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Abstract

This thesis aims to explain the phenomenon of the synchronization in mechanical —
discrete and continuous — systems as an outcome of damping contributions affecting the
normal modes of oscillation. We present and prove a result for finite-dimensional linear
mechanical systems asserting the existence — under suitable conditions — of an attractive
invariant undamped subspace in the phase space, on which the dynamics consists of small
oscillations. Thereafter, we construct a hybrid model composed of a homogeneous flexible
and elastic string, with fixed extremities, on which are suspended first one, and then
two, pendula. We include a dissipative contribution due to internal damping within the
string, modelling it as visco-elastic friction. The study, making use of the Lagrangian
formalism, provides a linear analysis based on the determination of the undamped and
damped normal modes of oscillation. Hence, we investigate beats and synchronization by
means of a numerical study as the parameters that characterise the system change.






Sommario

Lo scopo di questa tesi & spiegare il fenomeno della sincronizzazione in sistemi meccanici —
discreti e continui — in termini di selezione di modi normali dovuta al contributo dell’attrito
sul sistema. Viene dimostrato un teorema per sistemi lineari meccanici finito dimensionali
che asserisce ’esistenza — sotto certe ipotesi — di un sottospazio invariante e attrattivo
privo di smorzamento, sul quale la dinamica consiste di piccole oscillazioni. In seguito si
costruisce un modello ibrido composto da una corda omogenea, flessibile ed elastica, con
gli estremi fissati, sui quali sono appesi prima uno, poi due, pendoli. Si include un termine
di smorzamento interno alla corda, uniformemente distribuito nella stessa e modellato
come attrito visco-elastico. Utilizzando il formalismo Lagrangiano, se ne studiano i modi
normali smorzati e non, facendo un’analisi lineare attorno alla configurazione di equilibrio.
Quindi si ricercano fenomeni di battimenti e sincronizzazione, studiando numericamente
la dipendenza dai parametri del sistema.
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Introduction

In 1665 Christiaan Huygens noticed that two of his recently invented pendulum clocks,
when suspended on a common wood beam, exhibited a synchronous motion, namely
they swung with the same frequency and in opposite phase. Based on his observations,
he identified the small movements of the common support as the responsible for the
interaction between the two pendula and ultimately for the mutual adjustment of their
motion. Similar phenomena have been observed in nature, in which complex systems
might exhibit a tendency toward a collective coherent behaviour. Some well-known
examples in biology are the synchronization of fireflies in South-East Asia flashing in
unison (see [3|) and that of cardiac pacemaker cells (see [24]). An extended description
with various examples can be found in [20].

With regard to synchronization in mechanics, a lot of studies — both theoretical and
experimental — have attempted to give a description of this mechanism for pendulum
clocks (see e.g. [11]) and metronomes (see e.g. [18]). Despite specific details, most of
works on the subject present some common aspects. In particular:

1. a restoring force (e.g. the escapement mechanism of the clocks) and friction are
always included (see e.g. [14]), but a clear identification of elementary and universal
mechanisms that lead to synchronization is lacking;

2. the frame supporting the pendula is modelled as a one-degree-of-freedom rigid bar,
elastically fixed (see e.g. [2], [4]). Some studies have attempted to take into account
the flexibility of the support, discretising the rigid beam by means of a finite number
of masses (see e.g. [5], [19]), nonetheless it has always been neglected the continuous
nature of the coupling structure.

The aim of the dissertation is to take a first step in both directions. Specifically,

1. we investigate quantitatively the role of damping in the synchronization in finite-
dimensional mechanical systems;

2. we propose and study a model that accounts for the continuous and elastic nature
of the support that couples the pendula.

First, we consider a generic discrete linear damped mechanical system of the form
M{+Tq¢+ Kqg =0. We shall prove that, under suitable conditions, the system admits an
invariant subspace in the phase space on which the system does not dissipate, motions



2 Introduction

are undamped small oscillations and which is attractive for the dynamics. The main
concept is that in-phase and anti-phase synchronization are just particular manifestations
of patterns within the small oscillations (e.g. beats), as friction damps out other normal
modes.

We then study a hybrid mechanical system consisting of a heavy homogeneous flexible
and elastic string, with extremities fixed, on which — halfway — is hanged a pendulum. In
our model we do not include any external restoring forces. Through a linear analysis, it
will be investigated how the coupling affects the frequencies of oscillation of the string
and of the pendulum, and the normal modes of oscillation will be determined.

Thereafter, we add a dissipative contribution to the system, including an internal
damping term uniformly distributed within the string, of the type ... In presence of
friction only a finite number of “damped normal modes” has eigenvalues with a non-zero
imaginary part and is therefore oscillating, while the others extinguish exponentially.
Moreover, the model chosen produces decay rates strongly dependent on the frequency of
oscillation, which entails that the higher the frequency the quicker the decay, so that after
an initial transient the dynamics results in a small number of damped normal modes only.

Finally, this analysis will be repeated numerically in the case of two pendula suspended
on the string, demonstrating that our model is able to describe synchronization phenomena.

The thesis is divided into five chapters, organized as follows:

1. In Chapter 1 the mechanism of synchronization in discrete systems is investigated.
We recall the fundamental notion of normal mode of oscillation and its extension to
damped systems. A theorem will prove that, under suitable conditions, there exists
an invariant subspace in the phase space in which the dynamics consists of small
oscillations, and therefore the corresponding normal modes are not damped. Three
examples will illustrate how this can naturally lead to synchronization.

2. In Chapter 2 we construct a infinite-degree-of-freedom system consisting of a
pendulum hanging from a heavy elastic string, fixed at the extremities, and study
the small oscillations about the equilibrium configuration, describing the spectrum
of frequencies of the coupled system and the associated eigenfunctions.

3. In Chapter 3 the analysis made in the previous chapter is replicated taking into
account a damping force acting on the string. The eigenvalues are computed in
the regime of weak damping, at the first perturbative order with respect to the
damping coefficient.

