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Abstract

Timbre is one of the most important treats in music as it enables the distinction
of different instruments even when each one plays the same note. For more general
vibrating smooth bounded domains, timbre can be related with the set of eigenvalues
of the Laplacian. Having this considered, the aim of this work is to explore this
vibrational problem, by studying the existence of solutions of the Laplacian problem
with different boundary conditions and explore the inverse spectral problem with
Weyl’s law, in order to see how the spectrum determines the area or volume of the
domain. In addition, nodal domains will be defined and Courant’s theorem proved
and sharpened . |
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Chapter 1

Introduction

When a musical instrument is played, independently of the form, colors and
materials, there is always a unique requirement: the vibration of an element in the
instrument in a oscillatory way. The string of a guitar, the membrane of a snare
drum, and even the metallic surface of a trumpet, they all need to vibrate in order to
produce musical notes, and music, eventually.

When a membrane is struck, it undergoes complex oscillations that propagate across
its surface, producing audible sound waves. These vibrations can be mathematically
described using the wave equation, a partial differential equation that models the
propagation of waves in elastic media. The solutions to the wave equation gives us
the displacement of each point a vibrating surface and are expressed, normally in
physics, as normal modes, which are specific patterns of vibration associated with
discrete frequencies. These frequencies, also called as harmonics, are determined by
the geometry, tension, and material properties of the surface, as well as conditions in
its edges. The combination of these frequencies forms the spectrum of frequencies,
which includes the fundamental frequency and a series of overtones.

In this context, any musical instrument is characterized by an important aspect: its
timbre. The Acoustical Society of America (ASA) Acoustical Terminology defines
timbre as "that attribute of auditory sensation which enables a listener to judge that
two nonidentical sounds, similarly presented and having the same loudness and
pitch, are dissimilar". It also adds, "Timbre depends primarily upon the frequency
spectrum, although it also depends upon the sound pressure and the temporal char-
acteristics of the sound".

Therefore, timbre allows us to differentiate between a violin and a trumpet even
when they play the same note, with the same frequency. In other words, what allows
to differentiate between musical instruments is completely related to the collection
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2 Introduction

of harmonics or spectrum.

The main doubt that appears when talking about timbre is the following: if a mem-
brane or a vibrating surface characterizes and defines the collection of frequencies of
the instrument, given the complete set of harmonics which properties of the mem-
brane could be predicted?

1.1 Mathematical set up of the physical problem

Let us put mathematical context to the vibrational description given above. If
we have a membrane () that is fixed along its boundary 0() and is set in motion in
the direction perpendicular to the plane, the vertical displacement of any point of ()
at any time can be described by a function F(x,y,t) (smooth) that obeys the wave
equation:

ouF — *AF =0

where c is a constant that depends on the tension and density of the surface.
Of special interest (both to the mathematician and to the musician) are solutions
of the form

F(x,y,t) = U(x,y)T(¢)

for being harmonic in time, they represent the pure tones the membrane is capable
of producing. These special solutions are also known as normal modes. Substituting
this function inside the wave equation we get that

() _ AU(x,y)

0~ Uy O

As this equals expressions that do depend on different variables, each side must
be the same constant value —A < 0. The reason behind the negative sign has a
more physical meaning, since the force that governs a vibrational domain must be
restoring and the force is proportional to d;F by Newton’s Second Law.

Looking into the temporal part, we have directly the equation:

T'(t) = —AT(t)
which has the general solution

T(t) = Asin(VAt) + Bcos(VAt)
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where A, B are constants. For the spacial part, however, we obtain:

(1.1)

AU+AU=0 inO
uUu=0 on 0}

As we can see, U will be a eigenfunction of the Laplacian and A the eigenvalue
and associated to the harmonics. Then, in order to understand the vibration of a
membrane, as the temporal part is well-described (constants are to be found), we
need to focus on the spacial part.

Therefore, this problem does not only have implications and interest in acoustic
physics and musical circles, it can be studied in a more general mathematical sense.
And this is the way we will study this problem. Given a bounded smooth domain
Q) C R", how are the functions that suffixes (L.I), if they exist? Given the spectrum,
can we excel some properties of the bounded domain, for example its area?

1.2 Overview

All things considered, our main objective with this paper is to answer these last
questions. In order to do it, the structure of this text is as follows:

Firstly, we are defining all the basic concepts related with EDPs and their solu-
tion’s spaces in what is left of Chapter 1.

In Chapter 2, we are going to show in detail the existence of eigenfunctions and
eigenvalues of for a bounded smooth domain () C R". The main result is:

Theorem 1.1. For any Q) C R", there existst a sequence 0 < Ay < Ay < -+ — o0 and
functions ¢ € Hi(Q) that are distinct weak solutions of:

—Ap=A¢p in Q
p=0 on 9O

Moreover, these functions form an orthonormal basis for L>(Q)).

Chapter 3 explores the asymptotics of the eigenvalues of (1.1, connecting it with
the area or volume of the domain (), eventually proving Weyl’s law. In other words,
proving that the dimensions of a domain can be predicted or listened (if we see it
physically) with the spectrum of eigenvalues.
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Theorem 1.2. (Weyl’s law) Let QO C IR" be a bounded smooth domain. Let p > 0 and denote
D(p) = #{Ax € Spectrum(Q) : Ay < p)}, then:

lim 2(0) _ @n |
p—00 pn/Z on g

where w,, is the hypervolume of the unitary ball in R". Equivallently,

K2/n
lim Ay = 471272/71
ke (wn| Q)
Eventually, in Chapter 4 we will define nodal domains for completeness and
using all the important results proved, we will try to obtain new results about nodal
domains. Pleijel’s nodal domain theorem is the one we will be proving.

Theorem 1.3. (Pleijel’s nodal domain theorem)
2
lim sup ﬂ < (2) ~ 0.691...

koo K B1,0

where N is the number of nodal domains of ¢y and B is the first zero of the Bessel function
Jo and its value is approximately 1y ~ 2.4048...

1.3 Preliminars

We will first give a quick review on integration by parts, L¥, Sobolev and Holder
spaces, stating the results that will be used later in the text.

Firstly, a partial derivative equation, or also called a PDE , is any equation where
the unknown is a function f of several variables (usually x € R"” and maybe also
t € R), and which their partial derivatives are involved (i.e, dy,f or axix]. f or even
d:¢f). Generally in this text, f will be a smooth function defined in a bounded domain
() C R". In this context, we define the laplacian of a function f as:

02 f 0 f
72 _
A =V = St g (1.2)

The most famous EDPs associated with the laplacian are:

Af =0 Laplace equation (1.3)

Af = u Poisson equation (1.4)

where 1 : R" — R is a function.
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Integration by parts

A fundamental identity in the study of PDEs is the following.

Theorem 1.4. (Integration by parts) For any bounded (C') domain Q) C R", and any pair
of functions f,g € C1(Q), we have:

/Q fong=— /Q 905, f+./a fgu (i=10m) (1.5)

where v is the unit (outward) normal vector to 9Q), and i = 1,2, ..., n. In particular, for any
functions u,w € C*(Q)) we have:

/ Vu-Vw = —/ ulw + uVw-v (1.6)
Q o) a0

L? spaces

Given ) C R" and 1 < p < oo, the space L7 (Q) is the set:

LP(Q)) := {u measurable in Q) : / lulPdx < 00}
0

It is a complete normed space, with the norm: |||y = ([q |u|p)1/p. When
p = oo, the integral is replaced by the essential supremum, ||u|;~(q) := sup |u(x)|,
xeQ)

and L*(Q)) is the set of bounded functions (up to sets of measure zero).
Moreover, C* functions are dense in L¥(Q)) for 1 < p < oo. of functions u such
that [, [u|” < co. Eventually, it is crucial the next result.

Lemma 1.5. (Holder Inequality). Let f,g be measurable functions on R". For p,q > 1
withl/p+1/qg=1,
1f&llii) < [ fllr) - I8l

Sobolev spaces

As we will see soon in order to prove existence theorems for PDEs Sobolev spaces
are crucial. The idea behind them is to consider the space of functions u € L?(Q)
whose derivatives are also living in L?(Q):

HY Q) = {u € L*(Q) | 9y,u € L*(Q) for i=1, ..., n} (1.7)
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However, one needs to be careful with this definition (we will see it is a good
definition, though) as L2 functions are not differential in general. Then, it can be
provided, a more general definition.

Definition 1.6. Let u € C®(Q) a function. We consider ther norm:

2 _ 2 2
Il = [ I+ [ IVul

Then, the space H'(QY) is defined as the clousure of C*(Q)) underneath the norm ||u ||y, -

It remains to understand in which sense (1.7) is a good definition.

Proposition 1.7. For any u € HY(Q), in i = 1,..., n, satisfying:

/Quax,-qo = - /Qui(P Vo € CZ(Q) (1.8)
Such functions u; are called weak deriavtives of u. Morevover, if u € C'(Q) then we
simply have u; = dy,u.

Proof. By definition, a function u € L2Q belongs to H!(Q) if and only if we have a
sequence vy € C®(Q) such that vy — u in L2() and vy is a Cauchy sequence with the
H'(Q) norm.

Since v, € C*, we know the integration by parts formula:

/Q 005 @ = — /anivkq)

Vo € CZ(Q)). We want to see the asymtotic behavior of the identity, in other words,
we want to take k — co. Since:

' 2
okl = [ 1ok + [ Vo> [ 90 o 0ul

and vy is a Cauchy sequence with the H'(Q) norm, which means that 9,,v; is
a Cauchy sequence with L?(Q)) norm. As L?(Q) is complete then there exists u; €
L?(Q) such that 9,0, — u; in L?(Q)).But then, we are able to pass to the limit the
integration by parts identity, in order to get:

k—oc0

/kaaxiq): —/anivkqo—> Quaxiq): —/Quigo

and we are done. O
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Remark 1.8. In particular, we have shown that for any u € H'(Q) we can always

find v, € C*(Q) such that:
o —u in L*Q)
Oyop — u; in L2(Q)
We will also need the following;:

Definition 1.9. We denote by H} (Q) the clousure of CX(Q) in H'(Q)). This is the set of
functions u € H' that, in some sense, satisfy u = 0 on 9Q).

