > 0. This shows that u is
constant and vanishes on 2 x [0,7") since it vanishes initially. q.e.d.

The proof gives the same conclusion if we assume that instead of u(x,t) the normal
derivative Vu(x,t)- N(x,t) is given on 02 x [0, 7. Finally we give a simple proof that
the length of the speed of propagation is bounded by 1.

- - : : _ Ou _
Theorem 5.8. Ifu is any solution of the homogeneous wave equation obeying u = ¢ =

0 on B(xzo,to) fort =0, then u vanishes on the cone {(x,t) | |v — x| < to —t,t > 0}.
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Proof. Again we calculate the time derivative of the energy

olt) = 5 /B . <<%(x,t))2+ (Vu(g;,t))2) d'r as

T =g /0 o /8 . <<%(x,t))2+ (Vu(a;,t))2) do()ds

0%u du oVu .
/B(xo,to—t) (—(ZE, t)a(l" t) + 7($7 t)VU(ZIZ',t)) Az

B % /8 - ((%(g;,t)f 4 (Vu(a;,t))2) do(x)

_ /B 0 1y (%(m,t) _ Au(a:,t)) e

(wo,to—t) 8t

ou 1
+/ —(x,t)Vu(x,t) - N(x,t) — =
aB(%’tO_t)(@t( Ve, ) Nz, ) - 5

(
- /aB(mO’tO_t)(%(x,t)Vu(x,t) - N(z,t) — % (E(I,t))i %(Vu(:c,t)f) do ().

Since the outer normal has length one we derive

ou ou

() Vule ) - N(z, 1) < % (E(I,t)) + %(vu(x,t))z

with a = Vu(z,t) and b = %(1’, t)N(x,t) from the following inequality:

1 1 1
b<a-b+=(a—10)-(a—0b)==a*—+ =b*
a-b<a +2(a )-(a—0) 2a+2
So by é(t) < 0 the energy is monotonically decreasing. Because the energy is non-
negative and vanishes initially it stays zero for all positive times in t € [0,%]. This
implies w = 0 on {(z,t) | |xt — xo| <ty —t,t > 0}. q.e.d.

By the invariance with respect to time reversal we can also deduce the vanishing of
u on the cone {(z,t) | |# — xo| < to +t,t < 0} from the vanishing of u and 2* = 0 on
(x,t) € B(xo,t9) x {0}.