4. In Chapter 4 we study the system consisting of two identical pendula suspended at
one-third and two-thirds along the string, respectively. The frequencies of oscillation
are determined numerically and the phenomenon of beats is checked.

5. In Chapter 5 the same dissipative contribution introduced in Chapter 3 is included
in the case of two pendula suspended on the string. Through a numerical analysis, it
is investigated the dependency on the parameters of the system and the possibility
of synchronization.



Chapter 1

Discrete systems: A first look at
synchronization

In this chapter we study the dynamics of n-dimensional mechanical systems, in the
approximation of small oscillations about a stable equilibrium. We shall show that in
presence of damping, synchronous motion of parts of the system can occur as a consequence
of the existence of invariant undamped subspaces in the phase space.

We first recall the linearisation of Lagrange equations about an equilibrium point
and the spectral analysis of the linearised system, with the definition of normal modes
of oscillation. We will follow the notation and contents of [6]. As an example of small
oscillation the phenomenon of beats is presented. We then extend the analysis to damped
mechanical systems and we show how synchronization is a manifestation of patterns
within the small oscillations, namely in-phase and anti-phase oscillations and beats. Some
simple examples will illustrate such mechanism.

1.1 Lagrangian formalism

A n-degree-of-freedom holonomic system is described by the configuration space @ and
the Lagrangian function L : TQ — R, (¢, q4) — L(q,q). The dynamics is determined by
the Lagrange equations

doL 9L _

—e — 5 = =1,...,n. 1.1

For conservative mechanical systems the Lagrangian is of the form

where T'(q,q) = %q - A(q)q is the kinetic energy of the system, with A(g) symmetric and
positive definite, and V() is the potential energy.

3
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1.1.1 Linearisation

Lagrange equations (1.1) are second-order differential equations in (q1,...,¢q,) € Q. Let
us consider the linearisation of these equations about an equilibrium point.

Proposition 1.1. Consider the Lagrangian function L(q,q) = T(q,q) — V(q). The point
(¢*,0) is an equilibrium of Lagrange equations (1.1) if and only if ¢* is a critical point of
the potential energy, i.e.

ov , . B
%(Q)—O'

Proof. Lagrange equations can be written as

O°L . 0L <~ . 0°L
(2Lg) =0k 5y 0L
0q0q )i 0 o 9¢;0q;

For ¢ = 0, the second term vanishes iff %(Q*’ 0) = (¢*) = 0. O

Proposition 1.2. Consider the Lagrangian function L(q,q) = %q - A(q)q — V(q), with
equilibrium (q*,0). The linearisation of Lagrange equations for L about (¢*,0) is

A(g")G+V"(q") g —q") =0, (1.3)
8%V

where V"(q) reads m(q). (1.3) are the Lagrange equations for the “quadratised” La-
grangian

w/ 1. w1 N
L*(q,4) = 54 Ala)d = 5(a—a") - V" (@) - q"). (1.4)
Proof. Compute the Taylor series expansion of the Lagrange equations %%—r‘g — %—Z; + %—‘(; =0
about the equilibrium (¢*,0), keeping only the linear terms:
d oT
———=A(q)g+ 0
dt 0q (2)G + O2
oT
=0
dq 2
ov

7:‘/'// % O
aq (q q)+ 2,

denoting with Oy the terms of order at least k in (¢ — ¢*) and ¢. Thus, A(q)§ =
~V"(g*)(q — q¢*) + O2, and, since A7!(q) = A~!(q*) + Oy, the linearised equations
are (1.3). O

1.2 Undamped mechanical systems

1.2.1 Spectral analysis

Fixing ¢* = 0 through a translation of the coordinates, and renaming A(0) =: M and
V"(0) =: K, the linearised Lagrange equations (1.3) can be written as

MG+ Kq=0 (1.5)
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with ¢ = (g1, ..,qn) € R, M such that M = M7T and positive definite, and K such that
K = KT In order for the equilibrium to be a minimum of the energy, we require that K
is positive semi-definite. As a first-order differential equation, (1.5) becomes

T = Az
where z = (¢,¢) € R?" and

A= Lotk o) (1.6

The eigenvalues of A can be determined in terms of the eigenvalues of M~1K. Since
M~'Ku = pu is equivalent to Ku = uMu, the eigenvalues of M 'K are the solutions

s s pin Of
det(K — uM) =0,

and the associated eigenvectors of M 1K satisfy
Ku = uMu.

In particular, the spectral theorem ensures that the n eigenvalues of M 'K are real
and there exist n linearly independent eigenvectors uq,...,u, (see [17]). This property
is called “simultaneous diagonalization of two quadratic forms, one of which is positive
definite” (see e.g. [9]).

Proposition 1.3. If jq,..., un € R are the eigenvalues of M~1K, each one repeated
many times as its multiplicity, then £y/—pu1, ..., /—pn are the eigenvalues of A, each
one repeated many times as its multiplicity.

Proof.

MK —rl

= det (—M—l(l)( — 21 —Eﬂ]l)
= det(M 1K + r°I)
= (r*+ ). (r* + pn)

and, since det(M 'K — ull) = (g — 1) ... (@ — i), then

det(A — ) = (r — /=)(r + V=h1) .- (1 = /=) (1 + v/~ 1im).

det(A — rl) = det <_ —rl . )

O]

Since M is positive definite and K is positive semi-definite, the eigenvalue p; =
UTKUJ'
J
u]TMuj
eigenvalues fiws, ..., fiwy,, with w; := \/f1; > 0. wy,...,w, are called frequencies of the
small oscillations about the equilibrium.