As it is compacted in [FR22], we can subtract the basic properties of these spaces:

e H}(Q) and H(Q) are complete spaces. In addition, H} and H! functions can
be approximated by CZ and C*, respectively.

C*(Q) functions are dense in H(Q).

We have the inclusions C*(Q) C H}(Q) C L*(Q)

* Integration by parts holds for any u € H'(Q).

H}(Q) is the set of functions u = 0 on 9Q).

Remark 1.10. Density and compactness properties of both L” and Sobolev spaces
are well proved in [Kal23].

Theorem 1.11. (Poincaré inequality, 1890) Let (3 C R" be any bounded domain. Then,
there exists a constant R, depending only on O3, such that:

/QW gR/QWu\z Vu € Hi(Q)

Proof. Step 1: It can be easily proved that in dimensions n = 1 we have that Vu €

ce((a,b)):
b b
[ luP<R [P
where ©' = du/dx.

Step 2: We prove the inequality for u € CZ (), as follows. If we describe a point
in R" as x = (¥, x,) € R"! X R, we can write [,[u|? (since the function is nule in
R" \ O and as the domain is bounded, its also bounded in its nth-component):

b b
/ |u|2:/ (/ |u(x/,xn)|2dxn) dx' < / (R/ |8x,,u(x’,xn)|2dxn) dx’
R"=1x(a,b) R*=1 \Ja ST1 JR1 a
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Taking this last term:

b
[, (R [ o s, ) v =R [ P ® [ vu
]Rn—l a Q QO

And we get the result that we wanted.

Step 3: Suppose we have u € H}(Q). We have learned that we can always find
u € C¥(Q) such that uy — u in L*(Q) and 9y, u — 9y,u in L?(Q). But then we have
that by the Step 2, that the inequality hols for the succession, then:

(/|uk|2< R/\Vuﬂ) —>/ ] gR/ V2
O O k—o0 Q Q

and the result follows. O

Remark 1.12. It is crucial that the constant R does not depend on the function u.
Moreover, the inequality holds in H}(Q)), but not in H'(Q)).

We can finally state the compactness result for bounded sequences in H'.

Theorem 1.13. (Rellich, 1930) Let Q) C R" be any bounded domain, and let f, € H'(Q)
be any sequence satisfying

/ lul> <M; and / |Vul?< M,
0 O
Then, there exists f € H'(Q) and a sequence such that
fin = f in L2(Q)
2< lim i f/ 2
/Q VAP liminf | [V fi, |

Morever, if f, € H}(Q) for all k, then f € H}(QY), too.



Chapter 2

Laplace Equation and
Eigenfunctions

In order to prove the existence of eigenvalues and eigenfunctions of the Lapla-
cian, we will first start the study of harmonic functions:

Au=0 in QO
and more generally of solutions of
Au=f in Q

(where f(x) is given, and u(x) is the unknown).

This is one of the simplest and at the same time most ubiquitous and central
PDEs. Usually one wants to construct harmonic functions in (), given its boundary
values on 0. This is called the Dirichlet problem:

(%)

Au=0 in Q
u=g on dQ

where ¢(x) is given. Our first goal will be to prove the existence of solutions to
the Dirichlet problem for any smooth domain () and any smooth function g.

2.1 Existence and Uniqueness

The existence of solutions to the Dirichlet problem turned out to be fundamental
in many areas of Mathematics and Physics, and the approach to solve it was origi-
nally suggested around 1847 by William Thomson and Gustav Lejeune-Dirichlet. It
is the following:
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Proposition 2.1. (Dirichlet principle): Let u € C*(Q), with u = g on Q). Then the
following are equivalent:

(i) u is harmonic in Q), i.e., Au = 0 in Q.

(ii) u minimizes the Dirichlet energy:

E(u) = / Vul|*dx
(w) = [ Vul
among all functions w satisfying w = g on 0Q).

Proof. (i)=(ii) Assume Au = 0 in (), and let us prove that # minimizes the Dirichlet
energy for all w € C2(Q)) with w = g on 9Q), in other words, that

[ vuP < [ |vep
Q (@)

Let us denote v = w — u, which satisfies v = 0 on 9Q2. Then:
E(w) = / Vi + Vol = / Vu? +z/ Vi - Vo +/ Vo2 > / Vu?
Q 0 0 0 0
where we used that:
/ Vu-Vv =0 (integration by parts expression)
0

This proves the first part: if u is harmonic, then it minimizes the Dirichlet energy.

(ii)=-(i) Now assume that # minimizes the Dirichlet energy, and let us prove that
Au = 0 in Q). Consider w = u + v, for any v € C¥(Q)) and any ¢ € R. Then:

E(u + €ev) > E(u).
Expanding this expression:
E(u+ev) = / |Vu!2+28/ Vu- VU+€2/ |Vol?
Q Q Q
At ¢ = 0, the left-hand side has a minimum. Thus, as a function of ¢ we have:

E(u+ev) =0 VYoeCF(Q)

de e=0

Computing this we obtain:

0 {/ ]Vu|2+28/ Vu-VU+82/ |Vv|2}:2/Vu-VU:—2/ Au-v
e—o LJ0 0 o Ja 0

_ 4
- de
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which implies that Au = 0 in Q) (This is because if we supposed Au > 0 in a Disk Q
contained in ) and we took a v € C¥(Q) positive in the disk and nule in the rest of
the domain, then we would get that: fQ Au-v = f 0 Au -v > 0, which contradicts the
result obtained). O

Remark 2.2. This transforms the existence problem for a PDE into a minimization
problem (in finite dimension).

In a more general Dirichlet problem,

Au=f in Q}

Kk
u=0 on QO (%)

it exists an equivalent result:

Proposition 2.3. Let u € C2(Q) with u = 0 on Q). Then the following are equivalent:
(i) u solves Au = f in Q).

(ii) u minimizes the energy functional:

E(w) = ;/ﬂ VaPdr+ [ fods
among all functions w € C*(Q)) with w = 0 on 9Q).

Remark 2.4. If we can solve for any f, then we can solve (x) for any smooth
boundary condition g. Indeed, for any smooth domain Q) and any g € C®(9Q}), we

can extend g to a function g € C*((}). Just by denoting  :=u — g

Au=0 in Q Au=—-Ag in QO Au=f in Q
u=g on 90 u=0 on 00 u=0 on 9O
where f := —Ag. Thus, it suffices to prove the existence of solutions to () .

2.2 Existence of Minimizers and Regularity

We will next prove the existence of minimizers:
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Theorem 2.5. For any f € L?(Q), there exists a function u € H}(Q) such that:
E(u) < E(w) Yw € H{(Q).
where E(w) := 5 [ |[Vw|*dx + [, fwdx
Moreover, u satisfies the equation:
Au=f in O, u=0 on 0Q,

in the weak sense. Notice that u € H}(Q) already means that u = 0 on 9Q) (in the
sense of Sobolev spaces).

Proof. Step 1: Boundedness from below. First, we show that the functional E(w) is
bounded from below. Using Poincaré’s inequality, we have:

e g s fo - f s Lo (L) ()
2 Jo Q p1 2 Jo Q i 2 Ja Q 0

Definying as A = ¢, A = (fQ w2)1/2 and B = (foz)l/z, we have that A A% +
1/AB? > 2AB as always if vVAA —1/v/AB)? > 0, then AA? 4+ 1/AB? > 2AB. Thus,

c , )\ 172 )\ 172 1 ,
= - : Z = :_Co
=) (L) = a

Therefore, the functional E(w) is bounded from below, and we may consider

6p:= inf {E(w)}
weH}(Q)

and minimizing sequence {u;} C H}(Q) such that:
E(ux) — 6y as k — oo.

Step 2: We will next prove that the sequence u; is bounded in H(Q2). Indeed,
we have that E(u;) < M, then

1 2 1 2 2 12 2 12
> - UL > _ . -
Mz [Vl + [ fou> 2 [ (vl (/Qk) </Qf) T

We will use again that AA2 +1/AB? > 2AB and the Poincare inequality,

1 1 1 1
2o [VuP-a [ w5 [P0 [vuP-ae [ [VuP - [
Svwra [ @t [ e vulae [ vl -t [ f
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If choosing A - ¢, = 1/4 then we get that

1 2 _ 2_1 2 _ 1/ 2 _ / 2
2/ Wuk\ A cn/ \Vuk\ /\/ f 1 ]Vuk| ey | f
We deduce that,

/[Vuk|2<4M+16cn/f2:M1
Q @)

By Poincaré inequality we have,
/Qui S On /Q V> < cnMy = My

This means that the sequence {u;} is bounded in H}(Q)

Step 3: Let’s finally see the existence of the minimizer. Since the sequence {u;}
is bounded in Hé (Q)), by the Rellich-Kondrachov compactness theorem, there exists
a function u € H'(Q)) and a subsequence {u;, } such that

u, —u in L*(Q) and /]Vu\zg liminf/ |V, |
Q km—o0 JO)
In particular, [, uy, - f — [qu-f as k — oo. Hence, by E(u)’s definition:

;/Q|Vw]2+/(.2f-w<liminf;/Q|Vukm]2—|—kiiinoo/ﬂukm-f:liminfE(ukm) _

kpy—o0 ky—o0

In conclusion,
E(u) < E(w) Yw € H}(Q).

and thus u is the minimizer of the functional E(u). O

We have proved that if u € C? then, u solves if and only if ¥ minimizes
E(u). Moreover, there always a minimizer of the functional, which belongs to H} (Q)
. However, in which sense does u € H}(Q) solve Au = f in ()? We will first answer
the last question:

Proposition 2.6. Let f € L2(Q)), and let with u € HL(Q) be the minimizer of
1
E(u) = 7/ Vu2+/ u
W =1 [ 1vul+ [ 7

E(u) < E(w) Yw € H}(Q).

in the sense that

Then, we have

— [ vu-vy = [ vy eH)(Q), W)
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Proof. For any 77 € H}(Q) and any ¢ € R we have E(u) < E(u + e77) and this means
that %‘ E(u+en) =0:
e=

1 2 2o / / }
s:0{2/Q|Vu\ +s/QVu V17+2/Q!V17! + qu+e an

Computing the derivative correctly:

ViV / —0
/Qu '1+Qf17

and we are done O

o d

de

Corollary 2.7. There is a unique minimizer u € H}(Q) of E(u).

