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Abstract
In questo lavoro viene esposta la teoria del problema di Cauchy per I'equazione delle
onde in un mezzo omogeneo e isotropo in dimensione qualunque.

I primi due capitoli sono incentrati sull’approcio classico alla soluzione del problema.
In particolare, nel primo capitolo si studia il problema in tutto lo spazio, mentre nel
secondo in un dominio limitato, con condizioni al contorno.

Nel terzo capitolo viene esposta la teoria degli Spazi di Sobolev, che verra poi applicata
nel capitolo successivo, nella cosiddetta formulazione debole del problema.
L’ultimo capitolo ¢ dedicato alle applicazioni fisiche: vengono studiate le onde
elettromagnetiche e le onde gravitazionali, la cui recente scoperta ha aperto nuovi
orizzonti nello studio del cosmo.
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Introduction

In this work we give an introduction to the Cauchy problem for the wave equation in a
homogeneous isotropic medium in an arbitrary number of dimensions.

Waves are ubiquitous in physics: let’s think for instance to the electromagnetic waves,
describing the propagation in space of the electromagnetic field, or sound waves. Recently,
the existence of gravitational waves, predicted by the general theory of relativity, has been
established experimentally by LIGO-VIRGO collaboration, opening new possibilities in
the observation of the universe.

This fact confirms what it is well known since long time, about the fundamental importance
of discovering and developing new mathematical tools for studying ondulatory phenomena.
In particular, how waves originate from a source and how they evolve, starting from a
given initial configuration. This is achieved by solving the Cauchy problem for the
well known equation describing the propagation of waves. In this problem we look for
functions of class C? which satisfy the wave equation in some open domain and agree
with given initial data at ¢ = 0. In the case in which the domain is bounded, we can also
demand that the solution of the problem satisfies some given conditions on the boundary.
In this case the problem is known as boundary value problem.

However, during the last century, mathematicians have discovered that the classical
spaces in which they looked for solutions (functions which are two times continuously
differentiable in space and time in the interior of the domain and continuously differentiable
on the boundary), are not the natural spaces the solutions in most cases belong to.
Indeed, in many situations, if the initial data do not possess very high regularity, solutions
belonging to these spaces (the now so-called classical solutions) does not exist. Since we
are interested in physical applications, in which initial data can exhibit high irregularities,
it is important to find a way to solve this problem.

It turns out that the natural spaces in which looking for solutions are the so-called
Sobolev spaces. They are functions spaces in which a weaker notion of differentiation is
defined and the solution usually has to solve an integral equation. For this reason it is
costumary to say that the wave equation is satisfied in the weak sense. The study of
these spaces have been carried on by Sergej L’vovi¢ Sobolev in the thirties using tools of
functional analysis, but it is mainly based on the notion of integration by parts.



We now describe in more detail the content of this thesis.

In Chapter 1 we study the global Cauchy problem in an arbitrary numbers of dimensions,
giving the definition of a classical solution and proving its existence and uniqueness. We
then obtain the famous d’Alambert formula for the solution in one dimensions and we
employ the spherical means method, method of descent and Duhamel’s method to obtain
from that the representation formula for solution in n dimensions.

Our main resources for this chapter were [8], [6] and [4]

In Chapter 2 we restrict the attention to bounded domains, giving the definition of
the boundary value problem and looking at the most common ways to assign boundary
conditions in literature. We then prove existence and uniqueness of the solution and we
give an introduction to the method of separation of variables, studying explicitely the
case of waves in a ball in three dimensions.

For references, see [1], [8] and [5]

The third Chapter is entirely devoted to the theory of Sobolev spaces. We give the
definition of weak derivative and we study its main properties. We then show how
functions in Sobolev spaces can be approximated by smooth functions and we introduce
the notions of trace and extension, which are fundamental for the weak formulation of
boundary value problems. In the final part of the Chapter we find embeddings between
different Sobolev spaces and we define functions mapping time into Banach spaces.

For this chapter we have followed [4]

In Chapter 4 we give the definition of a weak solution and we discuss the weak formulation
of boundary value problems, showing that, under some assumptions on initial data, the
solution exists and it is unique. We give two different approaches: the first one makes
use of the Hille-Yosida’s theory for the homogeneous problem in a general domain. The
second one uses the Galerkin’s method to explicitely construct the solution in a bounded
domain.

See [3] and [4].

Finally in Chapter 5 we present two phyisical situations in which the wave equation
emerges from other equations in physics. In the first part, we show how electromagnetic
waves can be found starting from Mazwell equations in a particular gauge and we solve
the wave equation, finding the scalar and vector potentials for a point-like charged particle
with arbitrary motion.

In the second part we show that Finstein field equations assume the form of a wave
equation in a particular gauge, predicting the existence of gravitational waves, which
are perturbations of space-time propagating with the speed of light. We study the



interaction of these waves with matter and the emission from a source, finding explicitely
the expression for waves emitted by a binary system in circular orbit.
For the contents of this chapter, see [7] and [2].



Chapter 1

Classical global problem

We present the classical approach to the solution of the Cauchy problem for the wave
equation in n dimensions. The definition of the problem is given and we prove existence
and uniqueness of classical solutions, under certain assumptions on the regularity of the
initial data. Initially, we focus the attention on the homogeneous global Cauchy problem,
giving the solution in one dimension and then obtaining the one for general n from that,
using the spherical means method. The cases with n odd and with n even are studied
separately and the differences exhibited by the solutions in the two cases are analyzed.
We then turn to the nonhomogeneous global problem, using Duhamel’s method to reduce
it to the homogeneous one and obtaining the general solution of the problem for all n.

1.1 Global Cauchy problem

In this section we introduce the global Cauchy problem for the wave equation and we
define a classical solution.

Definition 1.1. We say that a function u(z,t), defined in R™ x [0, 00[, is a solution
of the nonhomogeneous global Cauchy problem for the wave equation, provided u €
C?*(R"™ x [0, 00[) and u satisfies
Ou = f(x,t) in R™ x [0, 00] (1.1)
u=yg, uy=h onR"x {0} '

where [0 := 92 —c*V? is d’Alambert operator, ¢ is a positive constant, g, h : R™ — R and
f : R™"x [0, 00]— R are functions, whose regularity will be discussed later, representing
initial data and external force acting on the system respectively.



1.2 Well posedness

We examine the well posedness of the problem (1.1), showing that there exists at most
one solution. The existence will be proven in section 1.4., where we will find explicit
formulas for the solution in all dimensions. We also show that the solution represents a
signal that propagates in space with finite speed and we define its domain of dependence.

Definition 1.2.1. Let u(z,t) be a solution of (1.1) and let (x,ty) be a point in
R™ x [0, 00[. Define the backward cone of u with vertex at (x¢, o) as

t=to

Claoto) = {(,t) € R" x [0,00[: |z — 0| < c(to — 1)} = | Blao, clto — 1)) x {t} (1.2)

t=0

where B(z,r) denotes the ball in R™ with center x and radius 7.

Define also the energy

1

E(t) = —/ {u? + | Vu|*}dx (1.3)
2 J B(wosc(to—1))

Now, let @(x,t) be a solution of the homogeneous Cauchy problem with zero initial data,
i.e. u satisfies

~D11 =0 ~m R™ x [0, o0 (1.4)
u=0, u,=0 onR" x {0}
We have the following:
Lemma 1.2.1. The energy E(t) associated with @ is a decreasing function of t.
Proof. We may write
1 C(toft)
E(t) = —/ dr/ {a; + *|Val*}dS (1.5)
2 0 OB(zo,r)
so that:
db ¢ ~2 21w~ (2 e 2~ ~
— == {u; + *|Val“}dS + {4 + *Vu - Vg bde  (1.6)
dt 2 JoB (o c(to—1)) B(xo.c(to—t))

The last integral can be done by parts

/ Vii - Vigdr = / Uyl d.S — / 1, V2 1idx (1.7)
B(xo,c(toft)) aB(zo,c(toft)) B(mo,c(tofl‘))



where v is the outward normal to the sphere 0B (xq, c(ty — t)), and 4, = Vu - v.

dFE
— = / iy — AVadde + - / {2ci; 11, — @2 — | Va|*}dS
dt B(zo,c(to—t)) 2 dB(zo,c(to—t))
(1.8)
=< / {2ctiyit, — @2 — A|Val2}dS
2 J 9B (o c(to—1))
since the first integral vanishes.
Now, by the Cauchy-Schwarz inequality, |4,a,| < |||V |, so that
2ciiy 1, — 47 — 2| Va|* < 2| || Vil — @2 — A|Val|? = — (i, — | Va|)? <0 (1.9)
and therefore Cil—’f < 0, as claimed. O

We immediately have:
Theorem 1.2.1. There exists at most one solution of (1.1).

Proof. Let ui(x,t), us(x,t) be two solutions with the same initial data.

Then @ := wu; — uy is a solution of (1.4). Since E(0) = 0 and E(t) is a decreasing
function, we have E(t) = 0V t > 0. Therefore @; and |Vi| vanish identically for each t.
This implies that @ is a constant and, since @(z,0) = 0, we obtain @(z,t) =0V (z,t) €
R™ x [0, ool. O

Definition 1.2.2. Fix a point (x¢,to). We define the domain of dependence of a
solution of (1.1) as the set of points (z,t) in R™ x [0, co[ on which the value of the solution
at (zo,ty) depends.

We also have the following:
Corollary 1.2.1. Suppose u, u;, f = 0 on B(xo, cty). Thenu = 0 within the cone C(z, 4,)-

In particular, the values of the initial data g, h outside B(xy, ctg) have no effects on
the solution within C,, 4. Therefore, the domain of dependence of the solution at the
point (zo,ty) is a subset of B(xg, cty). This shows that the solution of the wave equation
is a signal propagating with finite speed and that this speed is c.

From now and until section (1.5) we focus on homogeneous problem, i.e. we set f =0
in (1.1).



1.3 One dimensional problem
We solve the one-dimensional homogeneous problem changing to characteristics coordinates
and we derive the famous d’Alambert formula. This will also constitute the starting point

for the solution of the problem in higher dimensions.

The one-dimensional homogeneous problem reads as

Ugt — Uz = 0 in R x [0, 00| (1.10)
u=yg, us=nh on R x {0} '
We note that the differential operator 2 8t2 —c? aa > can be splitted as (aat Caax)(% + 05%).

This suggests that, changing to the coordinates £ = z — ct, n = x + ct, the so called
characteristics coordinates, the wave equation takes the simpler form:

ugy(§,m) =0 (1.11)

The solution now follows easily, since there exists f € C(R), such that us(§,n) = f(§)
and there exists also G € C(R), such that (£, n) = F(€) + G(n), with F' a primitive of
f. Going back to the original coordinates, we then find that the solution to the wave
equation is given by:

u(z,t) = F(x — ct) + G(z + ct) (1.12)

whith F, G arbitrary differentiable functions. It is evident that F' and G represent waves
propagating in the positive and negative directions respectively, since an observer moving
with speed =+c sees constant F, G respectively. Imposing the initial conditions, we find:

u(z,0) = F(z) + G(x) = g(x) (1.13)
u(x,0) = o(G'(x) = F'(x)) = h(z) (1.14)

solved by
1 1
F e h 1.1
() = 59(2) — o (1.15)
G(x) = 1 )+ ! h (1.16)
TR Ty, '
Therefore, u is given by:
1 x+ct
u(z,t) = 5{9( x+ct)+glx—ct)}+ 26/ h(y)dy (1.17)
T—ct

(1.17) is the so-called d’Alambert formula. We need to check that it really represents a
solution of the problem.

10



Theorem 1.3.1. Assume g € C*(R), h € CY(R) and define u by d’Alambert formula.
Then

(1) u e C*R x [0, 00[)

(ii) u solves the wave equation in R x [0, 00|

(1ii) Vo € R, B (g 1) (20,00 U(2T,1) = g(T0), UM (g 4)— (20,00 U (T,1) = h(xo).

The proof is a straightforward calculation.

Remark 1.3.1. We see from d’Alambert formula that the solution at the point (z,1)
depends on g at the points  — ¢t and x+ct and on h in the whole interval [z — ct, z 4 ct].
This interval is therefore the domain of dependence of the solution in one dimension.

Remark 1.3.2. It is remarkable that d’Alambert formula makes sense also for g
continuous and h bounded. In this case w is only continuous and, according to our
definition, it is not a classical solution of the Cauchy problem. Nevertheless, we can find
a precise sense in which u can be considered a valid solution even with these requirements
on the initial data. In this case wu is said to be a weak solution of the problem. The
development of this concept will be the subject of later chapters.

1.4 Spherical means method

We employ the spherical means method for multivariable functions and we obtain the
Darbouz equation.

Definition 1.4.1. Let f € C(R™). For every fixed z € R", we define the spherical
mean of f, denoted as F(z,r), as:

) =— [ _ fws, (1.18)

where w, is the n-dimensional measure of the unitary sphere.
The spherical mean may be rewritten as an average over the unitary sphere centered in
the origin, setting y = = + r§.

F(x,r)= L f(x +1r&)dSe (1.19)

Wn Jigl=1
With F' written in this form, the following facts follow immediately:
(i) The map r — F(x,r) can be extended for r < 0 and becomes an even function

of the variable r.
(ii) The function f, being continuous, can be recovered from F' taking the limit r» — 0.

11



(iii) If f € C*(R"), the same is true for F, since we can differentiate under the integral
sign.

In particular, let f € C%(R"). Then we have:

0 1 T
~F=_ S €dS, = — 2 d 1.2
o o |§|:1sz(w+r€) §dSe o |5‘:1fo(w+r§)§ (1.20)
- Ve s [ [ swas)
wnrn_l ly—z|<r ¢ -t 0 anpn_l ly—z|=p !
(1.21)
1 [
= rn_lf P tdpVEF (1.22)
0

1

Multiplying by "~ and differentiating with respect to r, we find that F' satisfies

0? n—109
—_— —F -V*F = 1.2
or? r Or Ve 0 (1.23)

Equation (1.23) is the so-called Darbouz equation

Now, suppose the function u(z,t) is a solution of the n-dimensional wave equation,
that is uy — ¢?V2u = 0. Forming its time dependent spherical mean, we can compute

1
VU, 1) = V[ / u(w + €, £)dSe] (1.24)
n Jig=1
— 1 [ Vu@+re s —ia—Z[i/ (e +r€,1)dSe]  (1.25)
= o, =1 x ’ §— CQ atQ Wy £l=1 ) 13 .
| o2
Thus, by (1.23):
2 P n-10
ol et gl = (1.27)

Equation (1.27) is known as Euler-Poisson-Darboux equation, depending on the number
of dimensions.

Remark 1.4.1. Fix x € R". Note that the operator 5—; + ";1% is the radial part
of the Laplace operator in n dimensions. We therefore see that the spherical mean of a
solution of the wave equation is again a solution. This is not surprising because, since
the wave equation is invariant under rotations, starting from a solution, rotating around

a point and averaging over the unit sphere, we must reach another solution.

12



Remark 1.4.2. Suppose u(z,t) is a solution of the Cauchy problem (1.1) with f = 0.
Then it is clear that, with x fixed, its spherical mean is a solution of the same problem,
where g and h are replaced by their spherical means G and H around the point z.

1.4.1 Solution of the wave equation for odd n

We now solve the homogeneous wave equation in an odd number of dimensions, turning
the Euler-Poisson-Darboux equation into the one dimensional equation and then using
the d’Alambert formula.

We first need the following:

Lemma 1.4.1. Let ¢ € C*Y(R,R). Then, for k=1,2,...:
() ()1 6216) = (L)
(ii) (%d%)kq(r%ng) _ Z?;ﬂl leyTjJrl:iiJ_;f

where the constants ﬁf don’t depend on ¢.
Furthermore, 8¥ =1-3-5--- (2k — 1) = (2k — 1)!1.

The proof is by induction.

Now assume n > 3 is an odd integer and set n = 2k + 1. Let also u € C*1(R" x [0, co])
be a solution of (1.1) with f = 0 for some functions h, g.

Definition 1.4.2. Define the modified spherical means as

We can now prove the following fundamental result:

Lemma 1.4.2. U solves the one dimensional Cauchy problem

ﬁtt — CZUTT =0 imRx [O, OO[
U=G, Uy=H onRx{0} (1.28)
U=0 on {0} x[0,00]

13



Proof. Applying Lemma 1.4.1. (i) and using the fact that U satisfies the Darboux
equation:

: 0 10 1 ok L0k o
— (2 E k- - = (== 1.2
O = (55) (50105 710) = ()M (020,) (1.29
1O 1 okt 2%—2
U + 2k U, 1.30
= () U + 2k (1.30)
1O 1 ok — 1
Upr , 1.31
= () ) (131)
10 k1 1 1=
= (;E) Hr Utt) = C—2Utt (1.32)
The initial conditions follow by contlnulty. Finally, applying Lemma 1.4.1. (ii), we see
that U = 0 on {r = 0}. O
D’Alambert formula thus gives, for 0 < r < ct,
B 1 B _ 1 ct+r _
U(r,t) = E{G(r—i-ct) —G(ct—r)}—l—% H(y)dy (1.33)
ct—r

Now, recall that u(z,t) = lim,_oU(z,r,t) and that lemma 1.4.1. (ii) asserts

3 P AV k g+1 o
Ulr,t) = <r(97“) Y2 U (2,7, t)) ZB r Uz, r,t) (1.34)
and so ~
L Ul(r,t)
u(z,t) = lim, 0 B (1.35)

1(1.33) and Lemma 1.4.1 imply:
Gr+ct)—Gct—r) 1 [

u(z,t) = mzz'mHo[ " + 5 . H(y)dy] (1.36)
_ ﬁ[l ;G(ct) + H(ct)] (1.37)
We then finally obtain the representation formula
W) = ol )G o) G [ swias) (s
G G | 0 (1.39)

We have to check that this expression really provides a solution of our homogeneous
Cauchy problem.