> 0. If K is positive definite, then the equilibrium is stable and A has 2n imaginary
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1.2.2 Normal modes of oscillation

The frequencies of the small oscillations wj, j = 1,...,n, are the positive solutions of
det(K — w?M) =0, (1.7)
with associated eigenvectors uy, ..., u, given by
(K — wiM)u; =0. (1.8)

Definition 1.1. Assume that the eigenvalues are simple. The j-th normal mode of
oscillation about the equilibrium configuration is the two-parameter family of periodic
solutions of linear system (1.5)

q;(t; a,b) = (a; cos(wjt) 4 bj sin(w;t)) u; (1.9)
with a,b € R.
The normal mode (1.9) can also be written as
qj(t; ¢, n) = ¢j cos(wjt +1;)u;,

with parameters ¢; > 0, the amplitude, and 7; € [0, 2x[, the initial phase. Hence, the
j-th normal mode represents a harmonic motion in which the n coordinates (qi,...,qn)
oscillate all with the same frequency, with period T; = 27 /w;, with the same initial phase
and with amplitudes determined by the components of the eigenvector u;. Each normal
mode spans the two-dimensional invariant subspace ]E;V M c R?

E?[M = span {u; cos(w;t); uj sin(w;t)} . (1.10)
teR
If all frequencies wy,...,w, are distinct, then the eigenvectors ui, ..., u, are unique; if

the algebraic multiplicity of w;, alg(w;), is greater than one for some 4, then there is a
2 x alg(w;)-dimensional subspace associated to the repeated eigenvalue.

Proposition 1.4. Each integral curve of the linearised Euler-Lagrange equation (1.5),
called small oscillation, is a linear combination of the n normal modes of oscillation of

the system:
n

q(t;e,n) = ch cos(wjt 4+ nj)u;, (1.11)

j=1
with ¢;j > 0 and n; € [0, 2n|.
Proof. To prove that (1.11) is a solution, it is sufficient to verify, through direct substitu-

tion, that it satisfies equation (1.5). Moreover, there always exist constants ¢, n such that
q(0;¢,m) = qo and ¢(0;¢,n) = go for any choice of the initial conditions qq, ¢o. O
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1.2.3 Beats

Consider now the simple case of a small oscillation which is the sum of two normal modes
with different frequencies wq, we. If the initial phases are 7y 2 = 0, then

t.
<Q1( ’01’62)) = ¢1 cos(wit) (ul’l) + ¢ cos(wat) (um) .
q(t;c1,¢2) (I u2,2
qi(t;c1,c2) = 1 cos(wit)uy; + cg cos(wat)ugi, i = 1,2, can also be written in terms of
exponentials as the real part of

ot )
c1e™? uy; + 0267’“}2ZL27Z‘.

Factoring out the average frequency, we have

. . . wqtwo L W] —w9 _sw1—wo
clewltul,i—i—chwqu’i =7 e tul,i—i—ch =5t

UQﬂ'). (1.12)
In particular, if the two frequencies w o are slightly different, the resulting small

oscillation is an oscillation at the mean frequency with a modulation in the amplitude at

the lower frequency “*5=2. This phenomenon is known as beats.

Example

As an example, consider the two-degree-of-freedom system consisting of two identical
pendula with mass m and length | connected by an ideal spring, with elastic constant k
(this model is studied, for example, in [1]). Let ¢ and g2 be the angular displacements of
the pendula from the equilibrium. The total kinetic energy and the potential energy are,
respectively,

1 2,
T = omi*(df + d3),
1
V = —mgl(cos q1 + cos q2) + le2(sin q1 — singo)?.

The equilibrium configuration (¢, ¢5) is (0,0). Therefore,

A(0,0) = ( 0 ml2>’ V70,0) = ( —k2 mgl+ ki)

The frequencies of the small oscillations and the eigenvectors of A~'V" are the following:

_ /9 _ (!
w1 = K Uy = 1/

In this normal mode both pendula oscillate in-phase with proper frequency and the
spring is not stretched;

e normal mode 1:
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+2E, ’LL1:<1>
m —1

In this normal mode the pendula oscillate in anti-phase. The frequency is higher
than the previous one due to the action of the spring.

e normal mode 2:

w1 =

~l<

Hence, the small oscillation is

q1 = ¢1 cos(wit + n1) + co cos(wat + n2),
g2 = c1 cos(wit + 11) — cg cos(wat + 1n2).

Let now the coupling due to the spring be weak, i.e. % < ¥. Therefore, wy =
i+ 2% ~ ﬂ(l + %) Consider the initial conditions such that at ¢t = 0 the first

pendulum has amplitude A and zero velocity, while the second one is at rest, i.e. ¢1(0) = A,
g1 =0, ¢2(0) =0, g2 = 0. Then, ¢; = ¢3 = %, m = 12 = 0 and the resulting small

oscillation is n
Wy — w wy + w
q = Acos(%t) cos(%t),

q2 = Asin(%t) sin(%t).

Hence, with this choice of initial conditions, the second pendulum, which was initially at
rest, after a time 7 /(w2 — w1 ) reaches its maximum amplitude A, while the first pendulum
is at rest in its equilibrium position. After a time 27 /(ws — wy), the system will return to
the initial configuration.

1.3 Damped mechanical systems

We include now a dissipative contribution to the system, adding to equation (1.5) a
viscous damping force which is proportional to the velocity:

Mi+Tg+Kqg=0 (1.13)

with I a symmetric and positive semi-definite matrix of order n.

Remark 1.1. More in general, I' = T'S + T'4, where I'® is its symmetric non-negative part
and I'? is its skew-symmetric one. Nonetheless, I'4, which represents a gyroscopic term,
does not contribute to dissipation (see [15]). In the sequel, T' = T'¥ is assumed.

As a first-order differential equation, (1.13) becomes
= Ax

where z = (¢, ¢) € R®*" and

0 I



1.3. Damped mechanical systems 9

1.3.1 Spectral analysis

For the spectral description of (1.13) we follow [16], to which the reader is referred for
greater details.