Proof. Assume uj,up € Hé(Q) are two minimizers of E(u). Then,

—/ Vu;-Vy = / fn ¥y e HNQ), (=1,2)
Q Q
Subtracting these equations, we deduce:
—/ (Vuy —Vup) -V =0 V€ H(Q)
Q
Choosing 7 = u1 — up, we deduce:
/ IV (1 — )2 = 0,
Q
and therefore u; = uy, as required. O

Definition 2.8. We say that u € H}(Q) solves Au = f in Q) in the weak sense whenever

(W) holds.

Notice that if u € C?(Q) then this is equivalent to Au = f in Q:

Intb<y:i:>arts_/QAu'i7 :/an Vﬂ € CC (Q) & —Au :flI’IQ

Thus, we have proved that there exists a unique minimizer u € H}(Q) of E(u),
and such minimizer solves —Au = f in () in the weak sense. Therefore, it is a weak
solution of the Dirichlet problem.
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2.3 Regularity and further properties

Recall the first simple Dirichlet problem:

Au=0 inQ), u=g ondQ.

We have proved that, given any f € L?(Q), there exists a unique weak solution
of the Dirichlet problem (xx). Moreover, as a consequence, given any ¢ € C®(dQ2),
there exists a unique weak solution of ().

The first natural question concerns the regularity of solutions: are these solutions
actually more regular?

Theorem 2.9. Given any f € C*(Q), the weak solution of is C*(Q). In particular,

for any g € C®(9Q2), the weak solution of () is C°((2).

Remark 2.10. We will not prove such a regularity result here. It is somewhat difficult
to prove, and our main focus is on the existence of solutions. We refer to [Owe03,
FR22] for further reading in this direction.

Definition 2.11. For C®(Q) functions and k > 1, we define the norm:

1/2
o 2
/ey = (Z o uuizm)) = [l [ [Tl [ 7P

|oc| <k

Then, we define the space H*(Q)) as the closure of C®(Q)) functions under the norm
HA(Q).

H*(Q) is a complete normed space, and C*(Q) functions are dense in H*(Q).

For all k > 0, an important property is the following:

Theorem 2.12. Let f € H*, and u be the week solution of (x%). Then, u € H**? and
[l 20y < Clf ()
with C depending only on k and Q. In particular, if f € H*(Q) for all k, then u € C*(Q)

The powerful idea behind the result is that: " u is two derivatives more regular
than f".
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2.4 Eigenvalues of the Laplacian

We are now in position to start studying the main element of this text: the eigen-
values and eigenfunctions of the Laplacian, i.e., nontrivial solutions of

~Ap=A¢p in Q}

¢=0 on 9O @1)

for some A € R.

The number A is the eigenvalue, and ¢ is the eigenfunction. Our main goal
will be to prove the existence of a sequence of eigenvalues of the Laplacian for any
bounded smooth domain of () C R":

Theorem 2.13. For any (3 C R", there existst a sequence 0 < Ay < Ay < -+ — oo and
functions ¢ € HL(Q) that are distinct weak solutions of (2.1). Moreover, these functions
form an orthonormal basis for L2(QY).

Definition 2.14. Let () C R" be any bounded smooth domain. The spectrum of () is the set
of A € R eigenvalues for which exist non-trivial solutions of (eigenfunctions). It can
be denoted as Spectrum(Q).

Remark 2.15. Orthonormal Basis of L?(Q)) The functions ¢ are said to form an
orthonormal basis of L2(Q)when

2. Any function f € L?(Q)) can be written as an infinite sum f(x) = Y%, ardr(x),
for some constants a; € R. Thanks to orthonormality, the constants are given

byak:fo~gbk.

A key observation to prove the theorem is the following:

Lemma 2.16. Let ¢ € H}(Q) be the function that minimizes the Rayleigh quotient

among all functions w € H}(QY), u # 0. Then, ¢ is a weak solution of —Ap = A¢ in Q,
for some A > 0.
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Proof. Let ¢ € H}(Q) be a minimizer of Rayleigh quotient and let v = ¢ + g for
some ¢ € H}(Q)) and € € R.Then, we have that [(¢) < J(w) V € H}(Q),u #0. In
particular,

J(¢) < J(P+ep)
Then, we have a minimum at € = 0, and

d d |Vul?> +2¢ [, Vu-Vo+e [, |Vo|?
0= — ]((P‘FHP):‘? Jo 5 o 5 f%
_ €le=0 Ja9?>+2¢ [opo+€ [ 9

which gives

0= 2UaVe-Ve) (Jo9®) ~ (JalVOF) a9 9) _,JaVe-Vo—I@)Ja¢ ¢
(fn 4’2)2 fQ(Pz

As J(¢) is the minimum value it is constant that depends only on (), which we
denote A = J(¢). We then have

/QV4>-V<0=/QA4>-(P Vo e Hy(Q)

Thus, ¢ is a weak solution of —A¢ = A¢ in (), as wanted. O

This lemma gives us a way of looking at eigenfunctions as minimizers of an
appropriate functional. We can try to prove their existence similarly to what we did
for harmonic functions.

2.5 Existence of Eigenvalues

Lemma 2.17. Given Q) C R", there exists a function ¢ € H}(Q) that minimizes the
functional

D) — Jo |Vw|?
) = 0,70

among all functions w € H}(Q) w # 0.
Proof. First, notice that for any constant M > 0 and any function w € H}(Q), we
have J(Mw) = J(w). Therefore, given any function not nulew € H}(Q), we can

multiply it by a constant so that [, w? = 1, and the value of J(w) does not change.
Thus, the problem is equivalent to minimizing

[ 1voP
Q
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among all functions w € H} (Q) satisfying [, w* = 1. Let us denote A = inf{ [,|VwV?:
w € HY(Q), [, a w? = 1}. Thanks to the Poincaré inequality, we know that

/\Vw|2>Cn/ w?
O Q

for some constant C,, > 0, and hence A is strictly positive. By definition of infimum,
there exists a sequence of functions u; € Hj(Q) with [, uJZ =1 and with J(u;) = A
as j — oo. This sequence of functions is bounded in H!(Q), and hence by the
Rellich compactness theorem (Chapter 1), there exists a subsequence u;, that satosfies
uj, = ¢ in L2(Q)) and some ¢ € H}(Q2), and moreover the limit ¢ satisfies

vzgr'f/v-z d/2:1' -
/Q| 9| im in Vuil® oand 97 = lim

jk—>oo

This means that

VoP< A and / 21
L IveP<a and [ ¢

Since ¢ € H}(Q) and [, ¢* = 1, then by definitions of A we must have that

Vél*= A

vl

and the infimum is attained. we conclude that ¢ is the minimizer of J(w) among all
functions w € H}(Q)) w # 0, as desired. O

Combining the previous two lemmas, we have shown that there exists one eigen-
value of the Laplacian, let us call it A4

Vwl?
A1 := min Mil
weHl(Q) [ w
Our next goal is to construct the full sequence Ay < Ay < ... < Ay — oo. Let us start
the proof of the theorem.

Proof. Step 1.
Let us denote

on{weHg(Q):/Qw;Ao}

and
A1 = min J(w).

we Xo
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We already proved that the minimum is attained, and let us denote by ¢ € H}(Q)
a function satisfying [, ¢7 = 1 and J(¢1) = A;. We also proved that ¢; is a weak
solution of

—Aqbl = /\14)1 in Q).

Step 2.
We now want to repeat the same procedure, but with the space

Xlz{ZUEXOZ/(;wqh:l}.

Namely, we define
Ay = inf J(w).

we Xy
Since X1 C Xy, then A, > A1 > 0.
To show that the infimum is attained, we argue as before. Take a sequence w; €
X1 such that J(w;) — Az as j — o0 and [, w]Z = 1. Then, [,|Vw;]*< and hence by
Rellich’s compactness theorem, there is a subsequence w;, — ¢; in L%(Q) for some
¢2 € Hj(Q) satisfying [(,| Vo [*< liminf [, |w; [*= A2
Moreover, since w;, — ¢ in L*(Q)) then

/Q(P%:hm/nw]zkzl and /0902-4)1:1im/0wjk-¢120
Thus, ¢ € H}(Q) satisfies

J(p2) < J(w) Yw e X
and with the same computation developed in the lemma,
J(¢2) < J(¢2+en) VneXy VeeR
implies
/QV‘PZ'VW:/Q/\ZCPZ‘W Vi€ X,

We require the same identity to hold V#y € H&(Q) For this, we descompose any
n € HY(Q) as y =7+ c¢y with c = [, 1. Then,

e e [an e fi=eest
i 1 since 017431 0174)1 c Q‘Pl c—c¢

Therefore,

/QV4>2-V17:/Qchz-Vﬁ—l-C/QV(Pz'V%:/(2)\2472'ﬁ+C/QV¢2'V471:
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= [ a2t [ agnegn=— [ hagrgut [ Aagron =0+ [ hagaoy

We have proved that [, V- Vg = [, Aoz - 17, Vi € Hj(Q2), which means that ¢, is
a weak solution of —A¢y = Ax¢, in Q).

Step 3.