14



Theorem 1.4.1. Assume n is an odd integer, n > 3 and suppose also g € C™THR"™), h €
C™(R™), for m = 2. Define u by (1.38). Then

(1) uw € C*R™ x [0, 00])

(ii) uy — V*u =0 in R" x [0, 00|

(1ii) Limygp)—(wo,00W(x, 1) = g(20),  liMyz ) (wo,0)te(x, t) = h(xg) V 29 € R™.

Proof. (i) follows directly from the regularity conditions on the initial data, (ii) and (iii)
can be obtained easily using lemma 1.4.1. O

Remark 1.4.3. Comparing d’Alambert formula with (1.38), we see that the latter
involves the derivatives of g. This suggests that, for n > 1, a solution of the Cauchy
problem need not for time ¢ > 0 be as smooth as initial value g. Thus, irregularities in
g may focus at times ¢t > 0, thereby causing u to be less regular.

1.4.2 Solution for even n

We apply the method of descent to obtain a representation formula in even dimensions,
starting from the one in odd dimensions. We then analyze the differences exhibited by
the solutions.

Assume n is an even integer and suppose u is a solution of the homogeneous Cauchy
problem. The trick, known as method of descent, consists in noticing that the function
W1,y ooy Tpy1,t) = w(xq, ..., Ty, t) solves the wave equation in R™ x [0, 0o[, with the
initial conditions @ = g, 4; = h on R™™! x {0}, with
G(x1, ey Tpa1) = g1, .y )
h(l‘l, ceey [L‘n)

1.40
h(xla"'7$n+l) : ( )

Now, fix z € R" and write Z = (21, ..., T,,0) € R*"!. Then, (1.38), with n + 1 replacing
n, gives

1 0.,10 n2 1 A
e ) = Gl ) G ™ G [, 90980 (4
G G [ H0) (1.42)

Note that the intersection of the n+1-sphere of radius ¢t and the halfspace {y,+1 > 0}
is the graph of the function y(y) = /(ct)? — |y — z|? for y € B(z,ct) C R". Likewise,
the intersection of the n+1-sphere with the halfplane {y,.; < 0} is the graph of —~.

15



Therefore, we have:

1 o 9 2
—Lﬂzctg(y)dsy = (n—l—l) /|yz|gctg(y) 1+ |V7(y)| dy (143)

wWy1(ct)” wy1(ct)”

2 9(y)
d 1.44
(n+ Dwpa ()™= /|y vi<et \/(ct)? — |y — |2 v (14)

(1.45)

Inserting this expression and the similar one with & in place of ¢ into (1.38), and recalling

that w,, = %2), we find

NG

1.,0.,10 n2 1

9(y)
Liyddye L /| s T

10 n2, 1 hy)
+Gp) o /| o T (1.47)

This is the representation formula for the solution in even dimensions.

u(x,t) = dy) (1.46)

nll

Theorem 1.4.2. Assume n is an even integer, n > 2 and suppose also g € C"™THR™), h €
C™R"), form = ”T*Z Define u by (1.46). Then

(i) u € C*R™ x [0, 00])

(ii) uy — V*u =0 in R" x [0, 00|

(iii) Uim (g 1) (@o,0)u(T, 1) = g(20),  1iM(z4)—(@o,0)Ut (T, 1) = h(xg) ¥V 20 € R™.

Proof. The proof follows directly from that of Theorem 1.4.1. for odd n. O

Looking at the representation formulas (1.38) and (1.46), we see that the most
important difference between the solutions in odd and even dimensions lies in the nature
of their domains of dependence. In fact, to compute the solution at the point (zo, ) in
an odd dimensional space, we only need to have information on g, h and their derivatives
on the sphere 0B(zy, cty) = {x : |x — x| = cto}, while, in an even dimensional space, we
need the values of the data in all B(xg,cty) = {z : |z — 20| < cto}-

Suppose g, h have their support in a bounded open set 2 C R™ and n is odd. In order to
have u(x,t) # 0, the point  has to lie on a sphere of radius ct centered at a point y € €.
The union of such spheres contains the support of the solution u at the time ¢. Therefore,
the support of u spreads in space with speed ¢ and it is bounded by the spheres with radius
ct and centers in 0€2. For example, take p > 0 and suppose 2 = B(0,p) = {x : |z| < p}.
Then 0B(xz,ct)(B(0,p) # 0 only when z lies in the spherical shell bounded by the
spheres 0B(0, ct + p) and 9B(0, ¢t — p). In particular, for each fixed x and all sufficiently
large ¢ (namely t > \xl#) we have u(x,t) = 0. A disturbance originating in B(0, p)
is confined, at the time t, to a shell of thickness 2p expanding with speed c¢. On the

16



contrary, if n is even, the initial data starts affecting the solution at the point (x,t) after
a time t,,;, = @, but then they continue forever, since () B(x, ct) # 0 for t > t,in.
This discussion shows that sharp signals can propagate only in odd dimensions, a result
known as Huygens’s strong principle. It is worth mentioning that, while the support

spreads out, the solution decays in time, so that the total energy is conserved.

Setting n=3 in (1.38) and n=2 in (1.46), we obtain the solutions in three and two
dimensions respectively. After carrying out the derivative with respect to ¢, we obtain:

u(e,t) = —= / (9(y)+ Valy) - (y— o) + th(y)}dS, n=3  (1.48)
At ly—x|=ct
1 9(y) +Vg(y) - (y — z) + th(y) .
u(z,t) = orct ), e \/(ct)2 Eyp— dy 2 (1.49)

1.5 Nonhomogeneous problem

We make use of the Duhamel’s method to solve the nonhomegeneous Cauchy problem in
all dimensions, converting it to the homogeneous one.

The Duhamel’s method consists in looking at the nonhomogeneous problem as a sequence
of homogeneous ones for different values of a parameter s and then integrating over s to
obtain the desidered solution. We can give an intuitive motivation of the method by a
physical argument: the function f appearing on the right hand side of the nonhomogeneous
wave equation represents an external force acting on the system. According to Newton’s
law, this force changes the velocity of the solution u between two constant time hyperplane
{t = s} and {t = s+ ds} by f(x,s)ds. Then, in order to get the solution at time s + ds
from the one at time s we must add to it a new solution of the homogeneous wave equation
with initial data prescriped on {t = s}, u(z,s) =0, u,(z,s) = f(x,s)ds. The solution of
the nonhomegneous problem is obtained by adding all this solutions integrating over s
from 0 to t. We now give this argument a rigorous form and we prove that the function
we obtain really provides a solution of (1.1). Since we already know the solution of the
homogeneous problem and the wave equation is linear, it is sufficient to consider the
problem

Ou = t) inR™ x |0
u= f(x,t) in R" x [0, 00] (1.50)
u=0, uy, =0 onR" x {0}
For s < t, define @(z,t; s) to be the solution of the homogeneous problem
F'& =0 ~m R™ X [s, 00| (151)
=0, u = f(z,s) on R" x {t = s}
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Now set .
u(z,t) = / u(zx,t; s)ds (1.52)
0
We have the following:

Theorem 1.5.1. Assume n > 2 and f € CEIFYR" x [0,00[), where [ ] denotes the
integer part. Define u by (1.52). Then:

(i) uw € C*R™ x [0, 00])

(i) Ou = f(x,t) in R™ x [0, 00|

(111) lim(zyt)_}(zo’o)u(x,t) =0, lim($7t)_>($0,0)ut(:c,t) =0 Vz5eR"

Proof. If nisodd, [2]+1 = 2. According to Theorem 1.4.1., @(z, t; s) € C*(R™x [0, 00|)
for cach s > 0 and so u € C*(R" x [0,00[). If n is even, [2] +1 = 22 Hence
u € C*(R™ x [0, 00[), according to Theorem 1.4.2. We now compute:

¢ ¢
u(z,t) = u(z, t;t) +/ Uz, t;8)ds = / U(x, t; s)ds (1.53)
0 0

t t
() = gz, t;t) +/ Uy, t; 8)ds = f(x,t) +/ Uy, t; s)ds (1.54)
0 0
On the other hand:
t t
Viu(r,t) = / V20(z,t; s)ds = / Uy (x, t; s)ds (1.55)
0 0
This shows (ii). Clearly, we also have u(z,0) = us(x,0) = 0. O
Looking more closely at the three dimensional case, we have:
1
otis) = oo [ fly9)ds (1.56)
dme? (t - 8) |lz—y|=c(t—s) Y
so that
1 " ds
et =g [ [ fwss (1.57)
e Jo =5 Jjomyl=c(—s) !
ly—z|
1 ==
= —f(y < )dy (1.58)
4 lz—y|<ct |y - (L’|

We see that the solution at the point z and time ¢ depends on the value of the external
force on the set {y : |y — x| < ct} at the earlier time ¢’ =t — ‘x%yl; this shows again that
the solution propagates in space with speed c¢. For this reason formula (1.58) is known
as retarded potential.

Clearly the complete solution of the nonhomogeneous Cauchy problem is obtained summing
(1.52) with either (1.38) or (1.46).

18



Chapter 2

Boundary value problem

In this chapter we study the Cauchy problem for the wave equation in a domain that is a
bounded open subset of R™. We see that, in order the problem to be well posed, we must
specify some boundary conditions; that is, we must impose that the desidered solution of
the problem satisfy certain conditions on the boundary of its space-time domain. Cauchy
problems, together with these boundary conditions, are known as initial boundary value
problems.

We start the chapter by giving the formal definition of these kind of problems and
by exposing the most common ways to assign boundary conditions. We next prove
uniqueness of the solution, for given initial and bounday conditions.

We continue by presenting the separation of variables method for problems with homogeneous
boundary conditions and we give an example of application, solving explicitly the problem
for waves in the unitary ball in R3 with homogeneous Dirichlet boundary conditions.

2.1 Generalities

We expose the main features of initial-boundary value problems for the wave equation
and the most common ways to assign boundary conditions for such problems.

Notations: (i) Let U C R" be open and bounded, k € N.

We say OU is of class C* if for each point zy € AU there exist r > 0 and a function
v € CHR"1 R), such that, upon relabeling and reorienting the coordinates axes if
necessary, we have:

UN B(xg,r) ={x € B(xo,r) : xp > y(21, ..., 1)} (2.1)

Likewise, QU is of class C* if it is of class C* for every k € N.
(i) If T > 0, we call space-time cylinder the set Ur := U x [0,T]. We also denote the
hypersurface OU x [0, T as OUr.
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(iii) Suppose f is a function defined in Ur.- We say f € C*(Ur) meaning that f is I-times
differentiable with respect to space variables and k-times differentiable with respect to
time.

In what follows U will indicate a bounded open subset of R" with boundary of class
ot

Definition 2.1. We say a function u(z,t) : Ur — R is a classical solution of a initial-
boundary value problem for the wave equation, provided u € C%*(Urp) N C*(Ur) and u
satisfies:

Ou = f(x,t) in Ur

u=g, u=nh onU x {0} (2.2)

+ boundary conditions on OUr

where g,h : U — R, f : Ur — R represent initial conditions and external forces acting
on the system respectively.

The following are the most common ways to assign boundary values to a function w:

(1) Dirichlet conditions: The value of the solution u is directly assigned along OUr;
that is, we set u(z,t) = a(x,t) on Uy, for a given a € C1(dU7).

An example may be given by a problem in which an electromagnetic wave is reflected by
a metallic surface and the component of electric field parallel to the surface is required
to vanish identically.

(ii) Newmann conditions: The normal derivative of the solution along OUr is assigned;
that is, we set d,u = a on OUr, where v is the outward normal to OUr and 0,u = Vu - v.
For example we can study the motion of a vibrating membrane and we can assign its
velocity on the boundary.

Robin conditions: A linear combination of u and its normal derivative is given along
OUr; that, is, we set au + Sd,u = a on OUr.

Mixed conditions The value of the solution is given on 0€2r, a relatively open subset
of OUr and its normal derivative d,u is assigned on OUr — 9€)r.

2.2 Uniqueness of the solution

We see that also in the case of bounded domain, with appropriate boundary conditions,
the Cauchy problem is still well posed. In fact, the following result holds:
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Theorem 2.2.1. The problem (2.2), together with one of the boundary conditions (i)-
(iv), has at most one classical solution.

The proof follows a reasoning similar to that of Theorem 1.2.1.

Proof. Define the energy function associated with u, as:

1
E(t) = 5/{u? + | Vul|*}dx (2.3)
U
We have:

E
d— = /{ututt + 2|Vl - Vu, ydx = /{utt — V2 udx + 02/ U, U dS (2.4)
dt U U oU

= /Ufutdgc—i—c2 /E)U u, U dS (2.5)

where we have integrated by parts.

Now, let uy, uy be two classical solutions of (2.2) with the same initial and boundary
data. Then, by linearity, w = u; — uy is a solution of the homogeneous wave equation
with zero initial and boundary data. We are left with:

E
d— = 02/ w,wedS (2.6)
dt SU

For a problem with Dirichlet boundary conditions, we have w = 0 on OUr and therefore
wy = 0 on QU. For a problem with Newmann boundary conditions, we have w, = 0
on OUr and for a problem with mixed conditions both w; and w, vanish. In all these
situations we see that energy is conserved in time and, since it vanished at ¢t = 0, it
vanishes at any time. This further implies w = 0 at any time, as in Theorem 1.2.1.

For a problem with Robin boundary conditions, we have aw + fw, = 0 and therefore:

dE Q@ a 5 d

— = ——02/ wwdS = ——02—/ w?dS (2.7)

dt 6 Jou Godt Jay
This shows that the quantity

E+2¢ / w?dS (2.8)
B Jou

is constant in time and, since it vanishes at ¢ = 0, it vanishes at any time, implying again
w = 0 at any time. O
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2.3 Separation of variables

We expose the separation of variables method for solving problems with homogeneous
boundary conditions and we present some examples.

Definition 2.3.1. We say a boundary value problem have homogeneous boundary
conditions if the solution is required to vanish at the boundary at any times, i.e. we
demand

u(z,t) =0 on 0Qr (2.9)

The separation of variables method for solving boundary value problems for partial
differential equations with homogeneous boundary conditions, consists in looking for
solutions expressible as products of functions of a single variable. We therefore looking

for solutions of the form: .

(@, ) = [ i) (2.10)

i=1
Substituting (2.10) into the PDE we obtain a set of n ordinary differential equations

with associated boundary conditions, that can be solved using well known methods for
ordinary differential equations.

We now give an example of application for the wave equation in three dimensions.

2.3.1 Waves in a ball

Consider the following homogeneous initial-boundary value problem:

Ou =0 in B? x [0, o0]
u=g, u=h onU x {0} (2.11)
u=0 onS?x[0,o0]

where B? = {(z,y,2) e R®: 2 +¢y* + 22 <1}, S? = {(z,9,2) e R® : 22 + > + 22 = 1}
are the unitary ball and the unitary sphere in R3. We also demand the function to be
regular and bounded everywhere.

It is natural to work in spherical coordinates. The wave equation thus takes the form:

1 0?(ru) 1 0 ou 1 9%u 10%

r o Or? * r? sin&@(sm 0%) * r2sin20 8¢ 2 Ot

-0 (2.12)

with r € [0,1], 8 € [0,7], ¢ € [0,27], and the boundary condition becomes

u(1,0,6,t) =0 (2.13)
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Looking for a solution of (2.12) of the form (2.10), we set
u(r,0,¢,t) = R(r)0(0)2(p)T(¢) (2.14)
Substituting in (2.12) and dividing by wu, we find:

11d?PR) 1 1 d,. d&. 1 1 & 11dT
i - Sy T S0 2.15
Rr dr? * O r2sind d9<sm de )+ ®r2sin26 dg2 T c? dt? (2.15)

If we move the last term to the right hand side, we note that we have an equation where
a time-independent term is set equal to a time-dependent one and therefore, in order to
the equation be valid, both its sides must be equal to a constant, say —\?

11P0R) 1 1 d O, 1 1 &

1 L ing®y L1 e 2.16
Rr a2 om0 Y S (2.16)
&T

Multiplying by r2sin? 6 in (2.16), we can separate the ¢-dependent term and, setting the
two sides of the resulting equation equal to the constant —m?, we find:
.92 2 .
rsin“@d*(rR) sinf d , . dO 5 9
— 0—)+ X\ — =0 2.18
R ar e athig)thom (2.18)
T 5.,
d*® 9
With other algebraic manipulations, we can further separate the equations in r and 6,
and, setting both sides equal to a constant k, we finally obtain:

d?(rR) 2,2 _
re—ae + (M —k)R=0 r€l0,1] 2.21)
R(1) =0
1 d,. ,dO m2
gm0 (k= =)0 =0 0 € 0,7 (2.22)
2o
Gz TR =0 g€ o2 (2.23)
A>T 919
g TEXNT =0 >0 (2.24)
Equations (2.23), (2.24) are straightforward:
T(t) = C“!‘eiC}\t + C_e_iCAt (225)
B() = 16 + ey (2.26)
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Since ¢ is an angle, ® must posses 27 periodicity ant this forces m to be an integer.

We can turn equations (2.21), (2.22) into standard forms by changing variables: in

(2.21) let x =  and rescale p = Ar; in (2.22) define x = cosf. In terms of these new
variables (2.21), (2.22) become:
d*y k
— 1—-=)x= 2.2
0 +( pQ)X 0 (2.27)
d do m?
—[(1—2*)—=] + (k — =0 2.2
oA —a7) ]+ (k= —)O (2.28)

(2.27) is known as spherical Bessel equation and (2.28) as associated Legendre equation.
It is a standard result, which do not prove here, that equation (2.28) admits nonzero
solutions, regular in « € [—1,1] only if £ = (I + 1), with [ integer, and —l < m < .
Although solutions to (2.27), (2.28) are well known, we show how (2.27) can be easily
solved, using the so-called Frobenius method.