Let /\T, ..., AT be the 2n eigenvalues of (1.14), with multiplicities counted and such
that if ] ¢ R, then A = (AJ)". Let u; € C", j =1,...,n, satisfy

(MX; +TXj + K)u; =0,
and m;,v;,k;j € R be defined as
mj:u;-Muj>O, vj:u;-FUjZO, kj:u;f-Ku]'EO.

Then, if the matrix M)\jz +T'\j + K has rank n —alg(\;) Vj, the characteristic polynomial
factorises in the product of n polynomials mj/\? +7;A; + kj = 0, so that the eigenvalues

can be written as
2
= £4/7; — 4dmjk;
+ :
Ay = om,; , j=1,...,n, (1.15)

where “+4/72 — 4mk” indicates the pair of complex square roots of the complex number
2
v — 4dmk.

Proposition 1.5. Let B1,..., B, be the eigenvalues of I' with respect to M, i.e. the roots
of det(I' — M) = 0, ordered so that 51 < --- < By, and let wpy < -+ < wpp, be the
frequencies of the small oscillations for T' = 0. The eigenvalues (1.15) satisfy the following
properties.

LIfA, = (A) ¢R:

—5 gRe[)\i] <= (1.16a)

wor < |)\f| < wWon- (1.16Db)

In particular, Re[)\jﬂ < 0. Moreover, if 0 < 1 < B, and 0 < wp1 < wop:
if

B1 > 2won,

then all the eigenvalues are real,
if

Bn < 2wor1,
then all the eigenvalues are complex with Re[A] < 0.

2. If X7 eR:

2 2
B (6”> — W) < )\;E < _Bn + <ﬁ"> — w?,. (1.17)
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Proof. The simultaneous diagonalization result ensures that there exists an invertible
matrix R such that RFMR =1 and RTKR =: C = diag(w3;,...,wd,). In the new
coordinates, r = R™1¢:
P+ Gr+Cr =0,
where G := RTTR. The eigenvalues of G are 3, ..., 3y, in fact:
det(' = M) =0
= det(I' — B(RRT)™)
= det(RTTR — A1)
= det(G — pI),
where the identity M~! = RR” has been used.
Let & = R™'u satisfy
N +GA+C)a=0
and be such that, without loss of generality, @* -4 = 1. Then, set g := 4*-Gu, ¢ := 4*-C4a,
the eigenvalues are the roots of
A+ gh+c=0. (1.18)

Since K and T are symmetric, C = CT and G = G7, and ¢, g € R. The symmetry of C
and G allows to apply the following result, which we will not prove, known as “variational
characterization of the eigenvalues™

Lemma 1.1. Let A be a real symmetric matriz of order n, with eigenvalues a1 < --- < ap,
with multiplicities counted. Then, for any vector x € C" for which z* -x =1,

ap <z* - Ax < ay. (1.19)
Proof. See [8]. O

1. If \* = p =+ iw, with g € R, w # 0: substituting into (1.18) and equating real and
imaginary parts to zero, one gets

4wt =\?=c
Thus, inequality (1.19) implies
Br < g < B and why < c<wp,
and ultimately (1.16).
2. If \* = u* € R: substituting into (1.18) one gets

+ 9 <g>2
=—24+4/(2) -k
0 5 5 ,

thus, inequality (1.19) implies (1.17).
O

Figure 1.1 shows an example of region in the plane (Re[A],Im[A]) where the complex
eigenvalues can be found, given by the intersection of the blue and orange portions.
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Figure 1.1: Spectrum region (Re[A], Im[A]).

2
1
=
g 0 = worSIAI<wy,
- Bu B
-5 <Re[A]=-5
-1 \
-2
-2 -1 0 1 2
Re[A]

1.3.2 Damped normal modes

The eigenvalues )\li, ..., AF, each one counted as many times as its multiplicity, are the
solutions of

det(MMN? +TA+ K) =0, (1.20)
with associated eigenvectors u1, ..., u, given by

(MX; +TXj + K)uj = 0. (1.21)

Definition 1.2. Assume the eigenvalues to be simple. The j-th damped normal mode of
oscillation of system (1.13) is the two-parameter family of solutions of the form

gj(t;c1,c2) = Re [(clje)‘jt + 02je)‘;t> uj} (1.22)
with ¢1,c9 € R.
If )\;.t = pj £ iw; not real, the damped normal mode (1.22) can also be written as
qj(t;a,b) = ajet’ cos(w;t)Relu;] + bjet" sin(w;t)Im[u;],

with aj;,b; € R. Hence, each damped normal mode spans in the phase space the two-
dimensional invariant subspace Ef NM — R2n

IEJDNM = span {Re[uj]eRe[)‘j]t cos (Im[);]t) ; Tm[u )R sin (Im[)\j]t)} . (1.23)
teR
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Definition 1.3. The centre subspace E€ is the direct sum of all the n. two-dimensional

invariant subspaces E]D NM gssociated to the purely imaginary eigenvalues:
DNM
E= @ EPVM. (1.24)
Re[X;]=0

The centre subspace is invariant under the dynamics of the linear system, since
it is a combination of invariant subspaces. Similarly, one can define the stable and
unstable subspaces, as direct sum of invariant subspaces associated to eigenvalues with
negative — respectively positive — real parts (see e.g. [10]).

1.4 Invariant undamped subspaces: theorem

In presence of dissipation, in order for the small oscillations not to be soon damped out,
it is in general needed an external driving force to compensate the energy loss due to
friction. However, in some cases the system may have some normal modes which are not
damped. Therefore, whenever it oscillates in these normal modes, the system does not
dissipate. In the following sections we will investigate the conditions under which there
exist undamped invariant subspaces in the phase space, and how their presence can lead
to synchronization. We will then apply the results found to three samples, which allow to
understand intuitively this mechanism.

As above, we consider the n-degree-of-freedom linear mechanical system
Mi+T¢+ Kq=0, qe€R" (1.25)
with

M symmetric and positive definite,
I’ symmetric and positive semi-definite,
K symmetric.