Iterating this procedure, we get a sequence

and a sequence ¢ € H}(Q) with [ u? =1and [, ¢;-¢; =0 Vi # j, satisfying
Ay = min J(w) = J(¢x),

where
X = {ZUE Xk—lz‘/Qw'q)k:O}-

Moreover, the ¢y are weak solutions of
—A(I)k = /\k(l)k in Q).

Let us now prove that Ay — o0 as k — oo.
Assume this was not true. Then, Ay — A as k — oo, and hence [(uyx) = Ay is
bounded. In other words,

L 1V9i= 190 = 1 <7

By Rellich’s compactness theorem, we can extract a subsequence ¢, — u in
L?(Q)) for some ¢ € H}(Q)). However, this is a contradiction, since

2_ 2 2 o a L
/Q\<ij—¢k,-|—/0¢kj+/0¢ki 2/Q4>kj pr.=1+1-0=2 Vi#j
so this sequence does not converge in L?(Q))

Therefore, we have proved that Ay — co as k — co. Furthermore, we notice that
this implies that

ﬁ Xy = {0}.
k=1
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Indeed, if f € N;Z; X, then in particular f € X; Vj. But by the definition of X;,
if f # 0, we have

J(f) = rréi)gf(w) =Aj =0 as j—oo,

which is impossible, since J(f) is a fixed number.

Step 4.

It only remains to prove that the functions ¢y functions form an orthonormal
basis of L2(Q)).

In other words, any function f € L?(Q)) can be written as

f:k;ck-cpk where ck:/of-<pk

Since smooth functions CX(Q)) are dense in L*(Q), it suffices to show this for
f € C2(Q). In particular, we may assume f € H}(Q).
Then, we have

fE X0
f—Cl(I)l € Xl as /Q(f—C1¢1)¢1 =0

k
f—ZCi'(P,‘ e X
i=1 J

and then

/Q|f—i_ilcz--¢i\2=/Qf2+l__ilc%-/0¢%—ch/ﬂf-¢i=/Qf2—i_i1c%

/Q\Vf—iéci-V@F:/()sz%—i:ilc%-/ﬂchf—Zci/QVf'V@:/Qsz—iéAic?

Therefore, the function f := f — Y% ; ¢k - ¢ belongs to H}(Q) and is orthonormal to
all ¢j, sO

fe ﬁXk = {0}
k=1

This means that f = 0, and hence f = Y3, cx - ¢, as wanted. O
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During the proof of this theorem, we proved, indeed, a simple method to find
the n-th eigenvalue for the Dirichlet problem (same description as [Lev03|], Theorem
5).

Proposition 2.18. (Minimum Principle for the nth Eigenvalue of the Dirichlet problem) Fix
an integer n> 1. Let v;, i = 1,..,n — 1 be the first n — 1 eigenfunctions of the Dirichlet
problem. Without loss of generality, these eigenfunctions can be chosen orthogonal. Let

an{w:weHé(Q),w;éO,/ wzzl,/ wu; =0 Vz':l,...,n—l}
0 0

Suppose there exists a function u, € X, which minimizes the Rayleigh quotient over all
functions w € X,,. This means that:

m, = ||Vuy||* = min || Vw]||?
weXy,

Then my, is the nth eigenvalue of the Dirichlet problem. This is, A, = my and u, is the
corresponding eigenfunction.

For any bounded smooth domain (3 C R”, we have shown the existence of or-
thonormal eigenfunctions ¢ € H(Q), which are weak solutions of

—A(])k = )\kcpk in Q, gbk =0 on 0Q).

The last step concerns their regularity through this theorem:

Theorem 2.19. The eigenfunctions ¢y are actually C*(Q)) and they can not vanish in an
open set. Moreover, for all m > 0, we have

”(PkHCm(ﬁ) < Cm . AZ1/2+VI/2’
with constants Cy, independent of k.

The boundary condition in our Dirichlet problem can be changed, when instead
of looking for solutions that are null in the d(), we search for solutions that their
normal component to the boundary d(2 is null. In other words:

“Ap=pp inO
{ ¢=pup in 22)

ovp =0 on 0()
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where v denotes the (typically exterior) normal to the boundary dQ). This new
eigenvalue problem is called the Neumann boundary condition problem, or in some
cases free condition, as distinguished from the "fixed" Dirichlet condition. We will
see that its understanding can truly be helpful in the asymptotics study, when we
combine both Neumann'’s and Dirichlet’s problems. Moreover, the Neumann prob-
lem gives us analog results to the Dirichlet condition, here being the most important
ones.

Theorem 2.20. For any () C R" bounded smooth and connected domain, it exists a sequence
0 = pu < pp < -+ — oo of eigenvalues for the Laplacian with Neumann boundary
condition, with eigenfunctions ¢ € H'(Q) solving in the weak sense:

—Agr = npr inQ
dvpr =0 on 0Q)

Moreover, these functions form an orthonormal basis for L*(Q)).

Proposition 2.21. (Minimum Principle for the nth Eigenvalue with Neumann'’s boundary
condition) Fix an integer n> 1. Let ¢;, i = 1,...,n — 1 be the first n — 1 eigenfunctions of the
Neumann problem. Without loss of generality, these eigenfunctions can be chosen orthogonal.
Let

Ynz{w;weHl(Q),/ w2:1,/ wo; = 0 Vizl,...,n—l}
Q (@]

Suppose there exists a function u, € Y, which minimizes the Rayleigh quotient over all
functions w € X,,. This means that:

by = ||Vuy||* = min || Vw]|[?
weYy
Then by, is the nth eigenvalue of the Neumann problem. This is, y, = b, and u,, is the
corresponding eigenfunction.
2.6 Examples

By having proved Theorem we have the existence of eigenvalues and eigen-
functions for any bounded domain () C R” (for the Dirichlet problem and even the
Neumann- although I have not talked about it yet) guaranteed. In other words, any
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bounded domain () characterizes its own spectrum of eigenvalues and eigenfunc-
tions of the Dirichlet problem. Nevertheless, there exists, actually, a short list of few
domains that, due to their symmetries, allow an explicit calculation for its spectrum
and eigenfunctions. For instance, we have the cases of the rectangle and the disk,
that will be studied carefully (the results correspond to the space modes obtained
in [Mor48]).

Indeed, we will see, later, the importance of understanding the spectrum of a rect-
angle, in order to describe the asymptotic behavior of the eigenvalues of an arbitrary
bounded domain.

Rectangle

Let Q = (0,a) x (0,b) be a rectangle in R2. Our main goal is to find, by separation
of variables, all eigenfunctions of the form ¢(x1,x2) = &(x1)7(x2), as well as their
corresponding eigenvalues A.

Suppose ¢(x1, x2) is an eigenfunction of the Laplacian and it suffices:

—Ap=A¢p in Q
=0 on 9Q
In other words ¢ = ¢(x1,x2) = Cx(x1)nk(x2), but to simplify calculus, we fix

¢k =¢C, mnx =1, Ar = A. Next, we substitute in the Dirichlet system above, and
we get (using f” = d>f/dx?):

—=&"(x1)n1(x2) — &(x1)n" (x2) = A& (x1)77(x2)

Dividing firstly by ¢ and the #:
) "(x)
) nlm) ESTR)

As we have two functions that depend on different variables equal to a constant, each
one would be constant. Let # and B be positive constants that do satisfy a 4+ p = A.
Then, it appears, naturally, two new eigenvalue problem in 1 dimension.

¢(x1) = —ag(x1) in (0,a) n(x2) = —py(x2) in (0,b)
(x1) =0 if x; ={0,a} n(x2) =0 if x={0,b}

The general solutions for these two Dirichlet problems are:
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&(x1) = Asin(v/a - x1) + Beos(va - x1) (2.3)
1(x2) = Csin(y/B - x2) + D cos(1/B - x2) (2.4)

Applying the boundary conditions when x; = x, = 0 we get B = D = 0. In order
to avoid trivial solutions we apply the second boundary condition; ¢(a) = 0 = (D),
which allows us to affirm that:

2. .2 4 _mz.nz
an ﬁ—T

where m,n € IN are positive constants in order to be well defined. Recapping, the

eigenvalues A = a + B depend on two variables and they can be generally written

as: 5 5
n m
/\n,m = 7T2' {612+l72}

Moreover, the eigenfunctions will have the final version:
¢$(x1,x2) = A-Csin (%m) sin (anxz)

Using the normalizing factor of eigenvalues of the Dirichlet problem (||¢k||;2 = 1),
we could find the normalizing constant. The calculation appears just bellow:

a nri b mrt ab 2
A2~C2/ in2 (" x,\d / in2 (M Vd, = A2 2% — 1o a.c= =
Osm(ﬂxl)xlosm(bxz>x2 4 \/%
where we have used that foﬂ sin® ("xq)dxy = % foa 1 —cos ("Zx1)dx; = §. In con-
clusion, the Dirichlet eigenfunctions and collection of eigenvalues for the rectangle
domain have the form:

. (T . (M n?  m?
Gnm(x1,X2) = —— - sin (73(1) sin (7x2> and A, =m°- {az + bz}

for n,m € IN.

Using the Theorem the set {¢,, . } of eigenfunctions form a L?(Q) orthogonal
basis.

If we proceed in the exact way, but we change the Dirichlet boundary condi-
tion for the Neumann one, we will end up deriving and A = C = 0, which
will change a bit the form of the eigenfucntions, but the eigenvalues remain exactly
the same. Then, the Neumann eigenfunctions and collection of eigenvalues for the
rectangle domain can be written:
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(x x)_i' ij l—nx and =7 kj+ﬁ
Pr1(X1,X2) = \/% cos pata| CcoSs , X2 Hl = Ea.
for k,1 € N U {0}.

Parallelepiped

Let us denote Q) = (0,a7) x --- x (0,4,) a n-dimensional parallelepiped in R".
If we follow the exact same steps that were required for the rectangular domain
in R?, we eventually come up with the following spectrum (for both Dirichlet and
Neumann problems):

2

m? m
/\ml,...,mk = 7T2 . —21 4+ 4 Tk (25)
111 as

where my,...,m, € IN. For the Neumann boundary condition, these n parameters
could also be 0.