The idea lying behind this method is to look for a solution expressed in power series,
substitute it back in the equation, finding in this way relations satisfied by coefficients

of terms of equal power. This will give us a recorsive relation for the coefficients.

Therefore, we consider a solution of the form
X(p) = aip™* (2.29)
i=0

where @ must be determined. Substituting back in (2.27), we obtain:

d{li+a)i+a—1) =10+ D}ap™ 7+ a0t =0 (2.30)
i=0 i=2
For 1 =0, (2.30) gives « = —[, or a = [ + 1. Since we want the solution to be regular in

p =0, we must have k =1+ 1. For i = 1, (2.30) gives a; = 0 and, for ¢ > 1, we see that
coefficents of odd order vanish and the ones of even order are related by the following
recorsive relation:

, (i +1)!
= (—1)"= 2.31
o= ) e i (2:31)
Going back to the old variables, we find:
S : (i+1)! 21
= —1)'— ! 2.32
B(r) ao;( S ez ar i (2:32)
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If we set ay = 2! we obtain:
R(r) = ji(Ar) (2.33)

where j; denotes the spherical Bessel function of order (.
Another expression for these functions is:

ilr) = (1)) (2.34)
— 0
— 1
= 2
— 3
— 4

Figure 2.1: Plot of the spherical Bessel functions for lowest values of [

The condition R(1) = 0 limits the possible values A can take; in fact, we must have
A = z, where z;;, denotes the k-th zero of the spherical Bessel function of order [.

In a similar way, we can obtain the solutions of (2.28), with k& = (I 4+ 1). These are the
so-called associated Legendre polynomials. For m > 0 they are given by:

ppay = Sy 0 g2y (2.35)
and, for m <0,
Py = (—1ym L pn (2.36)
l - (l + m)| l .
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— |[=0,m=0

— =1, m=0
‘ — =1, m=-1
-10 .5
—_ =1, m=1
— =2, m=0

Figure 2.2: Plot of the Legendre polynomials of lower orders

Taking the product of (2.35) and (2.26), we see that the angular part of the solution,
for given [, m is represented by a spherical harmonic.

Y™ (0, 6) = \/ 2! = ! g - Z;;am(cos g)eim (2.37)

The following figure shows the squared modulus of the spherical harmonics for the lowest
value of [ and m.

Ei=1m=sl
Ei=0m=0 Hi=tm=0

Figure 2.3: Plot of squared modulus of the spherical harmonics for the lowest value of [
and m.

| oB o)l
W
[N
333
TR
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Therefore we see that our separable solution (2.14) can be written as:

Up i o (1,0, 0, 1) = G1(z067) Y™ (0, @) (A i€ " + By e 4" (2.38)
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Since the wave equation is linear, we would like to obtain the general solution to the
problem superimposing solutions of the form (2.38).
The following theorem is fundamental for this purpose.

Theorem 2.3.1. The following results hold:

(i) The spherical harmonics are a complete set of orthogonal functions for the set L*(S5?).
Therefore, they satisfy the orthogonal relation:

/ Y ™Y dS = 8106 mm (2.39)
S2

Furthermore, every function f € L*(S?) can be written as an expansion of the form:

00 l

F0,8)=>">" f"Y™(6,9) (2.40)
=0 m=-1
with the coefficients flm given by:
fz’”Z/ Y fdS (2.41)
S2

We denote by V; the 21 + 1-dimensional vector space spanned by the spherical harmonics

with fixed [.

(ii) The spherical Bessel functions form a complete set of orthogonal functions for the
set L*([0,1]).
They satisfy the orthogonal relation:

1
. . 1.
/ Ji(ziar) (e r)ride = §J12+1(Zl,k)5k,k' (2.42)
0

Furthermore, every function f € L*([0,1]) can be written as an expansion of the form:
fr) = Z Fedi(zur) (2.43)
k=1

with the coefficients f* given by:

ik 2 ' 2
= 55— (2 ) fredr 2.44
I ]l2+1(zl,k)/o iasr)f (244)

iii) The space L*(B?) can be decomposed as:
(iti)

L*(B?) = é L*([0,1])) ® V, (2.45)
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The time-dependent part can be treated in a similar way.
The reader can find discussions on Theorem 2.3.1. in [1] and in [5].

According to Theorem 2.3.1., the function

oo 00 !
’f‘ 0 QZS t = Z Z Zl k’f‘ ,¢)(Al7m7k€iczl’kt + ma,ke_iczl’kt) (246)
k=1 =0 m=—I

is candidated to be the general solution of (2.11). The coefficients A;, k., Bimx can be
determined imposing that u satisfies the initial conditions

u=g, u="h onB x{0} (2.47)
For t = 0, we have:

o 00 l
w(r,0,0,0)=> > Z Ji(z2er)Yy™ (0, &) (Armge + Bim ) (2.48)

k=1 =0 m=—

oo 00 l
Ut(T,Q, ¢,0) = Z Z Zl k?“ ¢)iczl7k(Al7m7k — Bl7m7k) (2‘49)

k=1 1=0 m=—1

9(r0,0) =Y > Gimrdi(z2xr) Y™ (6, 9) (2.50)

k=1 =0 m=-—1
o0 o0 l
h(r.0.0) =Y > > hympii(z6r)Y™ (0, 9) (2.51)
k=1 =0 m=-—1
where 5
G = / ) Y™ (6, 6)g(r. 6, 6)dS (2.52)
]l+1(zlk) B2

and the same for h.
Comparing (2.48) and (2.50), we obtain:

Aimr = =(Gim e 2.53

Lk = 5 (Gimk Zczl,k) (2.53)
1. By

Bimk = =(Grmx — Lok (2.54)
1CZ L
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Substituting in (2.46), we finally obtain:

2 - . _ R .
u(r,0,6,6) = > >3 ji(zur) V"™ (0, 6) (Gumk c0S(2mict) + —E sin(z m pct))

CZLk

(2.55)
Now, the following questions emerge:

(1) Any finite linear combination of separable solutions wug,,, is a solution of (2.11).
Is the same true for (2.55)7. The answer would be positive if we could differentiate term
by term the infinite sum. For this to be allowed, we have to prove that:

(i) The series of first and second derivates with respect to space and time converge
uniformly to some functions.

(i) For some zy € Ur, the series (2.55) converge.

This is not an easy task and the answer depends strongly on initial data g, h.

(2) In which sense does (2.55) satisfy the initial data? For instance, is it true that
if (r,0,0,t) = (r',0',¢,0) 7

(3) In which sense (2.55) satisfy the Dirichlet boundary condition? Is it true that
u(r,0,¢,t) — 0 as (r,0,¢,t) = (1,0, ¢,t) for each 6, ¢, t?

Questions of this sort arises because we are looking for a classical solution, i.e. we
require the solution to possess high regularity. It turns out that, when the initial data
are not regular enough, a classical solution does not exist and, in general, it is a difficult
task to prove that a candidate function is indeed a classical solution. This fact can be
seen also in Theorem 1.4.1. and Theorem 1.4.2., where we had to require higher and
higher regularity on the initial data as the number of dimensions increased, in order to
obtain a classical solution to the problem.

Since we are interested in physical situations, in which the initial data are often even
piecewise differentiable (think for examples at a string whose center has been pulled
down in such a way that it assumes initially the form of the graph of absolute value), we
need a formulation of the problem which requires a weaker notion of solution and can
deal with less regular initial data.

This is achieved by demanding that initial data and solutions belong to Sobolev spaces,
which are functions spaces in which a different notion of differentiation is defined. The
solutions belonging to those spaces are called weak solutions.

Sobolev spaces and weak solutions will be the subjects of the two following chapters.

29



Chapter 3

Sobolev spaces

We recall here the basis of Sobolev spaces theory. We start by giving the definition of
weak derivative, thought for dealing with functions not endowed by the classical notion
of differentiation. We then define Sobolev spaces as spaces of functions whose weak
derivatives have finite LP —norm up to a given order and we prove that they are Banach
spaces with a very specific norm. Next we study how functions in Sobolev spaces can be
approximated by smooth functions, which are dense. We then define two linear bounded
operators acting on functions in the Sobolev space W'?(U), where U C R" is open and
bounded: the extension operator extends functions in W'P(U) to functions in W1P(R")
and the trace operator solves the problem of assign values on the boundary of U to
functions in WP (U).

Next we study how different Sobolev spaces are related and we establish embeddings
between these spaces, finding inequalities involving their norms.

After we have defined the dual space H~!(U) and we have proven his basic properties,
with the theory of partial differential equations in mind, we finally turn to Sobolev spaces
with functions mapping time into Banach spaces and we see how these functions behaves
under weak differentiation.

3.1 Weak derivative

Multiindex notation: We call multiindezr a vector a = (v, ..., o, ), whose components

are nonnegative integers. The sum of two multiindeces «, 8 is defined componentwise

and we say that a < g if a; < ;, for every i = 1, ...,n. The order of a multiindex is the

number |a| = )", a; and the factorial is a! = [[I_; a;!. We also associate with « the
lel

differential operator Da := 5., so that the Taylor expansion of a function f can be

written as f(z) =3, %@(l’ — x0)*, where 2% = [[}_, z{".

In what follows U will indicate a bounded open subset of R".
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Definition 3.1.1. Let C2°(U) denote the space of infinitely differentiable functions
¢ : U — R with compact support in U. A function ¢ belonging to C°(U) is called a
test function.

Let u € C*(U), with k a positive integer. Then, if ¢ € C®(U) and « is a multiindex
with |a| = k, we see, by integrating by parts:

/U uD®pdx = (—1) / Du¢pdz (3.1)

U

There are no boundary terms, since ¢ is compactly supported in U.

We next examine formula (3.1) and ask whether some variant of it might still be true
even if u is not k£ times continuously differentiable. Now, the left hand side makes sense if
w is only locally summable: the problem is rather that, if u is not C*, then the expression
D%y on the right hand side has no obvious meaning. We solve this difficulty by asking
if there exists a locally summable function v for which (3.1) is valid, with v formally
replacing D®u. This leads to the definition of weak derivative.

Definition 3.1.2. Suppose u,v € L} (U) and « is a multiindex. We say that v is

loc
the a’-weak partial derivative of u, written D% = v, provided:

/ uD*¢dx = (—1) / vodz (3.2)
U U
for all test functions ¢ € C°(U).

Thus, the notion of weak derivative turns the definition of derivative into an integral
equation that must be satisfied for all test functions. In this way the regularity requiriments
a function must have to be differentiable are weaker. The following lemma shows that,
if a weak derivatove exists, it is unique.

Lemma 3.1.1. A weak o' partial derivative of a function u € L} (U), if it exists, is
uniquely defined up to a set of zero measure.

Proof. Assume v,0 € L}, (U) satisfy

/UuDo‘¢dx: (—1)""/Uv¢d:c: (—1)“|/®¢d:v (3.3)

U

for all ¢ € C°(U). Then [, (v—10)pdx = 0 for all ¢ € C°(U); whence v—o = 0 a.e. [

31



We now consider spaces of functions that behave well under weak differentiation.
Fix 1 < p < oo and let k£ be a nonnegative integer.

Definition 3.1.3. The Sobolev space W*?(U) consists of all locally summable functions
u : U — R such that, for each multiindex a with |a| < k, D®u exists in the weak sense
and belongs to LP(U).

Notation: If p = 2 we usually write H*(U) = W"?(U).

Next we verify some properties of the weak derivative.

Theorem 3.1.1. Assume u, v € W*P(U), |a| < k. Then

(i) D € Wk=lel2(U7) and DP(D%u) = DY(DPu) = DAy

v a, 8, with |a] + 8] < k.

(i) ¥V N\, € R, Au+ v € WFP(U) e D*(Au + pv) = AD%u + pD%

(iii) If V_.C U, V open, then u € W*P(V).
(iv) If ¢ € C2(U), then Cu € WEP(U) and

D (Cu) =Y (O‘) DP¢D* Py (3.4)
BLa ﬁ
Proof. (i) Fix ¢ € C=°(U). Then D?¢ € C(U), and so
/ DuDPupdr = (—1) / uD**P pdax:
U U
— (_1)Ial(_1)|a+ﬁ\ / D Bugpdr
U
= (=) / D Pugpda (3.5)
U
Thus D?(D%u) = DAy in the weak sense.
(ii) and (iii) follows immediately.
We prove (iv) by induction on |a|. Suppose first |a| = 1 and choose any ¢ € C°(U).
Then:
| cupode = [ {upr (o)~ up (o}
U U

= — / ((D%u + uD*¢)pdx (3.6)
U
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Thus D*(Cu) = (D% + uD(, as required.

Next assume [ < k and formula (3.4) is valid for all |a| <1 and all functions . choose a
multiindex o with |o| =1+ 1. Then o = 5+ v for some |3| =1, |y| = 1. Then, for ¢ as
above:

/ CuD“¢dx = / CuDP (DY p)dx —
U

6|/;(5

)7
_ (_1)ﬂ|+|v|/UZ (i) DY(D?¢ D" u)¢dx
)

(DP~uD" pdx

Q

[0S

“'/Z

o<p

[S]

PCDPu+ D°CD* ulpdx (p =0 +7)

~~ N IA
QW ©

= (=1)l /U [UZ; (‘;‘) DD u)pda (3.7)
since (,2) + (7) = (5):
This completes the proof. O

We now examine the properties of Sobolev spaces as function spaces, starting with
the following:

Definition 3.1.4. (i) If u € W*P(U), the function

1

Dul|Pdz)r (1 <p<

||u||kaP(U) — (Z\odgk fU| u| l’) ( >p OO) (38)
D laj<k €8S supy|Du| (p = o0)

is a norm
. (ii) let {u,}%_, and u € W*P(U). We say u,, converges to u in W*P(U) in WkP(U),
provided:

Vi —so0| [t — U | |wrp ) = 0 (3.9)

We also write u,, — u in WSP(U), to mean u,, — u in W*?(V) for each V cC U.

(iii) We denote by Wi (U) the closure of C*°(U) in W*»(U).

Thus, u € WeP(U) if and only if there exists a sequence {u,,} in C°°(U) such that
Uy — uw in WHEP(U).

The following result shows that Sobolev spaces are complete with respect to the norm

(3.8).
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Theorem 3.1.2. For each k € N and 1 < p < oo, the Sobolev space W*P(U) is a
Banach space.

Proof. Let us first of all check that ||u||y ey is a norm.
Clearly [|Au|lwrs@ry = [M||ullwrr@y and |Jullwss@y = 0 if and only if u = 0 a.e.
Next assume u,v € W*P(U). Then, if 1 < p < oo, triangle inequality in LP(U) implies:

[+ ol = (S 1D+ D02, ) (3.10)
oo <k
1
< (3 (1D ul [y + 1Dl 1r(0))") (3.11)
|| <k
< (NPl )7 + (S 11Dl B )7 (3.12)
|| <k || <k
— |[ullwrr) + llollwesy (3.13)

It remains to show that W*P(U) is complete. So assume {u,,}>_, is a Cauchy sequence
in WkP(U). Then, for each |a| < k, {D%u,,}>_, is a Cauchy sequence in LP(U). Since
LP(U) is complete, there exist functions u, € LP(U) such that D*u,, — u, in LP(U) for

.....

We now claim
u€ WHP(U), D = uq, |a| <Ek. (3.14)

For every fixed ¢ € C°(U), we have, invoking the Lebesgue dominated convergence
theorem and the definition of weak derivative:

/uDaqbd:c:limmHoo/umDo‘(édx (3.15)
U U
= 1My o0(—1)1 / D%u,,¢dx (3.16)
U
= (—1)l o od 3.17
(1) / bl (3.17)

Thus (3.14) is valid. Since therefore D*u,,, — D%u in LP(U) for all |a| < k, we see that
Up, — w in WHP(U), as required. O

3.2 Approximations

In this section we investigate under which assumptions a function u € W*?(U) can be
approximated by smooth functions belonging to spaces which are dense in W*?(U).

We start recalling some useful facts about mollification of functions.
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Definition 3.2.1. Let n: R™ — R be the function

n(z) = {061'2_1 2l <1 (3.18)

0 otherwise

where C' is a normalization constant. Now define, for ¢ > 0, the rescaled function

1 =z

@) = () (319

€
7 is called the standard mollifier. It can be proven that n. € C*°(R"), fRn Nedr = 1 and
spt(n.) C B(0,€), where spt(n) denote the support of 7.

The reason for which 7 is called a mollifier becomes clear when we look at how it acts
on functions by convolution.

Definition 3.2.2. Let f € L' (U). Define U, = {z € U : dist(z,0U) > €}. We
introduce the mollified function f€:=n. = f; that is, for z € U,

f(x) = /B(O )ne(y)f(x—y)dy (3.20)

The properties of f¢ are summarized in the following result:

Theorem 3.2.1. Let f € L*(U). We have:

(1) f<€ C=(U)

(ii) f¢— [ a.e. ase—0

(iii) If f € C(U), then f© — f uniformly on compact subsets of U.
(iv) If 1 <p<ooand f € L} (U), then f¢— fin LY (U).

loc loc

The proof can be found in [4], Appendix C.

The previous theorem shows that, even if the original function f exhibits wild irregularities,
the mollification f€ is smooth on the set U, and f¢ approximates f better and better as
€ approaches zero.

The mollification approach provides a way to locally approximate functions in Sobolev
spaces by smooth functions.