Theorem 1.1. Let S C ker(M™'T") be a subspace and S+ its orthogonal complement in
R™ with respect to the ordinary scalar product. Consider the following conditions:

Cl: (M—1K)S C S,
C2: q- Kq|g is positive definite,
C3: S is mazimal among the subspaces of ker(M ~'T) which satisfy condition C1,
C4: q- Kqlg1 is positive definite.
Then,

1. C1 implies that the tangent bundle T'S is invariant under the flow of (1.25);
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1.4. Invariant undamped subspaces: theorem

2. C1 and C2 imply that T'S is a subspace of the centre subspace and the dynamics on
it consists of small oscillations;

3. C1 - C4 imply that T'S is attractive.

Proof. The result known as simultaneous diagonalization ensures the existence of an
invertible matrix P such that PTMP =1and P'TP =:T is diagonal. Reordering rows
and columns of P, I" can be written as
= . R 0

I' = diag(v1,...,7%.,0,...,0) = (0 O> ,
with all 7; > 0 and R a diagonal and positive definite matrix of order p.
In the new coordinates Q = P~'q, equation (1.25) becomes
O+TQ+KQ =0, (1.26)

with K = PTK P symmetric. Define the subspace S = P71S. Since S C ker(M'T) =
ker(I') because M is invertible, and, because det(P) # 0, S C P! ker(I') = ker(T'). Let
us work with the following splitting, omitting to indicate the matrix of change of basis:

R*"=Im(D)®U® S > (z,u,s),
where U is the orthogonal complement of S in ker(f), with respect to the scalar product

associated to M, i.e. y- Mz, so that

(R 0 0 N A By, B
r'=(o0o 00|, K=|BI D, Du|,
0 00 BI' DI D,

with certain matrices A, ..., Dy such that A = A", D, = DI and D, = DT.

1. Note that M = (PPT)~'. Thus, condition C1 becomes PPTKPS C PS. Since

det(P) # 0 and PTKP = K, this condition is
KScC&. (1.27)
Therefore,
(0 Bgs B
K|0]=[Dus| €S VseR",
S Dys

with ng = dim g, namely B; =0, D,s = 0. Hence,
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and equation (1.26) becomes
I+ Rz + Ax+ Byu=0

i+ Blz + Dyu=0 (1.28)
§4+ Dss=0.

The tangent bundle TS , in which x = 2 = 0 and u = @ = 0, is therefore invariant.

. In the new coordinates, condition C2 is

Q- KQ|z >0, (1.29)
namely
0 0
0] K|[0]=s-Dss>0 VseR"™.
S S

Thus, D, is positive definite and, as a consequence, on T’ S the dynamics consists of
small oscillations.

. If S satisfies condition C3, then S is largest subspace of ker(f) satisfying (1.27). Since

A B, 0 0 B,u
B?; D, 0 ul| = | Dyul,
0 0 Dy S Dgs

it follows that ker(B,) ® S is a subspace of ker(I') which satisfies (1.27) and contains
S. Hence ker(B,,) = {0}.

. The dynamics on Im(I') & U is described by

{x+R:C+AJJ+Buu:O (1.30)

i+ Bz + Dyu =0,

which can be written as
T Rz ~(x 0
(5)+ (%) ()= ()

S A B,
k= (3:{ Du)

The equilibrium configurations of (1.30) are zeros of K (i) , namely they are the

with

points in the kernel of K.
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If C3 holds, then K is positive definite. Therefore, the Lyapunov function W(z,u,&,1) =
% (:E T+ U-u+ (i) ‘K (i)) defines a distance from T'S. Hence,

dw

with the equality holding iff £ = 0, because R is positive definite. Since det K #0,
(z,u) = (0,0) is the only equilibrium configuration. By LaSalle-Krasovskii principle
(see e.g. [6]), if (0,0) is the only complete orbit in the set such that % = 0, then it
is asymptotically stable. Let us thus show that the set {(x,u,0,%)} does not contain
any complete orbit different from (0,0). For & = 0, from the first equation of (1.30),
u = —B; ! Az, because ker B, = {0} for the maximality of S. Substituting, the second
equation of (1.30) becomes (Bl — D,B;'A) z =0, and since det(B. — D, B, 'A) =
det K # 0, one gets z = 29 = 0 and u = ug = 0. Therefore, (z,u) = (0,0) is the only
complete orbit in {(z,u,0,4)} and T'S is attractive.

O]

This theorem provides sufficient conditions for the existence of an attractive invariant
centre space T'S in the phase space, and indicates how to compute it. The dimension
of the undamped bundle T'S coincides with the number of purely imaginary eigenvalues

0 I
~-M7'K —-M~'T
one-dimensional, the motion in TS is a normal mode, therefore all the parts of the system
oscillate, without being damped, at the same frequency. This mechanism is referred to
as synchronization. More in general, S might be higher-dimensional, thus the motion
consists of a linear superposition of normal modes, leading for example to beats.

of the matrix A = associated to (1.25). In particular, if S is

1.5 Examples

We apply now the results found to three simple mechanical systems, studying their
spectrum and determining the invariant undamped subspace. This analysis will show that
synchronization is not an unusual mechanism and that whether it occurs in anti-phase or
in phase depends on how friction acts on the system.

1.5.1 Example 1

Consider the model consisting of two identical heavy L-shaped rigid bars. They are
constrained so that one leg of each bar lays horizontally and with the extremities in
contact, while the other leg is free to rotate in a perpendicular plane. Assume that there
is friction in correspondence of the contact point between the two bars. Let m be the
mass of each hanging leg, [ be their length and I their moment of inertia with respect to
the horizontal bars. Let then 6; and 65 be the angular displacements of the two hanging
legs.
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Figure 1.2: Example 1. In-phase synchronization model.

KT

The undamped system is described by the Lagrangian

1. . -
L= 5](«9% + 02) + mgl(cos 01 + cos 6s).