Remark 2.22. When n =1, Q = (0, L) the domain becomes a line and the spectrum
and the collection of eigenfunctions only depend on one parameter n € IN:

2 2,2
0u() = [ Zsin ("Tx) and A, =T
where L represents the longitude of the domain and the normalizing constant is
computed. The main difference with respect to the last three domains is that a
property of the domain appears explicitly in the eigenvalue expression, its length L.

Evermore, eigenvalues do only depend on the length of the domain, which means
that if two lines have the same spectrum, it means they will have the same length.

Disk

Continuing with the two-dimensional domains, suppose that we have a disk or
a circular membrane () with the same area as the open bounden rectangle we have
constructed above. In order to simplify the computations, let us use the polar coordi-
nates (r,6) since Q = [0, R) x [0,277), R > 0. Similarly as we have proceeded before,
we need to apply the Dirichlet boundary conditions in order to find the spectrum
and the list of eigenfunctions.
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We will be using separation of variables in order to separate the radial and the
angular part of the domain. Thus, let y(r,0) = U(r)V(6) be a Dirichlet eigenvalue.
In polar coordinates, the Laplacian has the form:

19 [ 9y 19>y 1oy 9%y  103%y
A= o <rar> 2o~ ror "o T 26)
Dividing by U(r)V(6), multiplying each side by ?> and reordering, we obtain:
Vi) 2 V(1) _ur(e)
V(r) V(r) u(e)
Once again, we can see both sides depend on different variables, so they must be
constant. Let us call it « our positive constant, « > 0. For the right side, we follow
the same steps as in the one-dimensional case, as we have U”(0) = —all(0) with
6 € [0,27) and its general solution:

U(0) = Asin(y/ab) + Bcos(y/ab)

Since U(0) is 27t-periodic, /& = n where N U {0}. Considering the left-hand sided
equation, we then have:

V" (r) +1V'(r) + (rPA —n*)V(r) =0

+ A2 =

+r

where we have already substituted a = n?. This equation is called the Bessel dif-
ferential equation which is a linear second-order ordinary differential equation. The
general solution is given by

V(r) = Clu(VAr) + DY, (VA7)

where [, and Y, are the first and second kind Bessel functions. Because of the
fact that Y, diverges when you approach to 0, we impose that D=0. Moreover, by
applying the boundary conditions and avoiding trivial solutions we obtain that

V(R) = J.(VAR) =0 & By, = VAR

where Bj , represents the k-th zero of the Bessel function J,. In other words VAR
must be a zero of the first kind Bessel function J,. For instance, the first eigenvalue

A1 will be:
2

,31,0:\/7\1134:)7\1:%

With everything said, setting ¢ as a constant given by the initial conditions, the
general solution will be given as:

y(r,0) = Z An]n(\/Xr)sin(nG + )

n=0
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2.7 Linear evolutionary PDE

We have seen so far the existence and uniqueness of eigenvalues of the Dirichlet
and Neumann Laplacian. However, we were interested in vibrating domains (from
strings in one dimension, drums in two dimensions, or even n-dimensional mem-
branes), which require in all of the cases to suffix the wave equation dyu — Au = 0
inside the domain and be in repose in the border. In this cases, we will be dealing
with time-dependent PDEs, which existence and regularity of solutions should be
proved. Haven said that, the eigenfunctions of the Laplacian will be of crucial use.

Theorem 2.23. Let () C R" be a bounded smooth domain. Suppose there are two initial
conditions fo € L?(Q) and go € L2(Q). Then, it exists a solution of the wave equation:
opu —Au in Q) x (0,00)
u on 0Qx(0,T)
u(x,0) = fo(x) in Q fort=0
oiu(x,0) = go(x) in Q fort=0

2.7)

Proof. The strategy of the proof is to look for solutions of the form:

u(t,x) = T(t) - p(x)

that suffices the wave equation and its boundary condition. Thus, by separation of
variables and dividing by u, we end up with:

() AP
T )

As this equals expressions that do depend on different variables, each side must
be the same constant value —A < 0. The reason behind the negative sign has a more
physical meaning, since the force that governs a vibrational domain must be restor-
ing. Apart from that, this choice also helps connect with the Laplacian eigenvalues
because for the spacial part we get:

Ap(x) = —Ad(x)
when x is in () and respecting the boundary condition. In other words, the spacial
part will be eigenvalues ¢ (x) of the Dirichlet Laplacian and then A = Ay for k > 1.
Secondly, we have directly the equation T”(t) = —A,T(t), which has the general
solution

T(t) = Agsin(y/Agt) + By cos(y/Axt)
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Both constants Ay, By can be related with %%h:oT( t) and T(t = 0), respectively.
Taking both solutions, we have that any linear combination

u(x,t) = Y [Agsin(y/Act) + Bicos(v/Axt)] gx(x) (2.8)
k=1
solves the wave equation:

opu —Au in Q) x (0,00)
u on 90 x(0,T)
We just need to impose the rest of boundary conditions, u(x,0) = fp(x) and

o1 (x,0) = go(x). Since the set of eigenfunctions of the Laplacian form an orthogonal
basis in L2(()), we choose:

fo=Y Awpe(x) with Ap= / fodx (2.9)
k=1 O

g0 =) _ Bipr(x) with By = / S0Pk (2.10)
k=1 O

in order that the general function is a solution of the wave equation as we
wanted. O

Remark 2.24. As the time part is completely solved, solutions for the wave equation
only depend on the eigenfunctions and its respectively eigenvalues of the Laplacian.
Rephrasing it, solving a Dirichlet problem is equivalent to computing solutions for
the wave equation.

Remark 2.25. When considering a physical membrane or a string, we define ¢ =
T/e where T is the tension and e the density of the surface. Thus, if the wave
equation looks like dyu — c2Au = 0 and we consider the tension and density be
homogeneous among all the surface, the eigenvalues will be v, = Ayc? = AT /e

Lastly, the regularity of the wave equation’s solutions can be precised with the
following proposition (that we do not intend to prove it).

Proposition 2.26. Suppose there are two initial conditions fo, g0 € C*(Q)). Then, if u(x, t)
is a solution of the wave equation it is C*(Q) x [0,0)).



Chapter 3

Asymptotics of the spectrum

All the results presented, so far, have been destined to prove in which way a
bounded domain () in R” characterizes a set of eigenvalues and their corresponding
eigenfunctions. Apart from that, we have learned their guaranteed existence for both
Dirichlet and Neumann boundary conditions problems, and how their correspond-
ing eigenfunctions are actually C*(Q)) and form an orthogonal L?(Q)) basis.

Although, having also proved that the eigenvalues for the Dirichlet problem tend
to infinity, the main goal from now on will be understanding the asymptotic growth
of the eigenvalues of our Laplacian problems, indeed, how fast the eigenvalues go
to infinity. Eventually, we want to ask the opposite question that motivated the exis-
tence of eigenfunctions, and the chain of eigenvalues: in which way does a spectrum
characterizes a bounded domain? For the one-dimensional case, we have seen that
this question is affirmatively answered, since the spectrum depends directly of the
dimensions of the domain. However, can we confirm that for a general bounded
domain () there are properties or characteristics that might be inferred just by the
set of eigenvalues?

In order to answer this question, the section has the goal to prove the result
known as Weyl’s law that affirms that:

Theorem 3.1. (Weyl's law) Let () C R" be a bounded smooth domain. Let p > 0 and denote
D(p) = #{Ax € Spectrum(Q) : Ay < p)}, then:

lim 20) _ @n |9
p—0 pn/Z omn gn

where wy, is the hypervolume of the unitary ball in R". Equivalently,
k2/n

lim Ay = 471272/]1
kveo (wn|€Y)

There are different paths to prove it, but the approach will be similar to the ones
discussed in [CH89||Gar64]].

30
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3.1 Rectangular domain asymptotics

We might start studying the asymptotics of the spectrum for a rectangular do-
main. If Q = (0,a) x (0,b) is a rectangle in R? with area(Q) = |Q| = ab, we have
computed explicitly its spectrum (for both Dirichlet and Neumann conditions):

n®  m?
}\k:)\n,m:ﬂ'{tzz+b2}

for n,m € IN. Because each eigenvalue depends directly on two integer indices,
it is unlikely to see how fast does Ay (taking the k-th eigenvalue) grow. Therefore,
we must need to rethink the way to visualize this eigenvalues. In order to do this,
let p > 0 and denote:

D(p) = #{Ax € Spectrum(Q) : Ay < p)}

which denotes the number of eigenvalues not exceeding a fix value p > 0.

Figure 3.1: Points of the form (n,m) € IN x N lying inside the quarter of ellipse of
semi axes a 2 and 27
7T Tt

If an eigenvalue for this domain suffices the condition of being smaller or equal
to p, then it means that:

2 2
n m n m
nz-{a2+b2}<p<:> + <1

Taking into consideration this last inequality, it is clear that D(p) can be under-
stood as the number of lattice points (n,m) that are contained within the quarter
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ellipse (only the first quadrant as n, m € IN) in the (n,m) plane (see Figure . Each

point in this plane is the upper-right corner of a unit square; its area is 1. In other

words, all the eigenvalues that suffix the condition given by p can be represented as
N/

full squares that lay inside of a quarter ellipse with semi axis ”7 and b#.

Therefore, D(p) is at most the area of this quarter ellipse:

abp
< —

Furthermore, the difference between the area of this quarter of ellipse and the
number D(p) has the order of magnitude ,/p of the perimeter of the ellipse, as
it coincides with an area between the quarter of the ellipse and a system of unit
squares exhausting that region form within.