Theorem 3.2.2. Assume u € W’“’(U) for some 1 < p < oo. Set u :=n.xu in U,.
Then u¢ — u in WrP(U), as e — 0.

loc
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Proof. We start by proving that, if |a| < k, then
D%u = n. x D% (3.21)

That is, the ordinary o"-partial derivative of the smooth function u¢ is the mollification
of the a!"-weak partial derivative of u. To confirm this, we compute, for z € U,

D (z) = / ne(e — y)uly)dy (3.22)
/ D — y)uly)dy (3.23)
p)e / Dene(x — y)uly)dy (3.24)

We don’t have boundary terms since spt(n) C Uk.
Now, for fixed x € U, , the function ¢(y) = n.(z — y) belongs to C°(U). Consequently
the definition of the a'"-weak partial derivative implies:

| Dinde =ty = 10 [ nia = pDjutsay (3.25)

Thus:
D) = (<17 [ =) Dguly)dy = o Dul o) (3.26)

U

This establishes (3.21).
Now choose an open set V' CC U. In view of (3.21) and Theorem 3.2.1., for each |a| < k,
D*u¢ — D% in LP(V') as € — 0. Consequently:

[us = ullwrrry = Y (1D = D*ul %,y — 0 (3.27)
|| <k

as € — 0.
This proves the assertion. O

Next we show that we can find smooth functions which provides a global approximation
of functions in Sobolev spaces. That is, we look for smooth functions that approximate
u in W ?(U) and not only in W,2(U). We have the following result:

Theorem 3.2.3. Suppose u € WEP(U) for some 1 < p < oo. Then there exist functions
Uy € C°(U) NWHFP(U) such that u,, — u in WEP(U).

Proof. We have U = U2, U;, where

Up:={x €U :d(z,0U) > 1} (3.28)

]
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Write ‘/; = Ui+3 — Ui+1.
Choose also any open set Vo CC U, so that U = U°,V;. Now, let {(;}3°, be a smooth
partition of unity subordinate to the open sets {V;}°,; that is, suppose

0<G <1, GelxWV;
Zi:o CZ =1 onU
According to Theorem 3.1.1, (;u € W*P(U) and spt(u) C V.
Now fix 6 > 0 and choose ¢; > 0 so small that u’ := 7, * ((;u) satisfies
i 5
|[u _4Ciu||kaP(U) S va (3.30)
spt(u') C W;
where W; := U; 4 — U; for i € N. Write then v := Z;’io u®. This function belongs to

C>®(U), since for each open set V' CC U there are at most finitely many nonzero terms
in the sum.
Since u =Y .0 Giu, we have for each V CC U:

|lu = vlfwreey < Z [lu' = Gullweo ) (3.31)
=0
ST R (3.32)
1=0
Take the supremum over sets V' CC U, to conclude ||u — v||yr.r@ry < 9. O

Until now we haven’t made any assumptions on the set U, since we were not interested
in the values the functions take at the boundary OU. We now ask under which assumptions
there exist smooth functions which approximate u € W*P(U) also on the closure of U.
This requires some conditions to exclude OU being wild geometrically.

Theorem 3.2.4. Assume OU is of class C* and_suppose also u € WHrP(U) for some
1 < p < oo. Then there exist functions u,, € C®(U) such that u,, — u in W*P(U).

Proof. Fix any point 2° € OU and let 7 > 0 as in definition of boundary of class C*.
Set V := U N B(a", %) and define the shifted point 2 := x + Aee,, for x € V and € > 0.
Observe that, for A > 0 large enough, we have B(x¢,¢) C U N B(z%r) Vo € V and
Ve > 0.

Now define the shifted function u.(x) := u(x®), for x € V' and write v = n. x u,; clearly

ve e C*(V). We now claim
v = in WEP(V) (3.33)
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To confirm this, take « to be any multiindex with |a| < k. Then
|1D" = D%ul|o(vy < [|D0° = D% | Lo vy + [[Due — Dul|Lr(v) (3.34)

The first term vanishes in the limit ¢ — 0 by reasoning similar to that in the proof of
Theorem 3.2.2. and the second term also vanishes since translation is continue in the
LP-norm.
Now select § > 0. Since U is compact, we can find finitely many points 2 € U, radii
r; >0, sets V; = UN B(2), %) and functions v; € C>(V;) such that 0U C UX, B%(x?, %)
and

[vi = ullwrrr) <6 (3.35)
Take also an open set Vo CC U, such that U C Uf\iOVQ and select a function vy € COO(VO)
satisfying

[[vo — ullwraqy) <0 (3.36)
Now let {¢;}Y, be a smooth partition of unity subordinate to the open sets {V;}¥, in
U. Define v := ZiNzo(Qvi): then v € C*(U). Furthermore, since u = Zfio(g}u), we see
using Theorem 3.1.1., that for each |o| < k:

N
1D%0 = D*ul| oy < Y ||D*(Givi) = D* (G| oviy (3.37)
=0
N
< CZ |[vi = ullwrr,) = CNG (3.38)
=0
]

3.3 Extension and trace operators

We introduce two bounded linear operators (Appendix A) acting on the set W'?(U):
the extension operator and the trace operator. The former provides a way to extend
functions in W?(U) to functions in the Sobolev space W1P(R"), the latter permits us
to assign boundary values along OU to a function in W1P(U). This will be fundamental
for our study of boundary value problems for the wave equation.

3.3.1 Extensions

Our goal is to extend functions in the Sobolev space W!?(U) to functions in the Sobolev
space W1P(R"). Observe that extending u € W?(U) to be zero in R —U does not, work
in general, as we may thereby create such a bad discontinuity along QU that the extended
function no longer has a weak first partial derivative. We must instead consider a way
to preserve weak derivatives across the boundary. The introduction of the extension
operator solves this problem. In particular, we have the following:
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Theorem 3.3.1. Assume OU is C'. Select a bounded open set V such that U CC V.
Then there exists a bounded linear operator

E W (U) — WP (R") (3.39)
such that for each u € WP(U):

(i) Eu=wu a.e. inU

(i1) spt(Fu) C V

(iii) || Eu|lwie@ny < Cllullwie@y

the constant C depending only on p,U and V.

Remark 3.3.1. The absuntion on the regularity of the boundary is fundamental. It is
well known that without this hypotesis it is possible to construct some counterexemples.

Definition 3.3.1.1. We call Fu an extension of the function u in Wl’p(R”).

Proof. Fix 2° € OU and suppose first that OU is flat near 2, lying in the plane {z,, = 0}.
Then we may assume there exists an open ball B(z", r), such that

Bt =Bn{z, >0 CcU
{an 2 0} (3.40)
B =Bn{z, <0}CR*"-U
Temporarily suppose also v € C*°(U). Define then
B+
S L re (3.41)
=321, oy Tpo1, —Tp) + du(T1, o 1, — %) € BT
We claim @ € C*(B). To check this, let us write u~ := @|g-, u™ := @|g+. Then
ou~ ou ou Ty
o (x) = 36—%(@, ey Ty, —Tp) — 28—%@1, oy L1, —?) (3.42)

and 0 Uy, |{z,=0} = ¥ |{z,=0}. Now, since u* = u~ on {zx, = 0}, we see as well that
Uy, | {z,=0} = u;]{znzo} for 2 =1,...,n — 1. But then these two equalities together imply
Dup, _g = Duf, _, for each |a| <1 and so u € C*(B), as claimed.

Using this calculation, we immediately obtain:

HﬂHWLP(B) < CHUHWLP(B"F) (3.43)

for some constant C' which does not depend on wu.
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Let us next consider the situation that OU is not necessarily flat near 2°. Let v, r

as in definition of boundary of class C*. Define:

yi = x; = D'(x) ie{l,..n—1}
{yn = Tpn — ’Y($1, e xn—l) = (I)"(J;) (344)
Ty = Yi = \Iﬂ(y> ie{l,..,n—1}
{xn = Un + ’}/(l’h "'7$n—1) = \Ifn(y) (345)

and write y = ®(x), x = U(y).
Then ®(z) = ¥U(y)~! and the map * — ®(x) = y straightens out AU near 2. Define
then u/(y) := u(¥(y)). Repeating the calculation made above in the new coordinates,
we find that the extension of the function u'(y) on all of B, written @, is C* and we have
the estimate

||ﬂ/HW1,p(B) < CHu/HWLp(BJr) (3.46)

Let W := ¥(B). Then converting back to the a-variables, we obtain an extension % of
u to W, with
Nallwrrawy < Cllullwiew) (3.47)

Now, choose Wy CC U. Since 9U is compact, there exist finitely many points x? € U,
open sets W;, and extensions u; of u to W; such that U C Uf\iOWi. Suppose also {(i}fio
is an associated partition of unity and let @ := S~ ((¢;@;), where @iy = u. Then, using
(3.47), we obtain the bound

@] |wre@ny < Cllullwir@) (3.48)

for some constant C', depending on U, p, n, but not on .

Furthermore, we can arrange for the support of u to lie within V', with U CC V.

We henceforth write Eu := u and observe that the mapping u — Eu is linear.

Suppose now that u is not necessarily C*(U), but belongs to W1P(U). Choosing a
sequence of functions u,,, € C>(U) converging to u in WP (U) and using estimate (5.41)
and the linearity of £, we obtain:

||Eum — EUZHWl,p(Rn) S CHUm — ul||W1,p(U) (349)

Thus {Eu,, }%_, is a Cauchy sequence in W'?(R"™) and so converges to @ := Eu.
This extension, which does not depend on the particular choice of the approximating
sequence, satisfies the conclusions of the theorem. O
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3.3.2 Traces

We discuss the possibility of assigning boundary values along OU to a function u €
WhP(U), assuming that OU is C*'. Now, if u € C(U), then clearly u has values on
OU in the usual sense. The problem is that a function in W'?(U) is not in general
continuous and, even worse, is only defined up to sets of measure zero in U. Since U
has n-dimensional Lebesgue measure zero, there is no direct meaning we can give to the
expression "u restricted to the boundary”. The notion of a trace operator solves this
problem.

Theorem 3.3.2. Let 1 < p < oo and assume OU is C*. Then there exists a bounded
linear operator

T: WY (U) — LP(0U) (3.50)

which satisfies the following properties:

(i) Tu = u|gy if u € WP(U) N C(U).
(i)

[Tul[rr o) < Cllullwrew) (3.51)
for each u € WYP(U), the constant C' depending only on p and U.

Definition 3.3.2.1. We call T'u the trace of w on OU.

Proof. Assume first u € C1(U), 2° € 9U, U is flat near 2, lying in the plane {x, = 0}.
Choose a ball B as in the proof of Theorem 3.3.1.1. and let B denote the concentric ball
with radius 7.

Select ¢ € C°(B), with ¢ > 0 in B and ¢ = 1 in B. Denote also by T' := U N B. Set
v = (z1,....,2,1) € R ={x, =0}. Then:

/ ufPda’ < / Clulda’ (3.52)
r {zn=0}
[ (cluP),da (3.59)
Bt
== [ {1, + pla (s9m w)us, €} 354
B+
< C/ (|u|P + |Dul?)dz (3.55)
Bt
where we employed Young’s inequality (Appendix A).

If OU is not flat near 2°, we can change coordinates near 2° obtaining the setting above.
Applying estimate (3.52), we obtain the bound

luPdz’ < C/(|u|p + |Dul?)dz (3.56)
I U
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where I is some open subset of QU containing z°.

Now, since QU is compact, there exist finitely many points 2° € AU and open subsets
I; coU, i€ {l,..,N} such that U C UY T, and

ullzo @y < Cllullwrew) (3.57)
Consequently, if we write
Tu = ulsy (3.58)
then:
7ullza(ow) < Clfullw o) (3.50)

for some constant C', which does not depend on w.

Assume now v € W'P(U). Then there exist functions u,, € C*(U) converging to u
in W2(U). Then, from (5.34), we have:

HT’LLm — TUlHLp(aU) < CHum — U/ZHWI,p(U) (3.60)
so that {Tu,,}>°_; is a Cauchy sequence in LP(OU). We define
Tu:= lim Tu,, (3.61)

mM—00

the limit taken in LP(QU). This definition does not depend on the particular choice of
functions approximating u.

Finally, if € W'?(U) N C(U), the functions u,, € C>(U) constructed in the proof of
theorem 3.2.4. converge uniformly to w in U. Hence Tu = u|sy. [

Now we look more closely what it means for a function to have zero trace. It turns
out that the functions having zero trace are exactly those in the set VVO1 P,

Theorem 3.3.3. Suppose u € W'P(U), with U of class C*. Then u € Wy *(U) if and
only if Tu =0 on OU.

Proof. Suppose first u € WyP(U).

Then by definition there exists a sequence of functions w,, € C°(U) converging to u in
WhtP(U). Since Tu,, = 0 on QU for each m, and T is a linear bounded operator, Tu = (
on OU.

Conversely assume Tu = 0 on 9U.
Using a partition of unity and flattening out OU, we may as well assume

{ u € WYP(R™) u has compact support in R" (3.62)

Tu=20 on OR! = R71
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then since Tu = 0 on R"~!, there exist functions u,, € C'(R") such that u,, — u in

WP(R?) and Ty, = U |ge-1 — 0 in LP(R™ ).
Now, if 2 € R*1, z,, > 0, we have:

(& 20)| < fin @', )+ [ i, ()
0
Thus:
/ |t (2, 2,)|Pda’ < C’(/ |um (2, 0)[Pdz’
Rn—l

Rn—1
+ a:ﬁl/ / | Du,y, (2, t)|Pda’ dt)
0 JRre-t
Letting m — oo, we deduce:

/ (', x,) Pda’ < C’:rﬁ_l/ / | Du|Pdz'dt
Rn—1 0 Rn—1

for a.e. x, > 0.

Next let ( € C*®(R), satisfy 0 < ( < 1, ( = 1 on [0,1] and ( = 0 on R —

and write

{<m<x> = ((mx,) = €RY
Wy = u(@)(1 = Gn)

Then:

Win 2, = Uz, (1 = () — mud’
Dx/wm = Dx/u(l — gm)

From which we obtain:

J

\Duw,, — Dulds < c/ ColP | Dufda
Ry

n
2
+Cmp/m / \ulPdx’dt := A+ B
0 Rn—1
Now, since ( # 0 only if 0 < z,, < %,

A—=0 asm— o0

To estimate the term B, we utilize the inequality (3.66):

2
B < Cm?( / -1d8) / " / | Dulda’da,)
0 0 Rr—1

2
< C’/ / |DulPdz'dz,, — 0 asm — oo
0 Rn—1

3o
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(3.66)

[0,2],
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Employing (3.69), (3.71), (3.72), we deduce Dw,, — Du in LP(R"}).
Since clearly w,, — v in LP(R"}), we conclude

Wy, — uw in WHP(RY) (3.74)

But w,, = 0if 0 < z,, < % We can therefore mollify the w,, to produce functions
Uy, € CX(R?) such that u,, — u in W(R?). Hence u € Wy (R™). O

3.4 Sobolev inequalities

In this section we study embeddings of various Sobolev spaces into others. We begin
by proving the so-called Sobolev inequalities, establishing inequalities between norms in
different spaces for smooth functions. This will then leads to estimates for arbitrary
functions in the various Sobolev spaces, since smooth functions are dense. Next we
concatenate these inequalities to obtain a theorem that summarises relations between
the various Sobolev spaces.

It turns out that, for a given n, the nature of the embeddings depends upon whether

1<p<n (3.75)
p=n (3.76)
n<p<oo (3.77)

3.41 Casel<p<n

In this section we assume 1 < p < n. We first ask whether we can establish an estimate
of the form
[ulLa@ny < Cl|Dul|pr@ny (3.78)

for certain constants C' > 0, 1 < ¢ < oo and all functions u € C°(R").

By a rescaling argument, we see that if any such inequality holds, then the number ¢
cannot be arbitrary, but must in fact have a very specific form. To see this, choose a
function u € C°(R"), u # 0, and define for A > 0 the rescaled function wuy(z) := u(Ax).
Applying the estimate (3.78) to uy(z), we find:

[url|an) < Cl|Dunl|zewn) (3.79)

Now we have:

/ s ()9 = / )z =70 [ Juty)lrdy (3.80)

Rn
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and
P
| Duy(z)[Pde = NP | Du(A\x)|Pdx = % | Du(y)[Pdy (3.81)

Rn R’VL R”l
Inserting these equalities into (3.79), we discover:

lll| Logeny < O 24| D | o ey (3.82)
But then if 1 — % +% # 0 we can upon sending \ to either 0 or oo obtain a contradiction.

Thus if in fact the desidered inequality (3.78) holds, we must necessarily have 1 —2+4% =
0, so that g = n"—f;,.
This observation motivates the following:

Definition 3.4.1.1. If 1 < p < n, the Sobolev conjugate of p is defined as

np
n—p

px = (3.83)

Note that z% :%—%,p* > p.

The foregoing argument shows the estimate (3.78) can only possibly be true for ¢ = px.
The following theorem proves this inequality is in fact valid.

Theorem 3.4.1. Assume 1 < p < n. There exists a constant C', depending only on p
and n, such that
]| Lo rny < Cf|Dul|Len) (3.84)

for each u € C}(R™),

Proof. First assume p = 1.
Since u has compact support, for each i € {1,...,n} and z € R", we have:

u(z) = / U, (T ooy Yiy ooy T )Y (3.85)
and so: -
lu(z)| g/ | Du(xy, ey Yiy ooey ) | Yy (3.86)
from which we obtain:
i=1 Y~
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Integrating with respect to z;:

/ lu(z) |7 day §/ H(/ |Du]dyi)ﬁdx1

—00 00 ;1 e

~ ([ ipuagy [ TI([ " Duldg)ran,

00 ;9 00
< / Duldy) = ([ / / | Duldaydy:) 7 (3.88)
—00 j=9 Y —00 J —00

where the last inequality follows from the general Holder inequality (Appendix A).
Now integrate (3.88) with respect to xs.