For small oscillations, sinf ~ #, and rescaling time t — %mtv the Lagrangian can be
written as

L= S0+ )~ 503 +63) (1.31)
It leads to the following Lagrange equations:

{§1+91+7(91 —05) =0

. . . 1.32
02 + 02 + (02 — 01) =0, ( )

where it has been added the contribution of the viscous damping, proportional to the
difference between the angular velocities of the two bars, with « > 0.

Invariant subspace

Equations (1.32) are of the form M¢+ I'q + Kq = 0 with

A4:K:b,r:(7 _O.
-7

o)

and it is invariant under the action of M 1K, since M 'K ker(M ~'T") = ker(M~'T).
Thus, S = ker(M~'T') = ker(T') and S+ = Im(M~'T) = <<_11>> The hypotheses

The kernel of T" is

of theorem 1.1 are satisfied, therefore T ker I' is invariant and attractive, and on it the
motion is given by the normal mode corresponding to the two bars swinging in phase.
Sprectrum

e Without damping: v = 0.
The frequencies of the small oscillations are

wor =1, k=12
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e With damping: v # 0.
The eigenvalues satisfy the characteristic equation

A+ 1D+ 290+ 1) = 0.
For v < 1, the eigenvalues are
AT = +i,
)\éc =—v*£ zm
For v > 1, the eigenvalues are
AE = 4,
A=+ V2 -1

For v = 1, the eigenvalues are
A =+,
A= .
Figure 1.3 shows the spectrum for the following values of v: v =0, 0.5, 1, 1.5.

Figure 1.3: Example 1: Spectrum (Re[A],Im[)]).

(a) v =0. (b) v =0.5.
Im[Ag] Im[A]
1¢ 1¢
[ ]
01 1 Re{Ao] 4 ; Re[A]
~1¢ RN
(c)v=1. (d) v=1.5.
Im[A] Im[A]
i3 1e
- Re[A] —L & —— 1 —0—

iy 1 37 2 1 (RelAl

-1¢ -1¢
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1.5.2 Example 2

Consider the system consisting of two identical pendula on a common rigid support,
which is constrained to move in one dimension horizontally and is connected to a spring.
Assume that there is friction in correspondence of the wheels of the base support. Let m
and [ be the mass of the pendula and their length respectively, M the mass of the support
and k the elastic constant of the spring. Let ¢ and ¢2 be the angular displacements of
the two pendula about their pivot points and X be the linear displacement of the support.

Figure 1.4: Example 2. Anti-phase synchronization model.

280

IO ONE

The undamped system is described by the Lagrangian
_1 o, Mg 9 19 . . _ﬁ 9
L= 5 (M+2m) X"+ 5 (7 +¢5)+mIX (p1 cos p1+¢2 cos o) +mgl(cos ¢1+cos ¢2) 2X .

. . . ~ . i . _ M42
For small oscillations, sin ¢ ~ ¢, rescaling X — X, t — \/; t and defining p = ==

and a = £L | the Lagrangian becomes
mg

(B +&) - 0X%  (13)

1 1, . . .o . 1
L=opX?+ (01 +63) + X (b1 + o) — 5

It leads to the following Lagrange equations:

pX + 74X + 1+ o +aX =0
G+ X+61=0 (1.34)
¢2+X+¢2:07

where it has been added the contribution of the viscous damping to the common support,
proportional to its velocity, with v > 0.
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Invariant subspace

Equations (1.34) are of the form M¢+ I'¢+ Kq = 0 with

<
I
S

11
1 0|, I'=
0 1

o O

00
00|, K=
00

0 0
ker(I‘):< 11,10 >,
0 1

the invariant subspace S C ker(I") and its orthogonal are

0 1 0
S:< 1 > S¢:< 0],[1 >
—1 0 1

The matrix P which diagonalizes simultaneously M and I is

o O 0
O = O
= o O

The kernel of T is

—1

0 0
n—2
p_ |1 1 1
W
=2 V2 V2

2 2
~ 100 ) S a0
r=— (oo0o|, K=|/2 ;
£=2\0 0 0 2
0 0 1
The equations of motion, written in the form Q+TQ+KQ = 0, with Q = P~1q = (x,u,s),
become

j§+ﬁﬁc+%x+ ﬁu:@

.. 2 o
U+ mx—ku-O

s§+s=0.
N 0
On the invariant subspace S = P71S = < 0 > C kerI' the motion is described by
1

5§+ s = 0, which corresponds to the normal mode in which the two pendula swing in
anti-phase and the support is at rest.
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Sprectrum

e Without damping: v = 0.
The frequencies of the small oscillations are

Mn:<m+ur—¢m+wV—4mM—m>

N |=

2(n—2) ’
wo2 = 1,
B (a+u)+\/(a+u)2—4a(,u—2) 2
s 2(i—2)

e With damping: v # 0.
The eigenvalues satisfy the characteristic equation

(A2 +1) [(A + 1) (A2 + A +a) — 2] = 0.

The eigenvalues of T' with respect to M, i.e. roots of det(I' — M) = 0, are
B1=pB2=0and 83 = ﬁ Therefore,
if A7 = (A))* ¢ R, then

2u+2 " =
1 1
(a+p)—/(a+p)2—da(p-2) \° < AE| < (a+p)++/(a+p)?—da(p—2) | *
2(p—2) I 2(n—2) ’

if )\ji =€ R, then
g +
—— < A7 <0.
S0

Figure 1.5 shows the spectrum for the following values of v: v =0, 1, 1.5.
Figure 1.5: Example 2: Spectrum (Re[A],Im[)\]) with =3, a = 0.1.

(a) y=0. (b) v =10.5. (c) vy =15.

TmiAol TrniAl

2Re[/\]

TrniA)

1e

-2

> o SRelA]

-1¢
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1.5.3 Example 3

Consider the system consisting of a chain of three identical masses, with mass m, and four
identical ideal springs, with elastic constant k. Assume there is friction in correspondence
of the mass in the middle. Let z;, ¢ = 1,2, 3, be the displacement of the i-th mass.