If we denote E, the first quadrant of the ellipse described above. We can associate
each point (n,m) € E, with the square:

SQum=[n—1,n] x [m—1,m]

Apart from that, in order to give a lower bound to the number of eigenvalues not
exceeding p, recalling the idea developed in [Laul2] Proposition 2.1, we see that the

union of the squares covers a copy E, of E, translated by (-1,-1), which allows:
<Ep N{(n,m):n,mée ]N}) C U SQum
(n,m)€E,

Using this fact, by comparison of areas:

> - — Y Y =
Dlp) = 47 s T 47 s VP
Writing everything in the same chain of inequalities:
Q| = perimeter(Q) Q|
Ixl, P77 A=) < < =1
P e VPsDlp)< —p
Dividing by p, and taking to infinity, we can apply the sandwich and then obtain:
im 200 _ QI (3.1)
p—oo P 47T

This expression can be rewritten in terms of the k-th eigenvalue, because for large p,
this can be approximated to p = Aj. Furthermore, as the eigenvalues are written in
increasing order (with multiplicity), N(Ax) = k. This gives us:
47tk
lim )\k =

k—o0 @ (32)
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Remark 3.2. As the Neumann eigenvalues for a rectangular domain Q are y; =
gl = TT- {Z—z + é—zz} where, now, g, € N U {0}. The only difference, is that both
q,1 are allowed to be 0.This represents that the lower bound of D(p) includes con-
tributions given by the area of strips of unit width along the axis of the ellipse that
correspond to extra lattice points situated there (see Figure [3.2).

Figure 3.2: Points of the form (I,q) € (NU{0}) x (N U{0}) lying inside the quarter
VP byp
e

. . a
of ellipse of semi axes a —~ and

However, if we proceed the exact same way, by describing:
N(p) = #{px € Spectrum(Q) : ur < p)}

we obtain an analog result:

. N(p) _ Q|
S = = ¢3)
or, equally, it can be rewritten as:
. _ 4mk
kh_{{}o e = W (3.4)

Remark 3.3. In case we are treating with bigger dimensions, we in position to com-
pute the asymptotic growth in case our domain is a parallelepiped. Recall the spec-
trum for O = (0,a7) x -+ x (0,a,), with n-volume vol(Q) = |Q| = a7 - - - a,. If
we keep the steps done with the rectangle in two dimensions, let p > 0 and denote:

D(p) = #{Ax € Spectrum(Q) : Ay < p}
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which denotes the number of eigenvalues not exceeding a fix value p > 0. In this
bigger dimensional case, geometrically, this will denote the number of unitary hy-
percubes contained in the first orthant (we will need to divide by 2") of an ellipsoid
with axis %, . %. The idea behind the bounding of D(p) is the exact same as
for the two-dimensional case. For this reason we need the volume of n-dimensional
ellipsoid:

2 /2

V, = Em(al'”%)

where ay, ..., a, are the length of the axis. Therefore,

fim D) _ 12 A (g aR) 1 g
p—o P 2"nT(n/2) \ =« T 2n=1p /2T (n/2)

If we considerate the volume w of the unitary n-dimensional ball :

2 /2
“Wn = nT(n/2)

The growth expression can be rewritten as:

lim 2(0) _ @u |9
p—00 pn/Z omn gn

(3.5)

and with the same last reasoning, for large p,it can be approximated to Ay, and
D(Ax)=k and finally:
kZ/n

lim Ay = 477?

e (wnl Q" o

For the free condition Neumman problem, as in the case of the rectangular do-
main in two dimensions, the results are completely analogous:

lim M) _ @ |O] 3.7)
p—00 pn/Z on g
or, equally, it can be rewritten as:
lim py = 472 L (3.8)
k= — .
kveo (wal Q™

If we are in IR?, w, = 71, and this last expression turns (3.2), as we could expected.
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3.2 Maximin principle and monotonicity of eigenvalues

An important step to Weyl’s law proof is to show the monotonicity of eigenvalues
for subdomains. Let us start with the Maximin principle.

Proposition 3.4. (Maximin Principle) Let 0 < Ay < Ay < ... be the eigenvalues of the
Laplacian in ) with Dirichlet boundary conditions. Then,

M= max min  |[Vul|2q (3.9)
frrfiie2) u€H;(Q)
Joufi=0
HuHLZ(Q):l

Proof. Let us take fi,..., fr_1 € L*>(Q)) and let ¢y, ...¢% be the first normalized eigen-
functions of the Dirichlet problem with () as the bounded domain. If we construct,
w(x) = L1 ¢j¢j(x) a linear combination of the first k eigenfunctions which is chosen
to be orthogonal to fi, ..., fx—1. This means that

k
Oz/wai:];/Qcpjfi (for i=1,.,k—1)

As it is a system of only k — 1 equations and k unknowns, it has a solution cj, ..., ¢k,
which not all constants are zero. Moreover, we impose that |[w|[;2) = 1 & ¥ 2 =
1.In other words, these constants cj, ..., ¢, are well chosen to satisfy the linear system
above and the quadratic sum is equal to 1. In order the ease the reading we will be
writing
A (fis e fiy) = uemm [[Vullr2a
Joufi :0

H”HLZ(Q)—l

Then we can start a chain of inequalities:

Kok Kok
Me(fr e fr) <NV 12(0) = ZZC]‘CI/QW’;‘ V¢ = ZZC]CI/Q —Agj) -1 =

j=11=1 j=11=1

k k
=YY c [ (Agy) ZCZA

j=11=1 Q ]:

M*
\N

2= A

[y

where the integration by parts” formula has been used, and the fact that the set of
eigenvalues is crescent in value. The inequality A} (f1, ..., fi,) < Ay is true Vfy, ..., fr1
chosen. Hence, max A;(f1, ..., f,) < Ax. In order to prove the exact equality of the
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proposition, we just need a special choice of these fi,..., fi_1 € L?(Q) functions.
Indeed, only by selecting, fi = ¢;, i =1,..,k —1, we can then apply the Minimum
Principle for the nth eigenvalue, proved in Proposition , that allows us to say
that, by this choice of functions, A{(¢1, ..., ¢x,) = Ak. Therefore, we have the chain of
inequalities:

)\k = /\z (¢1/ ceey ¢k1) < max )\Z (fl/ ""fkl) < )\k
which means, as desired, that Ay = Af(f1, ..., fi,)- O

The same Maximin Principle has also its own version, valid for the Neumann
boundary condition. In other words,

Proposition 3.5. (Neumann’s Maximin Principle) Let u; < po < ... be the eigenvalues of
the Laplacian in Q) with Neumann boundary conditions. Then,

k= max min Vul|;2 (3.10)
' frrofiie2q) ueH (Q) || HL Q)

Joufi=0

HMHLZ(Q):l

Now, if we consider both boundary Laplacian problems, we have the next result:
the k-th Dirichlet eigenvalue is never smaller than the k-th Neumann one.

Proposition 3.6. Let () C IR" be a bounded domain. If A,, and p,, the nth eigenvalue for the
Dirichlet and Neumann problem, respectively, then p, < Ay.

Proof. We start proving the inequality for the first eigenvalue. By Proposition (2.18)
and Proposition (2.21), both first eigenvalues A1 and y; are found searching the same
minimum of the Rayleigh quotient. However, the trial functions for the Dirichlet first
eigenvalue A; satisfy an extra condition; the nullity in the boundary of (). As the
computation of y1 requires one less constraint, the first Neumann eigenvalue y; will
be possibly smaller. Then py < Ay.

Suppose now that k > 2. Let us take fy, ..., fy_1 € L>(Q)) and due to the presence
of an extra constraint, we have:

Hic (1 e i) < AL (frro fio)

Just by taking the maximum of both sides and applying the Maximin Principle for
each type of boundary eigenvalue problem (Proposition [3.4) and the Neumann ana-
log) we have

W = max pg(P1, ..., Pr,) <maxAg(f1, ..., fi,) = Mk

and the result is proved. O
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The general principle illustrated by Proposition is that any additional con-
straint will increase the value of the Maximin Principle. In the path of learning
about the asymptotics, it is crucial to comprehend the relation between eigenval-
ues of the bounded domain and a subdomain that is contained (for each Laplacian
boundary problem). In particular, we can take advantage of the Maximin principle
to prove the monotonicity of the eigenvalues with respect to the domain.

Theorem 3.7. (Monotonicity of eigenvalues). Let Q) C R" a bounded domain and QO C Q)
a subdomain. If A (Q) and Al (QY') represent the k-th Dirichlet eigenvalue for the domains
QO and Y, respectively. Then,

M) 2 ()

Proof. For the proof it is need to be suffixed that the functions f,..., i1 € L*(Q)
that allows us to construct the Maximin Principle for the subdomain ) are well
defined not only in ()’ but also in w. Observe that for any trial function w’ € H}(QY')
different to 0 and orthogonal to f; Vi =1,...,k — 1 could be extended to a function
w € H}(Q) with the same two properties as w'. Just by defining,

w'(x) if xeY
w(x) =
0 if xeQ\Q

With this definition it is clear that every trial function in ()’ represents a trial function
in Q. Apart from that, ||Vw||3 = ||[Vw/'|[3, and [|w||3 = ||w'||%.

As the trial functions for () compared to those in () have the extra condition of
vanishing in the rest of the domain (), it means that

A" (frros fi) S A (fr oo fi)
which directly applying the Maximin Principle over all f; chosen we directly see that
M(QY) = (@)

We should beware that we are avoiding the difficulty that by extending the function
to be zero, it might stop being a trial function, in the sense of its regularity. De-
spite this, the extended function w(x) is that it still is continuous. For a rigorous
justification of this point, see [CH89, Gar64]. O

Remark 3.8. For the Neumann case, there exists a counterexample for the mono-
tonicity of eigenvalues. Considering a 2D rectangle of sides 4 and b with a > b with
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Figure 3.3: Neumann’s counterexample

an inscribed thin rectangle as shown in Figure Q C . As it is precised [Sai07]
and recalling the Neumann’s eigenvalues for a rectangular domain, you can have
Hy < ph, evenif QO C (V.