/ / )| gy < / / | Duldardy,) 7 / [[ 7 des (389

TO0 =1 i#£2
where we have defined

I ::/ |Dul|dy, I; ::/ / |Du|dz dy; i =3,...,n (3.90)

Applying once more the general Holder inequality, we find:

/ / 1drdry < / / | Du|dz,dys) 1 / / |Du\dy1dx2)
H(/ / / |Du|dyz‘d$1d$2)ﬁ (3.91)
73 —0oQ —0oQ —00

We continue by integrating with respect to zs,...,z,, to find:

|u|nf1dxgH(/ / \Duldzy...dy;...dz,) T = ([ |Duldz)"T  (3.92)
R™ i=1 Y —© —00

R

This proves the theorem for p = 1.

Consider now the case that 1 < p < n. We apply estimate (5.45) to the function
v := |u|?, where v > 1 is to be selected. Then:

(™ /|D|u|7|dx— /W ! Duldz
Rn
<o([ flOVFEan) ([ Dup)s (3.93)
Rn
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We choose v so that 1% = (7 — 1)}%1 = p*. That is, we set v = p(nnffpl). Thus, estimate
(5.43) becomes:

([ |ulr*de)> < O j |DulPdz)» (3.94)

]Rn
This completes the proof. O

Now the following theorem follows easily.

Theorem 3.4.2. Let OU be C', 1 < p <n and u € WP(U). Then u € LP*(U) and we
have the estimate

|[ul| oy < Cllullwrow) (3.95)
the constant C' depending only on p,n and U.

Proof. Since OU is C1, there exists according to theorem 3.3.1., an extension
Eu :=u € W?(R"), such that

{ﬂ =wu in U, @ has compact support (3.96)

Hu| |W1’p(R”) S CHU/| ywl,p(U)

Because u has compact support, there exist functions u,, € C°(R™) converging to @ in
WP (R™).
Now, according to theorem 3.4.1.,

||tm — w| o @ry < Cl| Dty — Duy||pp@ny  for all m >1 (3.97)

Thus u,, — 4 in LP*(R") as well. Since theorem 3.4.1. also implies ||up,||zr@r) <
C|| D] Lr(rny, we have the bound

||al[ Lo @y < C[|DU|[ Lo () (3.98)
This inequality and (3.96) completes the proof. ]
If the function u belongs to W, (U) the estimate can be improved.
Theorem 3.4.3. Suppose u € W, P (U) for some 1 < p < n. Then we have the estimate:
|ul|za@y < Cl|Dul| e (3.99)
for each q € [1,px|, the constant C' depending only on n,p,q and U.

Proof. Since u € W,P(U), we know there exists a sequence of functions wu,, € C=(U)
converging to u in W?(U). We extend each function u,, to be 0 on R® — U and apply
theorem 3.4.1. to discover ||u||ro- )y < C||Dul|rw). Since U is bounded, we furthermore
have ||ul|Ley < Cllul|pe@y if 1 < g < p. O

Remark 3.4.1. The preceeding theorem shows that the norm || Dul|1»(v) is equivalent
to [|ul|lw1r@y on Wy (U), providing U is bounded.
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3.4.2 Casen<p<oo

We will show that if u € W?(U), then u belongs to some other spaces.
We first need to define Holder continuous functions, generalizing the well known Lipschitz
continuous ones and Holder spaces.

Definition 3.4.2.1. (i) If u: U — R is bounded and continuous, we write:

ullc@y = supzev|u(z)] (3.100)
(ii) The ~*-Holder seminorm of v : U — R is

|u(z) — u(y)|
[U]CO,w(U) 1= SUP yeU, m#y{W} (3.101)
and the y""-Holder norm is
HUHCOW(U) = HUHC(U) + [U]C(J,v((j) (3.102)

for 0 < v < 1.

The Holder space C*7(U) consists of all functions u € C*(U) for which the norm
|ulloraoy = Z |1D%ulle@) + Z [Du ooy (3.103)
|| <k |a|=F

is finite.

Now we are ready to prove that if u € W'P(U), then u is in fact Holder continuous.

Theorem 3.4.4. Assume n < p < oo. Then there exists a constant C, depending only
on p and n, such that:
|[ullcon@ny < Cllullwren (3.104)

for allw € CY(R"), where v :=1—2.

Proof. First choose any ball B(x,r) C R™. We claim there exists a constant C', depending
only on n, such that:

/av u(y) — u(z)|dy < C/ Mdy (3.105)

B(z,r) B(z,r) |y - x|n—1

where [ ;7(; »y denotes the average on B(x,r).
To prove this, fix any point w € 0B(0,1). Then, if 0 < s < r,

ulz + sw) — u(z)] = | /0 %u(m + tw)dt]

:|/ Du(x+tw)-wdtyg/ | Du(e + tw)dt (3.106)
0 0
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hence:

/ ymx+$m-4¢mm9g/“/ Du( + tw)|dSdt
aB(0,1) o JoB(,1)

S tn_l
:// | Du(z + tw)| dSdt
tn—l
o JaB(0,1)

Let y = x + tw. Then, converting from polar coordinates, we have:

D
/‘ |MI+MO—M@MS§/‘ J—ﬂﬂgw
8B(0,1) Blz,s) |V — 2|"

D
B
B(z,r) |y - x|n

Multiply by s" ! and integrate from 0 to r with respect to s:

r [Du(y)|
u(y) —ulx)ldy < —
[ )~y < 7 [ y

n (z,r) |y - x|n—1

This is (3.105).

Now fix x € R™. We apply inequality (3.105) as follows:

av

ju(z)] < / U July) — u()ldy + / fu(y)ldy

B(z,1) B(z,1)

Du(y
gc/ -L—QL@+ﬂmem»
B(z,1) |

y — "t

Sl

< o / DufPdy)
RTL

< Ollullwrr@ny

dy p—1
J V) Cludlsger
B(z) | — y| =

The last estimate holds since p > n implies (n — 1)-57 < n; so that

1
_ <0
.é@nm—yW1%1

Since z € R™ is arbitrary, inequality (3.110) implies:

supgn |[u] < Cl|ul|wrrmn)

49

(3.107)

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)



Next choose any two points z,y € R" and write r = |z — y|. Let W := B(z,r) N B(y, ).
Then:

av av

u(z) — ulz)|dz + / luly) — u(2)|dz (3.113)

W

u(z) — uly)| < /

w
But inequality (3.105) allows us to estimate:

[ @) - u@dz <0 [ jute) —ute)ias

w B(z,r)

1 dz p—1
< C(/ |Du‘pdz)17(/ (n,l)L) P
B(z,r) B(z,r) |ZL’ — Z| p-1

n—(n—1)-2- 2=t
< C(,r ( 1)p71) P ||DU||LP(R”)

— Cr'7 3| Dul | @ (3.114)
Likewise, -
[ o) = o)z < €3 Dullunen (3.115)
Inserting (3.114) and (3.115) into (3.113) yelds:
u(x) = u(y)| < Cle —y|*»||Dul | @) (3.116)
Thus:
(e sup#y{W} < C||Dullo (3.117)

This inequality and (5.52) together yeld:

(@) = u(y)

u
[lullco@m) = supgn|ul + Spr;éy{‘ ’} < Clluflwremny (3.118)

lz -yl

Remark 3.4.2.1. A slight variant of the proof above provides the estimate

n

fu(y) — u(z)] < O3 /B Dy (3.119)

for all uw € CY(B(x,2r)), y € B(x,7), n < p < co. By an approximation the same bound
is valid for u € WP(B(z,2r)), n < p < oo.

Definition 3.4.2.2. We say a function v is a version of a given function u provided
u=v a.e. (3.120)

We have the following:
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Theorem 3.4.5. Suppose OU is C'. Assumen < p < oo andu € W'P(U). Then u has
a version u® € CO1(U), fory=1-— + with the estimate

[[ucon @y < Cllullwrew) (3.121)
The constant C' depending only on n,p and U.

Proof. Since OU is C*, there exists according to Theorem 3.3.1. an extension Eu = @i €
WHP(R") with the usual properties. Since @ has compact support, we have, according
to Theorem 3.2.2. the existence of a sequence of functions u,, € C°(R"), such that:

Uy — U in WHP(R™) (3.122)
Now, according to Theorem 3.4.4., ||u,, — ul“co’l*%(RR) < Cllun, — w||wrpmny for all

m > 1; whence there exists a function u® € C*'~5 (R") such that:
Uy — u¢ in C™7 0 (R™) (3.123)

From the properties of the extension and the uniquess of the limit, we see that u® = u
a.e. in U; so that u° is a version of w.
Since theorem 3.4.4. also implies ||, ||co~@) < Cfltm||wriew), assertions (3.122) and
(5.57) yield:

|[uf|con@ny < Clla]lwrrn) (3.124)

This inequality, together with the properties of extension, complete the proof. O

Remark 3.4.2.2. In view of Theorem 3.4.5., we will always identify a function
u € WIP(U) with p > n with its continuous version.

3.4.3 General Sobolev inequalities

We now concatenate the estimates established in subsections 3.4.1. and 3.4.2. to obtain
the following theorem, which summarises all the embeddings between Sobolev spaces
and other spaces of functions.

Theorem 3.4.6. Let OU be C'. Assume u € WHP(U).

(i) If k <%, then uw € LY(U), where % =
We have in addition the estimate

1_k
p n’

ull Loy < Clullwrr @ (3.125)
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The constant C' depending only on k,p,n and U.

(ir) Se k> %, then u € CFBITY(T), where [] denote the integer part and

214+ 1—2 4if ®isnot an integer
— [p] P f P ' g ' . (3.126)
any positive number < 1, if % 15 an integer
We have in addition the estimate
[lull grem1-10 5y < Cllullwrow) (3.127)

The constant C' depending only on k,p,n,~ and U.

Proof. (i) Assume k < 2. Then since D*u € LP(U) for all |a| = k, theorem 3.4.1.
implies
D74l 1) < Cllullweswy if 18] = k= 1 (3128)

and so u € W*LP*(U). Similarly we find u € W*=2P**(U), where # = zi -1= % -2
Continuing, we find after k steps that u € W4(U) = L(U), for ; = . — . The estimate
(3.125) follows immediately from multiplying the relevant estimates at each step of the

above argument.

(ii) Suppose now k < % and % is not an integer. Then, as above, we see

u € WHE(U) (3.129)

for % = ]% — % provided Ip < n. We choose the integer [ so that [ < % <[+ 1, that is we
set | = [2]. Consequently r = -2 > n. Hence (3.129) and theorem 3.4.4. imply that
Doy € C™ =% (U) for all |a| < k — 1 — 1. Observe also that 1 — 2 = (%] +1— 2. Thus
u e CHBITEET0 () and the estimate (3.127) follows easily.

Finally, suppose (ii) holds with % an integer. Set [ = [%] —1 = 2 — 1. We have, as

above, u € W*Ir(U), for r = 2o = n. Hence, theorem 3.4.1. implies D*u € L4(U)
for all |o| <k —1—-1=Fk—[7] and all n < ¢ < co. Therefore theorem 3.4.4. further
implies D*u € C* 4 (U) for all n < ¢ < oo and all |a| < k — [#] — 1. Consequently

u e C* BT for each 0 < v < 1. As before, estimate (3.127) follows easily. O

3.5 The space H!

We study the dual space of H}(U) = W,*(U), giving the definition of its norm and its
characterization in terms of function in L*(U).
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Definition 3.5.1. We denote by H!(U) the dual space of H{(U).

That is, a function f belongs to H~*(U) provided f is a bounded linear functional
on H}(U).

Notation: We denote by <, > the pairing between H'(U) and Hj(U), that is
< fu>= f(u) for f € H(U) and u € HJ(U).

We equipe the space H~! with the following norm:
[ f -1y = sup{< fiu>:ue H;, ||U||H3(U) <1} (3.130)

It turns out that a function in H'(U), where U € R", is completely determinated by
the assignment of n functions in L*(U).

Theorem 3.5.1. (i) Assume f € H Y(U). Then there exist functions f°, f1, ..., f* in
L*(U) such that

< f,v>= /{f% + ) flog, Yo (3.131)
v i=1
for each v € Hy(U).
(i) Furthermore

£l (U) :mf{(/UZ\fiy?dx)% . f satisfies (6) for O, f' . "} (3.132)
=0

Notation: We write f = f© —>"" | fI whenever (i) holds.

Proof. (i) Given u,v € H(U), we define the inner product
(u,v) := /{Du - Dv +wv}dx (3.133)
U

It is easy to see that with this product HJ(U) becomes a Hilbert space (Appendix A).
Now, let f € H~'(U). We apply the Riesz Representation Theorem (Appendix A) to
deduce the existence of a unique function u € H}(U) satisfying (u,v) =< f,v > for all
v € H}(U); that is

< fyv>= /{Du - Dv +uv}dx (3.134)
U

This establishes (i) for
0 _
{f -t (3.135)

flf=uy, 1=1,..,n
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(i) Assume now f € H-'(U), with
< fvo>= /{g% + ) glvg, Yda (3.136)
u i=1
for ¢°,...,¢g" € L*(U). Setting v = u in (3.134) and using (3.136), we deduce:

/{|Du\2+|u]2}d:c§/Z\gi\2d:c (3.137)
v U i=0
Thus (3.135) implies:
/ D | fPdr < / > lg'Pda (3.138)
U i=0 U i=0
From (3.131) it follows that:

; 1242 3.139
|<f,v>|§(/[];|f|x> (3.139)

if [|v|[ g1y < 1. Consequently:

. - U2dx)2 3.140
11l <U>s</Ui§:;|f| x) (3.140)

Setting v = ——%“— in (3.134), we deduce that, in fact:

HuHHé(U)

o — 3 12 d2) 3 3.141
1 s (/U;\fl v) (3.141)

Assertion (ii) now follows easily. O

3.6 Spaces involving time

In this section we turn the attention to other sorts of Sobolev spaces, these comprising
functions mapping time into Banach spaces. These will be essential in the construction
of weak solutions for the have equation.

We start by giving some basic definitions:
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Definiton 3.6.1. Let X be a Banach Space, with norm || ||, and 7" > 0. The space
LP(0,T; X) consists of all measurable functions u : [0,7] — X with:

{HUHLp(o,T,X) = (Jy Ila(®)ld)» < oo 1<p<oo (3.142)

[z 0.1.x) = ess supo<i<r|[u(t)|] < oo
Definition 3.6.2. The space C([0,7];X) is the set of all continuous functions u :

0,7] — X with
||u||C’([O,T];X) = maIOStSTHu(t)H < 0 (3143)

Definition 3.6.3. Let u € L'(0,7;X). We say v € L'(0,T; X) is the weak derivative
of u, written u’ = v, provided:

/0 & (tyu(t)dt = — /0 S(t)v(t)dt (3.144)

for all scalar functions ¢ € C'°(0,T'), where integrals are taken componentwise.

Definition 3.6.4. (i) The Sobolev space W'*(0,T; X) consists of all functions u €
LP(0,T; X) such that u’ exists in the weak sense and belongs to L”(0,T'; X'). Furthermore,

u(t)||? + ||u’ pdt%<oo 1<p< o
oy, = { U RO+ P b 1
ess suposi<r (|[u(®)|] + |[u'(@)]]
(ii) We write H'(0,T; X) = W2(0, T; X).
We have the following result:
Theorem 3.6.1. Let u € W'?(0,T; X) for some 1 < p < oo. Then:
(i) ue C([O T] X)
(71 )u(t) —i—f T)dr forall0<s<t<T
(111) Furthermore we hcwe the estimate:
mazo<i<r||w(t)|| < Cllullwirorx) (3.146)

the constant C depending only on T.

Proof. Extend u to be 0 on | — 00,0[ and |T, 00|, and set u® := 7, * u, 7, denoting the
usual mollifier on R. Then (u¢)’ =n. xu’ on |e, T — ¢[. Then, as ¢ — 0,

{ue —u in LP(0,T; X) (3.147)

(ue) — o' in L?(0,T; X)
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Fixing 0 < s <t < T, we compute

t
u‘(t) = u(s) +/ (u®)'(r)dr (3.148)
Thus, in the limit,
t
u(t) = u(s) +/ u'(7)dr (3.149)
for a.e. 0 < s <t <T. As the mapping t — fot u/(7)dr is continuous, assertions (i) and
(ii) follow. The estimate now follows easily. O

We are now interested in what happens when the functions u and u’ lie in different
spaces.

Theorem 3.6.2. Suppose u € L*(0,T; H}(U)), with ' € L*(0,T; H *(U)). Then:
(i) w e C([0,T]; L*(V))

after possibly being redifined on a set of zero measure.
(i) The mapping t — ||u(t)||Z) is absolutely continuous, with

d :
)y =2 < (1), ult) > (3.150)

fora.e. 0 <t<T.
(iii) Furthermore, we have the estimate

mazo<i<r||w(t)|| 2wy < C|wt) 20wy + 1@ L20758-1 ) (3.151)
the constant C' depending only on T.

Proof. Extend u to the larger interval [—o,T + o] for ¢ > 0 ad consider again the
mollification u® = 7. x u. Then, for €¢,6 > 0,

%Hue(t) — ()72 = 2(() () = (@) (t), 0 (t) = 0°(1)) 2 (3.152)
Thus:
[[u(t) =’ (6)]| 720y = ||u€(s)—u5(s)||§2(U)+2/ < (u)'(r)=(u’)(r), u’(r)—u’(r) > dr

(3.153)
for all 0 < s,¢t < T. Fix any point s € (0,7) for which u®(s) — u(s) in L*(U).
Consequently, (3.153) implies:

T
lim supes—o supo<i<r |[U(t) — u‘;(t)H%g(U) < limeygﬁo/ {I|(u) (1) — (u(;)/(T)Hill(U)
0

+[[u(r) =0 (D)3 ldr =0 (3.154)
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Thus the smoothed functions {u}o<c<; converge in C([0,T]; L*(U)) to a limit v €
C([0,T]; L3(U)). Since we also know u®(t) — u(t) for a.e. t, we deduce u = v a.e.