Figure 1.6: Example 3. Anti-phase synchronization model.

The undamped system is described by the Lagrangian

1 1 1 1 1
L= im(;r% + 22 + &2) - ikx% — 5k(3:2 —x)% - 516(.%’3 —x9)% — 51{:3:%
Rescaling t — \/% t, the Lagrangian becomes
1. . . 1 1 1 1
L= §(x% + 42 4 22) — §x% — 5(562 —x)% - §(x3 —29)% — 533% (1.35)

It leads to the following Lagrange equations:

T1+2x1 —x0=0
Tog —x1 + 209 — a3+ Y22 =0 (136)
T3 — 9 + 223 =0,

where it has been added a viscous damping term to mass 2 proportional to its velocity,
with v > 0.
Invariant subspace

Equations (1.36) are of the form Mg+ I'¢+ Kq = 0 with

00 0 2 -1 0
M=I;, I'=|0~ 0|, K=[|-1 2 -1
00 0 0 -1 2

The kernel of the matrix I' is the two-dimensional subspace

1 0
kerI‘—< 0,0 >,
0 1

the invariant subspace S C ker(I') and its orthogonal are

1 0 1
S_< 0 > S¢_< 1|,]0 >
—1 0 1
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The hypotheses of theorem 1.1 are satisfied only by the one-dimensional subspace S, and
therefore T'S' is invariant and attractive. The motion on TS is given by the normal mode
corresponding to the external masses oscillating in opposite phase and the mass in the
middle at rest.

Sprectrum
e Without damping: v = 0.
The frequencies of the small oscillations are

wor = \/2 — V2,
WOZZ\/i)

wo3z = \/ 2+ \/i
e With damping: v # 0.

The eigenvalues satisfy the characteristic equation
(A2 +2) [(A+2)(A2 +9A+2) —2] =0.

The eigenvalues of " with respect to M, i.e. roots of det(I' — M) = 0, are
b1 = P2 =0 and B3 = 7. Therefore,
it Ay = ()\;r)* ¢ R, then .

—5 < Re[A7] <0,

V2 - V2 <A <24 V2

+
_fYS)\j SO

if )\;-t € R, then

Figure 1.7 shows the spectrum for the following values of v: v =0, 1, 3.

Figure 1.7: Example 3: Spectrum (Re[A], Im[)]).

(a)y=o. (b) v=1. (c)v=3.
A pi) Ipi)
L]
q og
1 1 1
[ ]
—l2 _‘1 1 2Re[}\o] 1 I 2Re[/\] _.3 -_‘2 —‘l — 1Re[}\]




Chapter 2

Pendulum hanging from a string

In this chapter we study the small oscillations about the equilibrium configuration of a
system composed of a pendulum suspended on a string. The Euler-Lagrange equations
for infinite-degree-of-freedom systems are first recalled, thus the Lagrangian for the string-
pendulum system is derived and the linearised system is analysed. Finally, the spectrum
and the eigenfunctions are computed in the case in which the pendulum is suspended in
the middle point of the string.

2.1 Infinite dimensional systems

The configuration space @ is the space of square-integrable real functions v on D C R3.
Let L be the Lagrangian functional L : TQ — R, (u,u;) — L(u,u;), which can be
expressed in terms of a Lagrangian density £ as

L(u,ut):/ L(u, up, uy) de,
D

denoting the partial derivatives with the correspondent subscript. Analogously to the
finite-dimensional case, the equations of motion can be derived through the principle of
least action. Let

S(u) = /f L(u, ug) dt

1

be the action functional. Then its critical points, solutions of dS(u) = 0, determine the
Euler-Lagrange equations for the Lagrangian L, with the notation of functional derivatives

{5!3 — 0L d 0L

ou ~ Ou dx Oug

6L _ 9L

dur — Out

Hence, the Euler-Lagrange equations for an infinite-dimensional system are
d oL oL
— = 2. (2.1)
dt du;  ou

23
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2.2 Description of the system

The system consists of a heavy homogeneous flexible and elastic string with fixed ex-
tremities and a pendulum hanging from a point O; of the string. We shall consider the
transverse displacements of the string (see [23]) and assume that the pendulum swings in
the vertical plane transverse to the string.

Let us choose a coordinate system with the origin on the left extremity of the string,
the z-axis horizontal and directed along the resting string and the y-axis directed as the
ascendant vertical.

Figure 2.1: Model: pendulum hanging from a string.

Let 9 be the horizontal transverse displacement of a point of the string from the
z-axis on the zz-plane and y the vertical displacement from the z-axis on the zy-plane.
The string is thus described by the following embedding:

with functions ¥,y : [0, A] x R — R such that ¥(0,t) = 0 = (A, t) and x(0,t) =0 =
X(A,t) Vt, and A the length of the string.

Let ¢ be the angular displacement of the pendulum measured from the descendant
y-axis on the yz-plane, let [ be its length and let us denote with 1 the z-coordinate of
the suspension point O;. Therefore, the pendulum has coordinates

(e1,1) — Lcos (1)
(x1,t) + Isino(t).

BN
~~
~+
N— e
I
< =
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Hence, this model describes a hybrid dynamical system consisting of a one-degree-of-
freedom system (the pendulum) and of a continuous system (the string).