Having proved the monotonicity of the eigenvalues for subdomains and recalling
the asymptotic growth of the Dirichlet or Neumann eigenvalues for a rectangle:

lim Ak = %;I{}Oyk = Tgk

k—oc0

we are in position to prove the next theorem,

Theorem 3.9. Let Q) C R" a bounded smooth domain and A < Ap < ... < Ap < ... be
the Dirichlet eigenvalues. Then,there are positive constants Cy and C, independent of k, such
that

C1k?/ " < Ay < Gk for all k large enough

Proof. As Q) is bounded, we can always find domains Q)(R) and Q(r) in R” which are
contained or can entirely cover (), such that, Q(r) C Q C Q(R). For proper sets of
ai, ..., a, and by, ..., b, lengths for two n-dimensional parallelepipeds, such us the first
is completely contained and the second covers all Q) , such that, Q(r) C Q C Q(R)
(look figure B.4). Using the monotonicity of Dirichlet eigenvalues, we have that
A(Q(r)) < A(Q) < A(Q(R)) This means that the k-th eigenvalue of () will be
bounded by the k-th eigenvalues of both parallelepipeds. By equation (3.6),

kZ/n ) kZ/n
(wn|Q(r)]) (wn|QA(R)])
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which means there are positive constants C; and C; that do not depend on k such
that for k large enough

C1k*/" < A < Cok®'™ for all k large enough

Figure 3.4: An arbitrary bounded domain () that contains a little rectangle and which
is also contained by a bigger one.

3.3 Subdomains

Our next step is to divide the general domain () into a finite number of subdo-

mains ()y,...,Q, by introducing inside (2 a system of smooth surfaces S1,5o, ...
Let ) have Dirichlet eigenvalues A; < A; < ... and Neumann eigenvalues

p1 < pp < ... Bach of the subdomains €}y, .. ., (), has its own collection of eigenval-
ues. We combine all of the Dirichlet eigenvalues of all of the subdomains €y, ..., (),
into a single increasing sequence A <A <., Similarly, we combine all of their
Neumann eigenvalues into another single increasing sequence fi; < fi < ....

By the Maximin Principle (for both conditions), each of these numbers can be
obtained as the maximum over piecewise continuous functions (Lz(Q)) fi,ee faa
of the minimum over trial functions orthogonal to f,..., f,—1. As discussed above,
although each A, is a Dirichlet eigenvalue of a single one of the subdomains, the
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trial functions can be defined in all of () simply by making them vanish in the other
subdomains. They will be continuous but not C? in the whole domain Q). Thus, each
of the competing trial functions for i, has the extra restriction, compared with the
trial functions for A, for (), of vanishing on the internal boundaries. For this reason:

A <A, foreachn=1,2,.... (3.11)

On the other hand, the trial functions defining yu, for the Neumann problem in
() are arbitrary C? functions. As above, we can characterize fi, as

fin = maxﬁ;:(fl/'"/fnfl) (3.12)

where the competing trial functions are arbitrary on each subdomain and or-
thogonal to each f;. But these trial functions are allowed to be discontinuous on the
internal boundaries, so they comprise a significantly more extensive class than the
trial functions for A,, which are required to be continuous in (). Therefore, we have
fin. < py for each n. Combining this fact with Proposition B.6| and (3.11I), we have
proven the following inequalities:

fin < pn <Ay <A (3.13)

From this development, we have already proved the next result:

Theorem 3.10. Let O C R" be a bounded smooth domain and consider a partition of
subdomains Oy, ..., Q. Thus, forall k > 1,

]/lk(ﬂl U...u Qn) < ]/lk(Q) < /\k(Q) < )\k(ﬂl U...u Qn)
This last Theorem can be rewritten in the form of the next Corollary.

Corollary 3.11. Let O C R" be a bounded smooth domain and consider a partition of
subdomains Oy, ..., Q. If we deine for any p > 0

D(p) = #{Ax € Spectrum(Q) : Ay < p)}
N(p) = #{px € Spectrum(Q) : uy < p

Thus,

Dq,(p) + -+ Daq,(p) < Da(p) < Na(p) < Na,(p) + -+ Na,(p) (3.14)
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Remark 3.12. Let (3 C IR" is be the union of a finite number of parallelepipeds
(rectangles in two dimensions) Q) = Oy U --- U Q. It is clear that the |Q) = || +
.-+ 4 |Q)y|. We want to take advantage of knowing the eigenvalues for the Dirichlet
and Neumann conditions for a n-dimensional parallelepiped (rectangular domain)
domain. Taking a p > 0 and dividing the equation of Corollary 3.11] by it:

P P P
Taking p to infinity and using equations and for each parallelepiped we
have:

" DA n/2—-1 n n/2—1 n Ne.
tim 3 D00) _ onp" g 0 n o) iy 3o M)
poein P 2t 5 2n poei P
Thus, using the sandwich theorem, we obtain:
D(p) _ wn Q)

ph_l;l;lo pn/Z T oon gmn

(3.15)

which for n=2, it is the (Weyl’s law for grids).

3.4 Weyl’s law for bounded smooth domains

We are in position to prove Theorem [3.1| that it is what we firstly have aimed for:
proving Weyl’s law for any bounded domain.

From the monotonicity of eigenvalues to Weyl’s law for grids, seems pretty rea-
sonable to consider that in order to evaluate a general case, we just need to encap-
sulate our domain between two set of finite union of rectangles, that in one case
contains the domain, and in the other is contained by it.

Proof. Let a (3 C R" be a bounded smooth domain. As it is bounded, given any
e > 0, it exists a finite union of rectangles (); and (), that suffix

O CcOQcC Oy, with ’Ql‘ < ’Q‘ < ‘Qz‘ and ‘Qz‘ - ‘01’ <e€

Since ()1 C Q) C (), by Theorem [3.7| of monotonicity of eigenvalues, the eigen-
values of (), ()1 and (), are well-ordered. For all k > 1,

Ae(2) < A (QQ) < Ag()
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Q,

Figure 3.5: A bounded domain ) encapsulated between two sets of finite rectangles.

which means that for a given p > 0

Dq, (p) < Da(p) < Dq, (p)
Pk/2 Pk/2 pk/Z

As we know the expression of the Weyl’s law for grids and )y and (), are a
collection of finite rectangles these inequalities hold:

Da(p) . . Day(p) _ wn |04

lim sup (f{ff) < lim ka/(f) _ ﬁ:’ jl < &:5‘1’ ’n 1]
p—>00 Y p—= 0 2n 2 7T

Eventually, as we first defined || < |Q] < || +¢, and ¢ is arbitrary, in the
limit ¢ — 07, by the sandwich theorem we get that:

. Da(p) _ wn |
Jim, o2 = o1

for all k > 1. In addition, as we have done before, for large p,this value can be
approximated to Ay, and D(Ax)=k which means that finally:

kZ/n
lim Ay = 47—
kyeo (wn|QQ)
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Finally, for completeness, an important exploration is related to how the bounds
of D (p) are approximated for large enough p. Although we do not intend to prove
results like this, Weyl conjectured in [Wey11] the existence of a second asymptotic
term would give the perimeter of () for the planar case.

Da(p) = LSJPHFE?\/E+O(\/§) as p — o0 (3.16)
where |0Q)| denotes the length of the boundary or its perimeter and the (-) sign
refers to the Dirichlet boundary condition and the (+) sign to the Neumann boundary
problem.

However, until de 1980 the most general expression for the Weyl’s law was not
proved. For a smooth boundary, this was proved by Russian, Canadian mathemati-
cian Victor Ivrii in 1980. In [Ivr80] he presented the precise formula:

@10 awia Q)
21 gt 4 (2m)n-1

Da(p) pU 20> 2) as p 00 (317)

where [0Q)] is the (n-1)-dimensional volume of the boundary 0Q).

3.5 "Can one hear the shape of a drum?" and the inverse spec-
tral problem

Independently of how sharp are the bounds, Weyl’s law answers a question we
asked at the beginning of the the Introduction: there exists properties, such as the
volume, that can be inferred from the spectrum of a bounded smooth domain (). For
this reason, Weyl’s law provides the following insight: if QO C R" is a bounded open
set and all the eigenvalues of the Dirichlet Laplacian are known, then the volume
of () can also be deduced. In other words, the spectrum of the Dirichlet Laplacian
determines the volume. However, this question can be pushed further: are there
additional properties or features of () that can be inferred from its spectrum? Such
inquiries fall under the category of inverse spectral problems. We can define the fol-
lowing:

Definition 3.13. Consider two bounded smooth open sets Q1 and Q in RN. These sets are
called isospectral if (31 and ) share the same Dirichlet Laplacian sequence of eigenvalues,
or what it is the same if Spectrum(Q);) = Spectrum(Q)).

Then, by Weyl’s law, a direct result is:



44 Asymptotics of the spectrum

Proposition 3.14. Suppose Oy and Q) in RN are two bounded smooth isospectral domains.
Thus, () and Q) have the same volume.

After fifty years of Weyl’s law, the inverse spectral problem gained a lot of popu-
larity after Polish-American mathematician Mark Kac popularized a zany but math-
ematically deep question in his 1966 paper, [Kac66] “Can One Hear the Shape of a
Drum?”. In other words, if you hear someone beat a drum, and you know the fre-
quencies of the sounds it makes, can you work backward to figure out the shape of
the drum that created those sounds? Or can more than one drum shape create the
exact same set of frequencies? As we showed in the Introduction, as the wave equa-
tion problem is completely dependent to the Dirichlet Laplacian problem, clearly this
paper motivated a more general spectral problem. With Kac’s language and Weyl’s
law, the volume of a bounded smooth domain can be listened. Is the domain’s shape
listenable, too? In other words, can the shape be inferred by the spectrum of the set?

Formulating it more precisely, let us define:

Definition 3.15. Two bounded sets ()1, () are called congruent in the Euclidean sense if
there exists an orthogonal matrix B and a vector b in R" such that Q0 = {Bx+b:x € O }.
In the plane, two figures are called congruent exactly if one can be transformed into the other
by translation, rotation, and reflection.