We similarly have:

(Ol = IOy +2 [ < (@Y ()u() > dr (3.155)

and so, identifying u with v as above,

t
()] o) = 1u(s)[ 2o +2 / < w(r),u(r) > dr (3.156)
forall 0 <s,t <T.

To obtain (3.151) we integrate (3.156) with respect to s, recall the Cauchy-Schwarz
inequality | < u’,u > | < |[[W|[g-1v)||ul| gy ) and make some simple estimates. O

When we will study the regularity of the weak solutions of the wave equation, we will
also need the following:

Theorem 3.6.3. Assume OU is smooth. Take m to be a nonnegative integer. Suppose
we L0, T; H"(U)), with ' € L*(0,T; H™(U)). Then:

(i) we C([0,T); H"+'(U))
after possibly being redefined on a set of zero measure.
(i) Furthermore, we have the estimate

mazo<i<r| | w(t)|| @) < CUO 20,020y + 1€ 0msmm@y)  (3.157)
the constant C depending only on T,U and m.
Proof. Suppose first that m = 0, in which case:
uc L*0,T; H*(U)) u' € L*0,T; L*(U)) (3.158)

We select a bounded open set V', with U CC V, and then construct a corresponding
extension & = Fu. Then u € L*(0,T; H*(V')) and

||I_L‘ |L2(0,T;H2(V)) < C| |11| |L2(0,T;H2(U)) (3159)

for an appropriate constant C. It can be proven in addition that @’ € L?(0,T; L*(V)),
with the estimate

@' |20 L2(vy) < ClIW[| 220,220 (3.160)
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Assume for the moment that u is smooth. We then compute:

/]Du\ dx) ]—2]/Du Dud:c|—2|/Auud:E\

< C(allfeq) + 1@y (3.161)

There is no boundary term when we integrate by parts, since the extension % has compact
support within V. Integrating and recalling (3.159),(3.160), it follows that;

mazo<i<r|[a(t)||mrwy < C(|ll 2005020y + W] 20,75020))) (3.162)

We obtain the same estimate if u is not smooth, upon approximating by u® := 7. x u.
As in the previous proof, it also follows that u € C([0,T]; HY(U)).

In the general case that m > 1, we let a be a multiindex of order |a| < m, and set
v := D%u. Then:
v e L*0,T; H*(U)) v € L*(0,T; L*(U)) (3.163)

We apply estimate (3.162), with v replacing u and sum over all indices |a| < m to derive
(3.157). 0
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Chapter 4

Weak solutions

In this chapter we apply the theory of Sobolev Spaces to the study of initial boundary
value problems for the wave equation in n dimensions. In particular, we look for weak
solutions to these problems; that is, functions mapping time into Sobolev spaces which
satisfy the wave equation in an appropriate weak sense.

We begin by defining weak solutions and outlining the main steps of the weak approach
in the theory of partial differential equations. Next we focus the attention on the
homogeneous problem, setting the external force equal to zero and we prove, using Hille-
Yosida’s theory for first order ordinary systems, that, under appropriate assumptions on
the initial data, a weak solution exists and it is unique. We then study the regularity of
this solution and we see that, if we allow the initial data to possess higher regularity, we
can recover a classical solution to the problem.

Next we consider the nonhomogeneous problem restricted to bounded domains and we
show that we can explicitly construct the solutions using the so-called Galerkin’s method.
This approach also permits us to prove existence and uniqueness of weak solution in
bounded domains with more general initial data than those required for the application
of Hille-Yosida’s theory.

4.1 Basic definitions

In what follows U will indicate an open subset of R™ with C* boundary. We will also
set ¢ = 1.

Fix T > 0 and consider the following initial boundary wvalue problem for the wave
equation, with homogeneous Dirichlet boundary conditions:

Uu=f inUr
u=yg, ug=nh onU x {0} (4.1)
uw=0 on dUr
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with g € H*(U) N HY(U), h € HL(U).

We would like to find an appropriate weak formulation of the problem in order to look
for solutions that satisfy it in the weak sense.

We begin by supposing v = wu(x,t) is a smooth solution to (4.1) and defining the
associated map u : [0,00[— H2(U) N H(U), by [u(®)](x) = u(x,t). We similarly
introduce the function f: [0, co[— L*(U) defined by [£(t)](x) = f(x,t).

Now fix any function v € H}(U), multiply the wave equation by v and integrate over U.

/u”vdas—/Vqudx:/fvd:v (4.2)
U U U

Integrating the first term by parts, we obtain:
/{u”v +Vu- Vv —folder =0 (4.3)
U
This leads to the definition of weak solutions.

Definition 4.1.1 We say a function u : [0,00] — H*(U) N H}(U) is a weak solution
of the problem (4.1), provided:

u e C([0,T]; H*(U) N Hy (UV)), w' € C([0,T]; Hy(V)), u” € C([0, T L*(U))  (44)
u(0) =g, W(0)=nh (4.5)

and furthermore u satisfies (4.3) for a.e. ¢ € [0, 7.

Our strategy in solving problems involving function in Sobolev spaces consists in the
following steps:

Step A. Existence and uniqueness of a weak solution is established.

Step B. The weak solution is proved to posses higher regularity, under appropriate
assumptions on initial data.

Step C. A classical solution is recovered by showing that any weak solution that is
C?*2(Ur) N CYY(Uy) is a classical solution.

4.2 Step A : Existence and uniqueness

We prove uniqueness of weak solution to the homogeneous initial boundary value problem
(i.e, we set f =01in (4.1)), using Hille-Yosida’s theory for mazimal monotone operators
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on Hilbert spaces.

Definition 4.2.1. Let H be a Hilbert space, A : D(A) C H — H an unbounded
operator on H.
(i) We say A is monotone if

<Av,v>>0 YveH (4.6)

(ii) A is said to be maximal monotone if in addiction A+ I is surjective, where I denotes
the identity operator.

Hille-Yosida theorem establishes existence and uniqueness of the solution to first order
Cauchy problems involving maximal monotone operators.

Theorem 4.2.1. Let A be a maximal monotone operator on a Hilbert space H. Then,
given any ug € D(A), there ezists a unique function

u e CH[0,T]; H)Nn C([0,T]; D(A)) (4.7)
satisfying
ut Au=0 onl0,T]
dt
{u(()) g (4.8)
Moreover:
[uel| < [luoll,  [[Au(®)]] < [|Auol| V1t € [0,T] (4.9)

The proof is rather long and we omit it. The reader can find it in [3], Chapter 7.

Now we are ready to prove the following result:

Theorem 4.2.2. Assume g € H*(U)N H}(U), h € H}(U). Then there exists a unique
weak solution to the problem (4.1), with f = 0. Moreover:

HU/H%%U) + HVU’H%?(U) = HhH%?(U) + ||V9H%Z(U) vt >0 (4.10)

Remark 4.2.1. Equation (4.10) is a conservation law asserting that the energy of
the system is invariant in time.

Proof. We write the wave equation in the form of a system of first order equations:

(4.11)

Oug —v =0 i Ur
o, —V2u=0 inUp
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and we set V := (Z), so that (4.11) takes the form 47 + AV = 0, with

(B DO

We now apply the Hille-Yosida’s theory in the space H = H}(U) x L*(U), equipped with
the inner product

< Vi, ‘/’2 >i= /{Vu1 . VUQ + ugug + Uﬂ]z}d&l (413)
U

Now consider the unbounded operator A : D(A) C H — H defined by (4.12), with
D(A) = (H*(U)N Hy(U)) x Hy(U) (4.14)

Note that the boundary condition © = 0 on Uz has been incorporated in the definition

of the space H.

Now we claim that A + I is maximal monotone in H. Indeed, if V' € D(A), we have:

<AV,V >y +||V||5 = /{u2 + v + |Vu|* = Vu - Vv — uv — Vuv}da (4.15)
U

= /{u2 + 02 + |Vul|? —uvldr >0 (4.16)
U

Next we have to show that A + 21 is surjective. Given F = (Jgt), we must solve the
equation (A + 21)V = F; that is, the system

—v42u=f (4.17)
—Viu+2v=g '

with w € H*(U) N HJ(U), v € H}(U).
It follows from (4.17) that —V?u + 4u = 2f + ¢. This equation has a unique solution
u € H*(U)N H}(u), according to the teory of elliptic partial differential equations. Then

we obtain v € H}(U) by taking v = 2u— f. This proves that A+ I is maximal monotone
in H.

We can therefore apply Hille-Yosida’s theorem to conclude that there exists a unique
solution of the problem

{%—FAV:O in U x [0, 00 (4.18)

V(0) = Vo
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with V' € CY([0,T]; H) N C([0,T]; D(A)).

Since Vy = z € D(A), we obtain the existence and uniqueness of the homogeneous
problem.

In order to prove (4.10), we multiply the wave equation by % and we integrate over
U. O

4.3 Step B: improved regularity

We prove that the solution to (4.1) has a higher regularity than that obtained in the
previous section, provided one makes additional assumptions on the initial data.

We use the same notations as in step A.

Let k£ € N, k > 2. Define by induction the set

D(A*) = {v € D(A*1) . Av € D(A* 1)} (4.19)
It can be easily seen that D(A¥) is a Hilbert space with the scalar product
k
< u,v >D(Ak)zz < Au, Alv > (4.20)
=0

for u,v € D(AF).
We have the following result:

Theorem 4.3.1. Assume the initial data ug € D(AF) for some integer k > 2. Then the
solution u to problem (4.8) satisfies:

u € C*([0,T); D(AY)) Vj=0,..k (4.21)

The reader can find a proof in [3], chapter 7.

Now it is easy to prove a regularity theorem for the solutions to (4.1), with f = 0.
Theorem 4.3.2. Assume that the initial data satisfy
g€ H*(U) he HYU) Vk (4.22)
and the compatibility conditions on the boundary
Vig=0 V?h=0 ondU Vj>0, jeN (4.23)
Then the solution to (4.1) with f = 0 belongs to C*°(Ur).
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Proof. Let A be the operator in Theorem 4.2.2. It is easy to see, by induction on k, that:

b fu) . uwe€H"(U)and VPu=00ndUYV j, 0<j <[4
D(A)_{(v> (veHk+1(U)andvzv:Oon8UVj,OSJS[%]—l b2

In particular, D(A*) ¢ H**1(U) x H*(U) with continuous injection. Applying Theorem

4.3.1., we see that if V) = (g) € D(AF), then the solution V = (Z) to (4.11) satisfies:

Ve C* (0, T); D(AY) Vj=0,...k (4.25)

thus u € C*7/([0, 00[; H/*'(U)) ¥j = 0,...,k. We conclude with the help of Theorem
3.4.6., that u € C*(Ur) for each k. O

4.4 Step C: recovery of classical solutions

Theorem 4.4.1. Let w e C*([0,T]; H*(U) N HY(U)) be a weak solution of (4.1). Then,
u 1s indeed a classical solution.

Proof. Since u(z,t) € C**(Ur) N CY(Ur), Tu = u|gy according to Theorem 3.3.2. and,
since u € H}(U), Tu = 0, according to Theorem 3.3.3. Therefore u = 0 on dUr. On the
other hand, we have:

/ (0" — V’u — flude = 0 (4.26)
Ur

for all v € C}(U). This implies u” — V*u — f a.e. on Ur.
Since u(z,t) € C**(Ur) N CH(Ur), the equality in fact holds everywhere and thus w is
a classical solution. ]

4.5 Bounded domain case

We now consider U € R™ to be open and bounded and we see that, under weaker
absuntions on initial data than those given in Theorem 4.2.2., we can construct explicitly
weak solutions to (4.1), using the so-called Galerkin’s method.

We start by slightly modify the definition of weak solutions, in order to deal with weaker
conditions on initial data and reformulate the problem in terms of the dual space H~!(U).
Suppose the initial data satisfy g € H}(U), h € L*(U).

Since the Dirichlet condition requires v = 0 on the boundary, we see that the natural
space in which looking for solutions is L?*([0,T], Hy(U)). Furthermore, since we want
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u(0) = g, recalling Theorem 3.6.2., it is natural to demand u’ € L2([0,T]; L*(U)).
Finally, looking at the wave equation, we see that u; has the form:

uy = [+ Viu=g"+ Zgij (4.27)

j=1

with ¢° = f, ¢/ = Uy, -

This suggests , recalling Theorem 3.5.1., that we should look for a weak solution u with
u” € H~'(U) for a.e. t and then reinterpret the first term in (4.2) as < u”,v >py-1 ) g1 (v);
where <, > 1) g1 ) denotes the pairing between H~'(U) and Hg(U).

Definition 4.5.1 We say a function

ue LX([0,T]; Hy(U)) o' e L*([0,T]; L*(U)) u" e L*([0,T]; H'(U)) (4.28)
is a weak solution to the problem (4.1), with g € H}(U), h € L*(U)., provided:
(i) <0, v >gowymiw) +2im < ey U >r2w) = < £,0 >y for each v € Hy(U)

LU
and a.e. t € [0,T].
(i) u(0) = g, w'(0) = A

We now construct the weak solution to the problem (4.1) employing Galerkin’s mehod.
We start by solving a finite dimensional approximation: select smooth functions {wy }ken
such that:

(i) {wy}2, is an orthogonal complete system for the space Hg(U)
(ii) {wy}52, is an orthonormal complete system for the space L?(U).

Next, fix a positive integer m, and write

m

W, (t) ==Y df (t)wy (4.29)

k=1

where we intend to select the coefficients d* () in order to satisfy

dy,(0) = < g, wx > (o) (4.30)
d;ﬁ(()) =< h,wk >L2(U) (431)
and
< u’,;l, Wk > g-1(),m1i(U) t Z < U, , Wk, >r2v) = < f, wy, >12(U) (4.32)
i=1
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Theorem 4.5.1. For each integer m, there exists a unique function w,, of the form
(4.29), satisfying (4.30), (4.31) and (4.32).

Proof. Assuming u,, to be given by (4.29), we project (4.32) on the wys, obtaining:
i (t) + ) M), (1) = () (4.33)
i=1

where ¥ = < wy, ,wy,, > g1y and fF@) =< £(1t), we >r2).-

(4.33), together with the initial conditions (4.30) and (4.31), is a linear system of ordinary
differential equations and, according to standard theory of ordinary differential equations,
there exists a unique function d,,(t) = (d} (t),...,d™(t)), that is of class C? and solves
the problem. O

Now we want to send m — oo and so we need estimates that ensure uniform
convergence in m. The following result fulfills this purpose.

Theorem 4.5.2. There exists a constant C, depending only on U, such that:
mazo<e<oo (||l gy + 1 Wnllz2@)) + w20 mr-1 ) (4.34)
< C([IAle2qoryr2wy + N9l mp ) + 10l 2@)) (4.35)
for each m.

The reader can find the proof in [4], chapter 7.

Now we can prove uniqueness of the weak solution.
Theorem 4.5.3. There exists a weak solution of (4.1) in the sense of Definition 4.5.1.

Proof. According to (4.34), we see that the sequence {u,, }°°_; is bounded in L*([0, T7; Hj(U)),
{u/ }_, is bounded in L*([0, T]; L*(U)), {u” }>_, is bounded in L*([0,T]; H~'(U)).

mJSm=1
As a consequence, there exists a subsequence {u,,, }>°_; and functions u € L*([0, T]; H(U)),

u’ € L*([0,T); L*(U)), u" € L*([0,T]; H*(U)), such that:

u,, = u weakly in L*([0,T]; Hy(U))
w, — u weakly in L*([0,T]; L*(U)) (4.36)
u;, — u” weakly in L*([0,T]; H'(U))

(see Appendix A for the notion of weak convergence in Hilbert spaces).

Next, fix an integer N and choose a function v € C*([0,T]; H3 (U)) of the form:
N
v(t) =) d*(tyur (4.37)
k=1
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where d*(t) are smooth functions. Select m > N, multiply (4.32) by d*(t), sum over
k=1,...,N and then integrate with respect to t, to discover:

T T
/ << u;’n,v >H—1(U) —I—Z < W, ; Ve > LZ(U) dt = / <fv >12(U) dt (438)
0 0

=1

Now set m = m; and, taking the limit, we find:

T n T
/ (< u//’v >H—1(U)7HS(U) +Z < Ug;, Vg; >L2(U dt = / <f v >12(U) dt (439)

This equality then holds for all functions v € C'([0,T]; Hj(U)), since functions of the
form (4.37) are dense in this space. It follows further that:

< 11”,1) >H*1(U),H§(U) +Z < Ug;; Vg >r2v) = < f v >L2(U) (4.40)
1=1

for all v € H} and a.e. t.

We must now verify that the initial conditions are satisfied.
Choose any function v € C?([0,T]; H}(U)), that vanishes at ¢ = T. Then, integrating
by parts twice with respect to ¢ in (4.39), we find:

T n
A (< V”, u >H*1(U),H3(U) +Z < Uy,, Vg, >L2(U))dt
i=1
T
= /0v < f,V >L2(U) dt — < U(O), VI(O) >H6(U) + < uI(O),V(()) >L2(U) (441)
Similarly, from (4.38), we find:

n

T
/ (< V' upy, > H-1(U),HL(U) +Z < Wy, Vo, > 2y dt
0 i=1

T
= / < f,V >L2(U) dt— < um(O), V/(O) >H6(U) + < u;n(O), V(O) >L2(U) (442)
0

Setting m = m; and taking the limit:

T n
/ (< V0> g0y my0) + D < Wy Ve, >120))dt
0 =1

T
= / <fv >12(U) dt— < g’V/(O) >H&(U) + < h,V(O) > 12(U) (443)

0
Comparing (4.41) and (4.43), we conclude u(0) = g, u’(0) = h, since v is arbitrary. []
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The next steps consist in proving uniqueness and higher regularity of weak solution,
in order to recover from this the classical solution to the problem. We give only the
statements of these results; the reader can find proofs in [4], chapter 7.

Theorem 4.5.4. A weak solution of (4.1), in the sense of Definition 4.5.1., is unique.

Theorem 4.5.5. Let m be a nonnegative integer and assume:

g € H"(U)
d_kaLQ([()’T};Hm_k(U)) fork=0,..,m

dtk

Suppose also the following m™-order compatibility conditions hold:

hy = h e HY(U)

212 , (4.45)
g1 = Lt (,0) + V250 € HY(U) if m =2l
20—1 .
horgr = S (,0) + V2hy_y € HYU) if m=20+1
Then:
dku 00 m+1—k
yrs € L>([0,T]; H (U)) fork=0,...,m+1 (4.46)
with the estimate
m+1 m
d*u d* f
€88 SUPo<t<oo Z HwHHmek(U) < C(Z H%HHW*’C(U) + gl zmrr @y + || 5mwry)
k=0 k=0
(4.47)

Corollary 4.5.1. Assume g,h € C=(U), f € C=(Ur) and the m*-order compatibility
conditions (4.45) hold for every m.
Then the problem (4.1) has a unique solution

u € C*(Ur) (4.48)
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Chapter 5

Physical applications

In this final chapter we discuss two relevant physical situations in which wave equation
emerges in a natural way. We begin by study Maxwell equations and we show that,
if we choose a particular gauge, equations for scalar and wvector potentials turns into
nonhomogeneous wave equations, depending on charges and currents distributions in
space and time. In this way we see that Maxwell theory predicts the existence of
electromagnetic waves, that are periodic oscillations of electric and magnetic fields propagating
in space. We then explicitely solve the equations for the case of a point charged particle
moving arbitrarily and we find electric and magnetic fields emitted by the particle.

In the second part of the chapter we study gravitational waves, starting by introducing
linearized gravity theory and then showing that FEinstein equations turns into wave
equation in an appropriate gauge. We next study the effects of gravitational waves
on test masses in different frame of references and the waves emission by a distribution
of mass and energy, finding the explicit expression for the radiation emitted by a binary
system in circular orbit.

Notions of differential geometry and general relativity are required in order to completely
understand the topics discussed in the second part of this chapter. The reader can find
an overview of these topics in [2].

5.1 Electromagnetic waves

We find equations describing electromagnetic waves from Maxwell equations.

5.1.1 Maxwell equations

The entire electromagnetic theory is encoded in Maxwell equations. They are a set of
eight (two scalar and two vectorial) partial differential equations that must be satisfied
by the components of electric and magnetic fields and relating them with charges and
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currents distributions. In SI units they read as:

P

V-E=— (5.1)
€0
0B
E=— 2
V x 5 (5.2)
V-B=0 (5.3)
. 10E
VXB—MUJ‘FEE (5.4)

where j, p are the charge and current density and pg, €9 are the vacuum permeability
and the vacuum permittivity.
The fact that B is divergence-free implies the existence of a vector A, called vector
potential, such that:

B=VxA (5.5)

Inserting (5.5) in (5.2), we find V x (E + 92) = 0. Therefore, there exists a scalar
function @, called scalar potential, satisfying:

It turns out that Maxwell equations are better exspressed using potentials. Inserting
(5.5), (5.6) into (5.1), (5.2), (5.3), (5.4), we obtain the equations

9 p
2 —_— . P —
Vo4 o V- A o (5.7)
1 0°A 1 0A
VA- - -V(V-A+ ) = —Hoj (5.8)

2 ot 2ot

Since B = V x A, the value of the magnetic field is unaffected by a transformation of
the form

A—-A'=A+Vf (5.9)
where f is a scalar function. Under this transformation, the electric field changes as
0A of
E—-E=-— -V(®+— 5.10
5 V(@) (5.10)
Thus, if ® transforms as
of
P =P — 5.11
T (5.11)

we see that also the electric field remains unchanged.
These potentials transformations that do not affect the values of the fields are called
gauge transformations. Since the fields does not vary, gauge transformations do not
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change the physical effects.
We can now use gauge freedom to choose a condition satisfied by the potentials that
simplifies the Maxwell equations; indeed, looking at (5.7) and (5.8), we see that if we

choose A, ® so that:
100

V- A+ —-—""=0 5.12
+ 2 ot ( )
Maxwell equations decouple into two nonhomogeneous wave equations for the potentials.
1 0%°® p
Ve - —=-L 5.13
2 Ot? €0 ( )
1 0’A
VA — = = — ) 5.14
2 Ot? HoJ (5.14)

The condition (5.12) is called Lorentz condition and the gauge in which it holds is called
Lorentz gauge.

Remark 5.1.1.1. The Lorentz condition does not fix the potentials univocally. In
fact, we can perform transformations of the form (5.9), (5.11) preserving the condition
(5.12). Since the Lorentz condition transforms as
, 109 9 10%f

V-A'+ 27 +V 290 =0 (5.15)
we see that this condition is preserved exactly when the function f generating the gauge
transformation satisfies the homogeneous wave equation.
The gauge freedom therefore implies that, among the four scalar functions defining
the potentials (the function ® and the three components of A), only two are really
indipendent (one can be determined using Lorentz condition and another one using the
residual gauge freedom).

Using equation (1.58) in the first chapter, we find the solution to (5.13) and (5.14).

ly—x]
ply, t — )
O(x, 1) = / LAt AL 5.16
( ) 47T€0 |lz—y|<ct |y - X’ Y ( )
: ly—x|

Mo J(Yat - )
Alx. 1) = —/ Rt — ey, 5.17
( ) 4 lx—y|<ct |y - X| ( )

5.1.2 Lienard-Wiechert potentials

We now use equations (5.16), (5.17) to find the potentials generated by a point charged
particle with arbitrary motion. The charge and current densities are given by:

p(x,t) = ¢0°(x — Xo(t)) (5.18)
j(x, 1) = qv(t)6°(x — x0(1)) (5.19)
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where ¢, v, xq are the charge, velocity and position of the particle respectively. Inserting
(5.18), (5.19) into (5.16), (5.17), we find:

53 _ t,
O(x,t) = — / (x = o m))dy (5.20)
4dmey Jps ly — x|
£)6°(x — % (!
Am Jgs ly — x|
where we have set t/. , =t — @

We focus on the scalar potential, since the derivation of the vector potential proceeds in
the same way.

The trick consists in looking at the time as a coordinate, introducing a new delta function
in time and integrating over a four-dimensional domain. We have:

q 53<X — Xp (t,)> / / ’
d(x,t) = ot — ¢t )dt'd 5.22
(X7 ) 471'60 /R4 ‘y . X’ ( ret) y ( )
Changing the order of integration in space and time,
q 5(t/ — 1, t) 3 / /
d(x,t) = retz — t))dydt 5.23
(X> ) 47T€0 /R4 ’y — Xl (X XO( )) Y ( )

The inner integration in space coordinates can now be easily performed: the delta
function picks out y = xo(t') and ¢, , = ¢ — =00l

d(x,t) =
(1) Ameg Jr |xX — Xo(t')]

In performing the integration in time, we have to keep in mind that ¢/, is a function of
the point (x,t) and the source trajectory. We therefore use the well known property of

the delta function
sy = S —t) 5.25
(ft)=> TN (5.25)
i lag\"
where the sum runs over the zeros of f.
Since, for any given point (x,t) and source trajectory there is only one retarded time

tret, Solution to the equation t,.; = M, we have:
5(t/ - tret)
ot —t.,) = (5.26)
gt — (= x = xo(t) ) o=ty
I T -
{1 = L322 Vo) o=t
O = tret) (5.28)

B 1— BO(tret> : n(tret)
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where § = ¥ and n(te) = I);:ig—m is the versor pointing from the particle position to
the point in which the potential is calculated, evaluated at the retarded time.

Finally, the integration in time picks out ¢’ = t,; and we find:

O(x,t) = —L ( ! >t (5.29)

—471'60 (1—ﬁ0'1’1)|X—X0|
_ qpoc Bo o
A(x,t) = ym ((1 ~ Gy n)x— X0|)tm = d(x, 1) (5.30)

Formulas (5.29), (5.30) are the so-called Lienard- Wiechert potentials.
Frome these we can compute the electric and magnetic fields, using (5.5) and (5.6). The
calculation is simple, but quite long and we omit it. The final result is:

B t) — ( (m — Bo)(1 — 7) ) L a (nX{(n—ﬂo)X%O}> (5.31)

dmeg \ |x — x0]2(1 — fp - n)? dmeg \ |x — x0|(1 — By - n)3

B(x,t) = g x E(x,1) (5.32)

Looking at these expressions, we see that the fields generated by a moving particle are
composed by two different terms. The first one is the static field term and we see that,
if the velocity of the particle is constant, this term does not depend on the retarded
time at all. This property is consistent with the principle of relativity: a charge moving
with constant velocity must appear to a static observer in exactly the same way a static
charge appears to a moving observer and, in the latter case, the direction of the field must
change instantaneously. Thus, static field term points from the instantaneous position of
the particle to the point in which the field is calculated, if the velocity does not change
during the retarded time delay.

The second term is different from zero only if the particle is accelerating and it is
proportional to the acceleration. It is called radiation term, since it describes the
electromagnetic waves emitted by the particle and it contains all informations about
the motion of the particle that can’t be eliminated changing reference frame with a
Lorentz transformation. Since the first term goes as [x — x|~ and the second one as
|x — x| 7!, we see that far from the particle the static field is neglegible.

5.2 Gravitational waves

We present an introduction to the theory of gravitational waves. In particular, we show
that, in the limit of weak gravitational field, we can find a gauge in which FEinstein
equations takes the form of a wave equation, describing perturbations in the space-time
geometry. We describe interaction between waves and test masses in different frames
and the production of waves by a given distribution of mass and energy.
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5.2.1 Linearized Einstein equations

Suppose we are in presence of a very weak gravitational field, such that the space-time
metric generated by this field can be written as an expansion around the flat Minkowski
metric, in the form:

G = N+l || << 1 (5.33)

We can therefore perform all the calculations in the framework of linearized approximation
of general relativity, keeping in the equations only terms linear in h,,. We will therefore
rise and lower indices with Minkowksi metric and we will taking derivations using the
usual partial derivative instead of using covariant derivative.

Remark 5.2.1.1: Since tensors’ components depend on the frame of reference, what
we really mean in (5.33) is that there exists a reference frame in which that condition is
satisfied in a sufficiently large region of space.

With a simple calculation, we find Christoffel symbols, Riemann tensor, Ricci tensor
and Ricci scalar associated with metric (5.33). Keeping only the first order terms in Ay,
we obtain:

o = %n“p{@hpu + Ouhox — Ophun} (5.34)
R}, = %{apath + 050,h1p — 0,05 — 0,0Vh,,} (5.35)
R() = %{a@hg + O\Ouh — 0,0,h — Ohy,} (5.36)
RY = pRY) = 9,0,k — Oh (5.37)

where h = h} = n™h,, is the trace of h,, and O = 9”9, is d’Alambert operator
associated with Minkowski metric.
The vacuum Einstein equations R, — %ng = 0, become:

MOy + Ox0uhyy — 0,0,h — Ohyy, = 0 (5.38)

Lorenz gauge

Once we have chosen a reference frame in which (5.33) holds, we still have the freedom
to choose a particular gauge. Consider a coordinate transformation of the form:

= o =t + ¢ (x) (5.39)

where £ is a vector field whose partial derivatives 0,&* are at most of the same order
of magnitude of h,,. Since the metric is a (0,2) rank tensor, under a generic coordinate

74



transformation, it changes as

PP dx® Oz
g,uzl(x) = Ox'h wgaﬁ(x) (540)

Neglecting higher order terms, we obtain:
P () = hy (2) = (0,6, + 0uéy) (5.41)

Therefore, if 0,&" are small, the condition (5.33) still holds and the coordinate transformation
(5.39) is a symmetry of linearized theory. Note also that the linearized Riemann tensor

is invariant, and not only covariant, under (5.39) and so we can compute it in the most
convenient gauge.

Remark 5.2.1.2: We sece that if 9,¢, + 9,§, = 0 the metric remains the same. The
vector field " is a Killing vector of the linearized metric.

Now, using the gauge freedom (5.41), we want to establish which property the vector
field £ must obey in order to put linearized Einstein field equations in a simple form.

Define )
Py = hy — 577“”h (5.42)

If we impose the Lorenz gauge condition

" hy, =0 (5.43)
we see that Einstein equations assume in this gauge the wave equation form.

Ohy =0 (5.44)

(5.41) becomes: ) )
h;“,(l'/) = hlll/(x) - (al/gu + 8u€u - nuuaafa) (545)

In order to find the property £# must obey to satisfy Lorenz condition, wetake derivative
in (5.45), finding: ) B
(0" h ) (2) = 0" Dy () — TG, (5.46)

Therefore, if we have initially 9" h,,, (z) = f.(z), we can switch to Lorenz gauge, choosing
a vector field which obeys [, = f,. According to results of chapter 1 and 2, we know
this equation always admits a solution. Since we have chosen the four components of £,
we are left with only 10-4=6 indipendent components of the symmetric tensor BW. We
have therefore seen that, if we choose a particular gauge, the linearized vacuum Einstein
equations predict the existence of space-time perturbations propagating as waves at the
speed of light.
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TT gauge

Choosing the Lorenz gauge does not remove completely the gauge freedom. Infact, we
see that, if h,,(z) satisfies the Lorenz condition (5.43), the tranformed metric B;w(w’ ),
under z'*(z') = a*(x) + £*(x), also does, if the vector field £* obeys the homogeneous
wave equation [J¢# = 0. Therefore, equation (5.45) implies we can subtract from the
metric’s six indipendent components, the functions

Euw = 00 + 046y — M 0a§” (5.47)

which also satisfy [J¢,,,, = 0. In this way we can choose £ in order to impose four further
conditions on the metric and we are left with only two indipendent components.

One choice consists in selecting ¢ in order to make the metric traceles h = 0 (note
this implies B;w = h,,). The remaining three functions &' can then be choosen in order
to have hg; = 0. Then, the condition (5.41), defining the Lorenz gauge, implies, with
p=0:

°hgg = 0 (5.48)
That is, hgg is constant in time. Since we are dealing with perturbations that change in
time, we can set, without loss of generality, hoy = 0. Therefore, only the pure spatial
components of the metric are different from zero and the conditions we have imposed

read: ‘ ’
hop =0, h;j=0, &h;;=0 (5.49)

A metric satisfying (5.49) are said to be in the TT gauge (Transverse Traceless gauge)
and we will write the metric as hzyT .

We now analize the most simple solution of Dh:/f,/T = 0: a plane wave. This has the

following form: '
hil = een (5.50)

where ¢€;; is a symmetric tensor carrying informations about the wave polarization and
k# = (%, k) is the wave vector. Since the wave travels with the speed of light, it is a light
vector ktk, = 0.

If we write its spatial part as k = |kn, where n is a versor, the condition &7h];" =
translates to n’hj;" = 0 and we see that the only metric’s components different from
zero lie in the plane perpendicular to the wave’s propagation direction.

Consider for example a wave propagating in the z direction. Then n = (0,0,1) and we

have, taking the real part:

hi ha 0 .
h;fpjT(t, 2)=|hy —hi O] coslw(t— E)] (5.51)
0 0 0
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The metric perturbed by this wave is then:
ds* = — Adt* + {1 + hycosw(t — E)]}day2 + {1 — hycos|w(t — z)]}dy2
c c

+ 2hgcos|w(t — z)]dxdy + dz? (5.52)
c

5.2.2 Interaction with test masses

In the present section we study the interaction of gravitational waves with test masses
in different frames of reference: the so-called T'T frame and the usual Laboratory frame.
The effects of gravitational waves will be studied looking at the geodesic equation of
motion for the test masses.

TT frame

Choosing a gauge physically corresponds to select a particular frame of reference. We
now want to understand which reference frame is associated with the T'T gauge and how
this frame can be physically realized.

The answer can be found looking at the geodesic equation for a mass in a region of
space-time perturbed by a gravitational wave.

Let’s parametrize the geodesic with the proper time and suppose a test mass is at rest
at 7 = 0. We then have:

d*z’ . dav dxP ; dz®
oz = (@) bemo = {0 (@) () =0 (5.53)

By (5.34) we find T}, = %(280h0i — O;hoo). This quantity vanishes by the TT gauge
condition. Therefore, if a mass was at rest before interacting with the wave, it remains
at rest. In other words, the coordinates defining the T'T reference frame also stretch
in such a way that the position of the mass respect to them remains the same. This
reference frame can then be realized using the masses themselves as coordinates. We
can use a mass to define the origin, another one to define the point (1,0,0), and so on.
By definition, in this reference frame, the masses positions remain the same at any time.
Note also that, in TT frame, the proper time measured by a clock travelling along a
time-like trajectory z#(7) = (2°(7), 2%(7)) is given by:

s o)

27 2 2 742 TT
codr® = c“dt (T)—((Sij—i‘hij)dT dr

dr? (5.54)

where we have set 2°(7) = ct(7). Since a particle initially at rest remains at rest, ‘Z—f = 0.
Therefore, in the TT frame, the proper time measured by a clock on a mass initially at

rest coincides with the coordinate time ¢.
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The results obtained show that, in General relativity, physical effects are not described
by the coordinates changes, since the theory is invariant under arbitrary coordinate
transformations. In particular, the fact that the coordinates of test masses initially at
rest does not change in the TT frame, does not mean that gravitational waves have not
physical effects, but only that the coordinates have been chosen in such a way that they
not change under the action of the waves.

Physical effects must be studied looking at proper distances and proper times, that are
indipendent from the observer.