The critical question that Kac asked was: Let ()1, (3 C R? be two bounded smooth
domains. If they are isospectral, are they necessarily congruent?

Although we will not go much deeper, Kac was not the first person to pose
this or related questions. Indeed, before Kac posed the question for plane do-
mains, Milnor [Mil64] had shown in 1964, the existence of two isospectral, but non-
congruent, 16-dimensional tori. Thus, for compact manifolds (at least in 16 dimen-
sions!), the question had been answered negatively. What it is more, for a more
restricted boundaries such as Lipschitz domains, a first counterexample was given
by Urakawa [Ura82] in 1982 who constructed two isospectral Lipschitz domains in
R* which are not congruent. Ten years later, Gordon, Webb and Wolpert [GWW92]
found a two-dimensional example. By putting together seven triangles they obtained
two polygons in R? which are isospectral but not congruent. These two polygons are
not convex, though. It is an open question whether convex isospectral polygons in
IR? are congruent. However, in four dimensions convexity alone does not help. There
are convex isospectal sets which are not congruent. In fact, by modifying Urakawa’s
example, Gordon and Webb [GW96] obtained two truncated convex cones in R*
which are isospectral but not congruent.
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So far, a counterexample for a smooth boundary is unknown in any dimension.
For this reason, the question raised by Kac is completely open today, although more
related results have been found.

There exists, despite all this, some positive results. One of them appears if we
impose that one of both sets is a ball. Before showing this, let us present as a lemma,
the well-known Faber-Krahn inequality:

Lemma 3.16. (Faber-Krahn inequality) Let () C IR" be a bounded smooth domain. Suppose
A1 (Q)) is the first eigenvalue of the Dirichlet problem on Q) and Q)* the open centered ball
whose volume coincides with Q). Then,

M(Q) = M (QF) (3.18)
with equality if and only if () is a ball.

Taking into consideration this important theorem (We refer the reader to [Bur(09]
in order to have a complete understanding of the proof), the promised conclusion
can be easily proved.

Proposition 3.17. Let (01, )y C R" be two bounded smooth domains. Suppose () is a
n-dimensional ball. If they are isospectral, then they are congruent.

Proof. For a smooth bounded domain ), Weyl’s law shows that its volume |Q)| can
be determined by the spectrum. Moreover, if the Faber-Krahn inequality is used:

M () = c,|O 72, (3.19)

which holds for all such domains. Here, A1(Q) represents the first eigenvalue of the
Dirichlet Laplacian on (), and ¢, is a constant that depends only on the dimension
n. Additionally, equality only hold if and only if () is a ball. Having said that, as
|| = || for being isospectral, then

M (1) = n| | 72" = || 72" = A1 (D),

which means that (), is also a ball. Therefore, clearly they are congruent in the
Euclidean sense. O

This means that one can hear if a smooth bounded domain in IR” is a ball.
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Nodal domains of eigenfunctions

In our derivation of Weyl’s law we have been able to use a surprisingly successful
use of estimates of the eigenvalue A by its monotonicity properties when dividing
our bounded domain () into rectangles. The final element to analyze around the
asymptotic behavior of the eigenvalues is the examination of nodal domains.

Definition 4.1. Let Q) C R" be a bounded smooth domain. A nodal domain of a function
u € H}(Q) is a connected component of the set {u # 0} C Q.

In particular, if ¢y is the k-th eigenfunction of the Dirichlet problem, nodal lines
are the set of points in the domain that suffix ¢, (x) = 0. These level curves separate
() in nodal domains which, while they are not compulsory rectangular, they need
to diminish in size as k — oo, because if the eigenvalue A, associated to ¢ grows
without limit, then it will not remain the principal eigenvalue of any fixed proportion
region. Therefore, although nodal domains become smaller or narrower as k — oo
we need to see that they are not more than k in number.

Theorem 4.2. (Courant’s Theorem) Any eigenfunction with Ay as its eigenvalue has at most
k nodal domains.

Proof. Assume that u is an eigenfunction with Ay as its eigenvalue with at least
k + 1 nodal domains, and let Qg ..., (k1 be distinct nodal domains of u. For each
i =1, ..., k, we define the following functions:

u on
g =
' 0 elsewhere

By Theorem (3.7| we saw that for any subdomain Q' C (), a function w’ € H}(QY)
can be extended to a function in w € H}(Q)) just the way we have done above. Apart
from that, ||Vl = ||Va/| [y and [[w]l3, = [[@/|i3. Thus, |[ul, = [le][?, and

46
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|[Vul[g, = [[Veill§,- Notice that &; and Ve; are clearly pairwise orthogonal, as they
are defined in distinct subdomains.
For any linear combination v = B1e1 + ... + Brex, we get:

k k k
IVolP = Y87 [ Vel ==Y 82 [ eidei=Y B2 [ & = AdlolP
i=1 Q; i=1 QO i=1 QO
then recalling the Rayleigh quotient, J(v) = Ar. Suppose ¢; be the first k-1 eigen-
functions of the Laplacian. If we introduce the linear conditions:

/Qmpj:o foreach 1<j<k—-1

Since there are more unknown coefficients than constraints, we can affirm that it
does exist ai € {1,...,k} such as B; # 0 such that v nontrivial linear combination.

Apart from that, as J(v) = A by Proposition v must be an eigenfunction.

However, as eigenfunctions do not vanish on open sets and v by definition van-
ishes on ()1 we end up with a contradiction. O

From this result it follows an immediate corollary.

Corollary 4.3. Let Q) C Q) be a nodal domain of an eigenfunction with Ay as its eigenvalue.
Then, the first eigenvalue of the Dirichlet problem on () is Ay.

4.1 Sharpening of the Nodal Line Theorem

Let () C IR" be a planar bounded smooth domain, 0 < A; < A2 < ... the collection
of Dirichlet eigenvalues and ¢, ¢... its Dirichlet eigenfunctions. By Courant’s Theo-
rem (Theorem we know that the number of nodal domains of a given eigenvalue
¢x is at most k. Firstly presented by A. Plejel in [Ple56], this Theorem can be sharp-
ened using Faber-Krahn inequality and Weyl’s law as you can bound the number of
nodal domains of ¢y by the zeros of Bessel functions.

Theorem 4.4. (Pleijel’s nodal domain theorem)
N 2\’
limsup — < () ~ 0.691...
koo K\ P10

where N is the number of nodal domains of ¢ and B is the first zero of the Bessel function
Jo (as we defined in section and its value is approximately B ~ 2.4048...
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Proof. Let () C Q) be some nodal domain of ¢%. Let |[()'| and |Q)| be their areas,
respectively. By Courant’s nodal domain corollary (Corollary we have:

M(Q) = A (4.1)

Using the Rayleigh-Faber-Krahn inequality for the membrane (i.e., n=2) we can
compare the first eigenvalues of the nodal domain with the first one of a disk of area
|QY'], B:

2
T
A (QY) = A(B) = ﬂ, 4.2)
Y|
Combining the expression and we get
7'(.3%,0
Ak
Let ), ..., Qn be the nodal domains of domains of ¢y with areas |4, ..., |Qn]|, re-
spectively. Thus,

] >

N ”ﬁ%,o
Ak

N
Q=) ] >
i=1

Dividing by k and rearranging

N ( 2 )2Ak]Q]
?é

m 47tk
Finally, we know that by Weyl’s asymptotic law when n = 2
lim & = 4—7T
k—oo k o |Q|

Therefore, combining this two last results

N 2 \?
limsup — < <>
koo K B1,0
as we wanted. n

Remark 4.5. Generalizing it to an n-dimensional domain we just need to change the
formulas. Using equation and recalling Weyl’s law for a n-dimensional domain
in Theorem ;
limsupN < <2> T
k—co k— :Bl/x w;zl/2+1
where wj, is the hypervolume of the unitary ball in R” and x = n/2 — 1 if n is even
or x =n/2—-3/2if nis odd.
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4.2 Example of Maximal Subdivision by Nodal Lines

The maximal case N = k in Courant’s theorem holds in a trivial way when
k = 1,2. That it can also occur for larger values of n is usually exemplified by
reference to the case of the square membrane with fixed boundary. If () is the square
0 <x <m0 <y < m acomplete system of eigenfunctions vanishing on the
boundary is given by:

Gmn(X,y) = Ay sinmx sin ny (4.3)

where k and | are positive integers. The corresponding eigenvalues are A = k* +
12, the first ones being A1 = 2, Ay = A3 =5, A4 =8, A5 = A¢ = 10, ... The
number of nodal domains of is N = kI, which for A = A4 equals 4. The general
eigenfunction with eigenvalue A is:

)3

m2+n2=A

p(x,y) = Ay sinmx sinny, (4.4)

where the C,,;, are constants. It should be observed that even if the number of
nodal domains for each term in (4.4) is less than a certain value, it is quite possible
that the sum itself has a larger number of nodal domains. This, for instance, occurs

when A = 10.
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Figure 4.1: Nodal sets, Dirichlet eigenvalues A, and A5 (Pockels, [Poc91])



Chapter 5

Conclusions

At the Introduction, there were asked some questions about timbre that have
been, eventually, successfully answered through the evolution of this text.

The existence of a list eigenvalues and smooth eigenfunctions of the Laplacian
for any vibrating boundary condition problem (for instance a drum) allows us to
see that these eigenvalues (strictly connected with the harmonics of an instrument)
asymptotically converge to an expression that depend on the volume (or area) of
the vibrating domain. In other words, the area of a vibrating membrane could be
deciphered by its spectrum. For this reason, using Kac’s choice of words, one can
listen the area of a drum (or the volume of a vibrating membrane). Moreover, the
asymptotics of the spectrum induces the definition of nodal domains, which for the
k-th eigenvalue of the spectrum the number of nodal domains is at most k.
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