Let’s consider for example two events with T'T coordinates (¢, x1,0,0), (¢, z2,0,0) respectively.
The coordinate separation it is not changed by the passage of a wave propagating along
the z direction. On the other hand, looking at (5.52), we see that the proper distance
between these events oscillates in time:

s = (23 — 21){1 + hocos(wt)}z ~ L{1 + %thcos(wt)} (5.55)

In general, if the coordinate separation vector between two events is L, the proper
distance changes as s* = L? 4+ h;; L'L? and, neglecting higher order terms, we have:
L’L

h” L (5.56)

where dot indicates derivation with respect to proper time. If we write Lf =n', s =nls;:
1« 1.
S; ~ EhijL] ~ éhijsj (557)

where we have set, at the lowest order in h, L/ = s/.

Equation (5.57) is the geodesic equation expressed in terms of proper distance and proper
time.

If the two test masses are mirrors between which a light ray is reflected, the proper
distance between the mirrors determines the time interval between two reflections and,
since gravitational waves change the proper distance, they can be detected measuring
the frequency of reflections.

Laboratory frame

Although gravitational waves assume their simplest form in the T'T frame, their effects
are studied on Earth in the so-called laboratory frame, in which coordinates axis are
defined using rigid rulers. In this system, we expect that masses initially at rest change
their position when they meeet a travelling wave.

The simplest laboratory frame which can be studied is the one inside an orbiting satellite,
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in which the measure apparatus is in free fall with respect to the gravitational field
generated by the Earth and the wave. In this situation, using Fermi- Walker parallel
transport, we can find normal coordinates in which the metric reduces to the Minkowski
metric along the geodesic followed by the apparatus and approximates it in a neighborhood
of space-time.

ds® ~ —c*dt* + §;;dx’'da’ (5.58)

We don’t have first order corrections to the metric in |z¢|, since first order partial
derivatives of the metric vanishes along the geodesic around which we expand. At the
second order, we find:

ds® ~ —{1 + Ryy;z'z’ }c*dt* — (gRojikxjxk)cdtdxl + {6i; — gR,-kﬂxkxl}dxzde (5.59)

where the Riemann tensor is evaluated along the geodesic.
The situation is more complicated for a laboratory on Earth, since we have to take into
account the acceleration -g felt by an object with respect to a local inertial frame and
the Earth rotation with respect to a local system of gyroscopes. The metric can be found
explicitely changing the coordinates; the calculation is rather long and we omit it. The
result, up to order O(z'z?), is:

(g-x)*  (2xx)?

2 o
ds® ~ — {1 — 28X + a2 + Roigjz'a? Y Adt?

ii . 2 . .
+ ZC{Eﬁijk - gROjikxjxk}dtdxl
C
1 C
+ {5” - gRikﬂl‘kl‘l}diL‘ldl’] (560)

where () is the angular velocity of the Earth rotation.
Gravitational waves effects are of second order and they compete with higher magnitude
effects, such as Earth gravity and Coriolis acceleration. This makes their study difficult.
However, since waves can have very high frequencies, they vary considerably within a
scale of time in which other effects are almost constant and they can be isolated and
studied separately. If also the Earth gravity is compensated by a system of suspensions,
we can use the metric (5.59) also in the laboratory frame on Earth to study the free
motion of test masses in the plane z = constant.
The action of the gravitational waves on test masses can be conveniently studied looking
at the geodesic deviation equation, which gives the separation between two close geodesics;
the equation can be simplified noticing that the Christoffel symbols vanish along the
geodesic around which we expand and that we can take only the zero-zero component,
since the measure apparatus moves at a non relativistic speed. We have:

d2 ) ) ) de

= —Riyd (7 (5.61)
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where ¢ is the separation vector between two geodesics.

If a mass is initially at rest, after the interaction with the wave, it acquires a velocity
4 — cO(h); therefore:

1 da* dz;
2 dr dr

Since, in (5.61), the Riemann tensor is already of order O(h), at the first order, t = 7
and the geodesic deviation equation becomes:

§'= —"Rj & (5.63)

where dot denotes derivation with respect to coordinate time in the laboratory frame.
Since, as we pointed out earlier, Riemann tensor is invariant under linearized coordinate
transformations, we can compute it in the T'T frame, where it takes a particularly simple

2(1:2 hTT Therefore, we obtain:

dt* = dr*{1 + — }=dr* {1+ O(h?*)} (5.62)

form: R, =
& = hTTgﬂ (5.64)

Remark 5.2.2.1: According to (5.64), in the laboratory frame, the effects of gravitational
waves on a test mass m can be described, using Newtonian mechanics, by the force

P = TTe (5.65)

+ and x polarizations

We show explicitely the effects of a plane wave propagating in the z direction on a circular
ring of test masses initially at rest on the x-y plane in the laboratory frame. Since for
a wave propagating in the z direction we have h’:T = 0 for i = 3 or j = 3, we see from
(5.64) that the masses remains on the plane x-y.

We say the wave has polarization + if it has the form:

RIT = hy (é _01> sin(wt) (5.66)

where a,b = 1,2 are indices in the x-y plane.

The position of a test mass after the interaction with the wave is &,(t) = (xg+0z(t), yo +
dy(t)), where (xq,yo) is the initial position and the perturbations dx, dy are small. The
equation (5.64) takes the form:

5:i:—h

%(a:o + 6x)w? sin(wt) (5.67)
ot
2

51 = +—(yo + dy)w? sin(wt) (5.68)
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with first order solution

dx(t) = —i—%xo sin(wt) (5.69)
dy(t) = —%yo sin(wt) (5.70)
Likewise, we say the wave is x polarized if it has the form:
WIT = <(1) é) sin(wt) (5.71)
with first order solution
dx(t) = —i—h?xyo sin(wt) (5.72)
dy(t) = +h7xx0 sin(wt) (5.73)

The following figure shows the periodic deformations of a ring of test particles, initially
at rest in the laboratory frame, due to interaction with a + and a X polarized wave
respectively.

h

DOO00

t=0 1=TH 1=T#2 1= 3T/ =T

sloJelele

Figure 5.1: Deformations caused by + and x polarized waves on a ring of test masses.

5.2.3 Gravitational waves emission

We now study the emission of gravitazional waves by a mass distribution. We see that the
source, in order to emit gravitational waves, must posses a certain degree of asymmetry
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and we obtain the expression for the waves emitted by a time-varying source. Finally,
we look at binary systems in circular orbit and we find the waves emitted by these kind
of sources.

In the presence of matter, the linearized Einstein equations, in the Lorenz gauge, take
the form of a nonhomogeneous wave equation.

167G o)

4 T

Oh,, = (5.74)

C

Note that only the zeroth order term of the source’s stress-energy tensor appears in the
right hand side of the equation. This is due to the fact that 7, must itself already be
small in order for the linearized approximation to be valid, i.e. T}, should be of order
hyy. Therefore, any terms in T}, depending on h,, would already be of order O(hZ.,)
and can be dropped.

According to equation (1.57) in chapter 1, the solution is given by:

_ 4G/ T (= =l )
|4

o (t, x) = 2 P d*z’ (5.75)

where we integrate over the space volume occupied by the source and the stress-energy
tensor is calculated at the earlier time ¢ — M, since the waves travel with the speed
of light.

Since we look fot solutions expressed in the TT gauge, we can focus only on the spatial
components Bij, with 7,7 =1,2,3.

Far from the source, if the wave length of the emitted radiation is much bigger that the
source’s dimension, we can write equation (5.75) as:

Ar K c

= 4G 1
hij (t, ) = —G—/VT(O)(?f -~ a)da! (5.76)

where we have set r = |z|.
(5.76) can be simplified making use of the Virial theorem. We obtain, after some
calculations:

1 d?
TO g3y = __/ T2 432’ 5.77
/v o G T page [, BT 70
The tensor

1
anlt) = 5 / TO 2! o (5.78)
1%

is called source quadrupole moment.
Equation (5.76) can be expressed in terms of ¢;;, as:
- 2G' 1 . r
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(5.79) shows that, for an isolated system, the first non vanishing term in the multipole
expansion is the quadrupole term. This can be explained noticing that the derivative of
the gravitational dipole df, = fv Toor"*d®z" vanishes by the conservation of momentum.
Therefore, a distribution of masses, in order to emit gravitational waves, must have
a non vanishing quadrupole term and so a certain degree of asymetry. In particular,
a spherically symmetric star that pulses changing periodically its radius can’t emit
gravitational waves: a result known as Birkhoff’s theorem.

The most convenient choice for studying waves emission is, as usual, the TT gauge.
Let’s consider a plane wave propagating in the direction given by the versor n‘. The
projector

gives the components of a symmetric tensor transverse to n’. Using Py; we can construct
another projector:

1
Nijrr = PPy — §Pijpkl (5.81)

Ajjpi is called the T'T projector and it is clear that it projects a symmetric tensor to the
TT gauge. Therefore, we can apply it to (5.79), finding:

— =@y (t—-) (5.82)
where ¢/;" = Ajjug™.

Waves emitted by a binary system in circular orbit.

Studying the wave emitted by these kind of systems is very important, since they are
very common in universe: think of binary stars, for example and they usually involve
huge masses, making the detection of waves possible. It is remarkable that in the
first experimental observation of gravitational waves, made in 2015 by LIGO and Virgo
Scientific Collaboration, the waves detected were emitted by a system of this kind, in
particular by two merging black holes.

Let mq, mo be the mass of the two stars, r1, ro their distance from their center of mass,
M = my + ma, | = ry + ro, u the reduced mass. In the center of mass frame, if we take
the plane z = 0 as that of the orbital motion, the coordinates of the stars are:

x1(t) = F2l cos(wt) 1y(t) = =t cos(wt)
y1(t) = F2lsin(wt) y1(t) = =5+ sin(wt) (5.83)
z1(t) =0 29(t) =0
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where w = ,/C’;—3M is the orbital angular velocity, obtained by the third Kepler law.
The zero-zero component of the stress-energy tensor of the system is given by:

2
T = mic®d(x — ()6 (y — vi(1))5(2) (5.84)

i=1

and the quadrupole moment’s components are easily obtained:

T / 225(x — 21)d2zd(y — y1)dyd(2)dz+ (5.85)

v
mg/ 225(x — x9)dzS(y — y2)dyd(2)dz (5.86)

v
= ma} + mox; = ng cos(2wt) + C4 (5.87)

_ My

Qyy = —§l cos(2wt) + Cy (5.88)
Goy = gﬂ sin(2wt) + Cj (5.89)

The other components vanish.
Consider a plane wave propagating in the z direction, perpendicular to the orbital plane.
The propagation direction is n = (0,0, 1) and we obtain:

1 00
0 00
1 1
ng;xT = (mePxn - §P:vmen)qmn = 5(%1 - ny) (5~91)
1 . 1
QZ;;F = (PymPyn - §Pyypmn)q = _§<Qxx - ny) (592)
1
qzyT = (szpy” - §nypmn)qmn = Qzy (5.93)
Therefore, the radiation emitted in the z direction is given by:
4G 1 cos(2w(t — %))  sin(2w(t — 2))
TT(py _ 9L 50 9 c c
han (1) = ct oz : (Sin(Qw(t — %)) —cos(2w(t — %)) (5.94)

Note that:

(i) The wave has both + and x polarization.

(i) Since b} = ih[l, the wave is circularly polarized.

(ii) Radiation is emitted at a double frequency compared to that of orbital motion.
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Appendix A

Banach, Hilbert and L? spaces

A.1 Banach spaces

Definition A.1.1. Let V' be a vector space over C. We say a function || || : V — C is
a norm if the following properties hold Vv, w € V, X € C:

(i) ||v|] > 0 and |jv||=0iff v =0

(i) [[Av]] = [A[[|ol]

(i) [lo + w]] < |Jol] + ]

We denote by Vj;|| the space V with the norm || ||.

Definition A.1.2. Let {v,},en be a sequence in V).

(i) We say the sequence converges to v € V||| with respect to || || if:
JLHQOHU"_UH —0 (A1)

(ii) We say the sequence is a Cauchy sequence if:
Ve>03dneN: |, —vl|<eVm>n>n (A.2)

Definition A.1.3. We say the space V)| is complete with respect to the norm || || if
every Cauchy sequence in V};|| converges to some v € V]| .

We will call a complete space a Banach space
Definition A.1.4. Let X,Y be Banach spaces. A mapping A : X — Y is a linear
operator, provided

A(Au~+ pv) = MNA(u) + pA(v) (A.3)
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for all \, u € C and u,v € X.

If X is a real Banach space, a linear mapping v* : X — R is called a linear functional
on X.

Definition A.1.5. We define the norm of a linear operator A: X — Y as:
A[] := sup{|[Aully : [|ullx <1} (A.4)

We say that A is bounded if ||Al] is finite.
It is easy to prove that A is bounded if and only if it is continuous.

Definition A.1.6. Let X be a real Banach space. We define the topological dual
space X* as the set of all continuous functionals F' : X — R.

Definition A.1.7. Let X be a real Banach space. We say a sequence {u}p>, C X
converges weakly to a function v € X if

<ut up > = <utu > (A.5)

for each bounded linear functional v* € X.

A.2 Hilbert spaces

Definition A.2.1. Let V be a vector space over C. We call inner product on V a
function <, > : V x V — C, satisfying the following properties V u,v,w € V, X € C:

(i) <v,w>=<w,v>*
(i) < dv,w >= A <v,w >
(

(

i) <u+v,w>=<u,w>+ < v,w >
iv) <v,o>€R, <v,v>>0and <v,v>= 0iff v =0.

Theorem A.2.1. (Cauchy-Schwarz inequality) Let V' be a vector space over C, with a
inner product <,>. Then the following inequality holds Yu,v € V:

| <u,v> P < <uu><v,v> (A.6)

Starting from a inner product we can obtain a norm on V| setting ||v|| = /< v,v >.
This leads to the definition of Hilbert spaces:

Definition A.2.2. Let V be a vector space over C, with a inner product <,>. We
say V' is a Hilbert space if it is complete with respect to the norm induced by <, >.
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Definition A.2.3. Let V be a vector space over C with inner product <, >, u,v € V.
We say that u and v are orthogonal with respect to <, > if < u,v >=0.

Definition A.2.4. Let V be a Hilbert space over C with inner product <,> and
let A be a family of indices. A set {v4}aca of vectors in V' is called an orthonormal
system if

< Vg, Vg > = (504,5 Va,pg € A (A?)

Theorem A.2.2. (Parseval inequality) Let {va}aca be an orthonormal system on a
Hilbert space V' with inner product <,>, v € V.. Then the set of indices o for which the
numbers < vo,v > # 0 is at most numerable.

Moreover, the following inequality holds:

D < vayv > P <l (A.8)

where the sum runs over the set of indices o such that < ve,v > # 0 and where || || is
the norm induced by <, >.

Definition A.2.5. An orthonormal system in a Hilbert space V' is said to be complete
if it maximal, i.e. we cannot add any vector to it obtaining again an orthonormal system.

Theorem A.2.3. Let {v,}aca be an orthonormal system on a Hilbert space V' with inner
product <,>. The following are equivalent:

(i) {Va}taca is an orthonormal system
(ii) The closure of the space generated by the vys coincides with V.
(iii) Every vector v € V' can be written as

vzz<va,v>va (A.9)

where the sum runs over the, at most numerable, set of indices a such that < vy,v > # 0.
For everyv e V

1ol = D | < a0 > (A.10)
where || || is the norm induced by <, >.

Theorem A.2.4. Riesz Representation Theorem: V* can be canonically identified
with V. More precisely, for each u* € V*, there exists a unique u € V' such that:

<u, v >Syys =< u,v > (A.11)

for allv €V, where < u*,v >y~ denotes the pairing between V and V*.
The mapping u* — w is a linear isomorphism of V* onto V.
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A.3 LP spaces

Definition A.3.1: Let Q2 € R" be open, p € R, p < co. We define LP()) to be the
space of all measurable functions f : {2 — C for which the p-th power of absolute value
is Lebesgue integrable, that is:

/Q\f(x)\pda: < 00 (A.12)

if p = 0o, we define L>°(€2) as the set of all measurable functions for which the essential
supremum of absolute value in € is finite; that is:

inf{M >0 :|f(x)] < M a.e.in Q} < 0o (A.13)
The following facts can be proven:

Theorem A.3.1. Let 1 < p < oo. The space LP()) is a vector space, with sum and
scalar multiplication defined pointwise.

Theorem A.3.2. Let 1 < p < oo. The function || ||, : LP(Q2) — C

U] = {(fg |f(x)Pdz)r if p < oo A

ess supq|f(z)] < oo if p=o0
s a norm.

Remark A.3.1. Strictly speaking the function (A.14) is not a norm, since ||f|, =0
if f is zero a.e. and not only if f is the zero function. We can solve the problem taking
quotient in LP, identifying functions that are different only on a set of measure zero.

Theorem A.3.3. Young inequality: Let 1 < p,q < oo, with %—F% = 1. Then,
Va,b>0:

P q
<Y (A.15)
p q

Theorem A.3.4. Holder inequality: Let 1 < p,q < oo, satisfying %—i—% = 1. Suppose
also f € LP(Q), g € LY(Q). Then fg € L*(Q) and

£l < 1 f1lpllgllg (A.16)

Theorem A.3.5. General Holder inequality: Let py < py < ... < pp < 00, with
S 2 =1, and assume f; € LPi(Q). Then:

i=1p;

ITT At < TTA s (A.17)
j=1 j=1
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Theorem A.3.6. Let 1 < p < oo, Q € R". The space LP(S2), with the norm || ||,, is a
Banach space.

Theorem A.3.7. The space L*(Y), with the following inner product, for f,g € L*():

< f,g>0:= /Qfgdac (A.18)

1s a Hilbert space.
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