2.3 Lagrangian

We now derive the Lagrangian of the coupled system. Since the system is conservative,
the Lagrangian is the difference between the kinetic energy and the potential energy of
the system:

L(¢7 d.)a w’wta X Xt) = T(¢7 Q‘S’I/)ﬂ/}t’)ﬁ Xt) - V(¢7 %X);

where each term accounts both for the string and for the pendulum. Thus,

oM 12¢2+¢2<x1)+xz(x1)+21¢(¢ (1) cos(d)+x ($1)sjn(¢))}+//\ [B (¢2+X2)] dx
2 t t t ¢ L Wit )

A T
V =mg(x(z1)—lcos(¢)) + /O [5 (V2 +x2) + pgx] dr,

where p is the linear mass density of the string, 7 its tension, [ is the length of the
pendulum and m its mass and ¢ indicates the standard acceleration of gravity.
In terms of a Lagrangian density £, the Lagrangian is

. A .
L(¢7 (Z)v 1/}7 wta X5 Xt) = /0 L(¢7 ¢7 1% ¢t7 "4/%, X5 Xts XJ:) dzx.

Hence,

AT 1
L:/o {{2p(w?+x?)—27(¢§+xi)—pgx]

[ (484 3¢ + 200 (0 cos0) + xasin)) = mx] 6a — a1

+ Bml%@ + mgl cos(qﬁ)] o(x — 1‘1)} dr. (2.2)

This Lagrangian can be written as sum of the following terms:
1 .
L, = iml2¢2 + mgl cos ¢,
AN 2 2 1 2 2
L= [ ]3¢ (0 +xi) = 57 (V2 +xz) — pox| dx,
ATy ‘
L, = / [Qm (¢t2 + X?) + ml¢ (¢ cos ¢ + ¢ sin @) — mgx] §(x — x1) d,
0

where L, describes a pendulum with fixed suspension point, Ls describes the string and
L; contains the terms due to the interaction between the pendulum and the string.
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Applying (2.1), the Lagrangian (2.2) gives the following Euler-Lagrange equations:

mI2(t) + mlp (w1, 1) cos((t)) + mixu(w1,t) sin($(t)) + mglsin(¢(t)) = 0
prbe () (s, £) +ml(t) cos((1)) ~mld? (1) sin(6(1)) ) 8z — 1) ~Tthau (@, 8) =0
ot (@, 1)+ (mxae(w, 1) +mIG (1) sin(6(0) +mld(t) cos(6(1)) ) d(w—21) =X (@ )
+pg + mgdé(z—x1)=0.
Let us look for the equilibrium state (¢eq, teq(), Xeq(z)). The equilibrium coordinates
satisfy the conditions of extremum

5L _
S5p

and the boundary conditions

oL _
S

5L

0 0, —=
Y ) (SX

9

¥(0,t) = (A, t) =0, x(0,t) =x(A,t) =0, Vt.

The computation of ¢eq and 1)eq(x) is straightforward, while in order to determine xq(x)
one has to solve the equation 7x”(z) — pg = mgd(x — x1), which descends from the

condition 2& = 0. The Dirac delta function can be handled in the following way: one

ox
solves the equation independently on the left-hand side and on the right-hand side of the
discontinuity x1, so that xeq(z) = x—(2)O(z1 — ) + x4+ (2)O(x — z1); then one imposes,

together with the boundary conditions, the following interface conditions:

{X(ﬂﬁl) = X+(71)
Xy (w1) = X (z1) = =2,

Thus, the equilibrium configuration, which is stable since it is a strict minimum of the
potential energy, is

¢eq =0
¢eq(x) =0 (23)

Xeq(®) = 822 + 2 [ (R — 1) — B3] + [ (2 — 21)]O(z — z1).

In order to make a linear analysis, we consider small oscillations about the stable
equilibrium state, namely

P(t) = ¢eq + ¢' (1)
¢($,t) = weq(x) + W(%t)
X(x, t) = Xeq(x) + X/(x7t)'

In general, in doing so, the Lagrangian becomes quadratic in its variables. In fact, from
the expansion about the equilibrium, the Lagrangian can be written as

L=Lyo+ L1+ Lo,
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where Lg is constant, thus does not influence the dynamics, L, contains linear terms but
vanishes because of the extremum condition and Lo contains quadratic terms.

We relabel for convenience the displacements from the equilibrium, ¢, ¢, X/, omitting
the primes, i.e. ¢ — ¢, ' — 1), X' = x. Therefore, to second order in the displacements,
the Lagrangian is

A
Lz/o {Bp (V7 +x7) — %T (¢§+X§)]
2

+ [1m (l2<z'52 + 7+ X7+ 2l¢3¢t) - ;mglﬂ 8(z — 961)} dz.

Let us now rescale the variables in order to obtain an adimensional Lagrangian, as

follows:
[ A2
T+ Az, gb»—>%<;5, Y= Ay, x— Ay, t— &t,
T

and let us define the following dimensionless parameters «, 5 > 0, which characterise the
geometry of the system:

2
2o 9P g m (2.4)

The definitive adimensional Lagrangian is

L=/01{[§<w3+x%>—;<wz+xz>]

I

+ 53 B (q52 +97 + X7+ 2&%) - ;a%Q] 8(z — 951)} dr. (2.5)

Remark 2.1. In the quadratic Lagrangian (2.5), the only coupling between the pendulum
and the string is gﬁzpt, while there is not any terms proportional to </.>Xt- In fact, expanding
about the equilibrium the interaction terms in (2.2), ¢ipycosd = by + o(¢p?) while
¢.>Xt sing = ¢.>Xt<l5 + 0(¢3), i.e. the second term is one order higher in ¢ with respect to
the first one and can therefore be neglected.

2.4 Equations of motion

The equations of motion are the Euler-Lagrange equations for infinite-dimensional systems:

d 0L 8L_O

dt oy 00

d 00 0L d 0L __
Tov — o0 T dog, =0
d 0L oL d 0L __
o ox Tdzoxs = O

Since Lagrangian (2.5) contains a discontinuity in x1, detectable from the presence of the
Dirac delta function §(x — z1), in order to be able to derivate £, a weak formulation is
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required. Nonetheless, we neglect in this treatise that study, and we proceed deriving like
for usual functions, keeping in mind to define the interface conditions in 1 when needed.

The equations of motion of the linearised coupled system are

B((t) + Yu(r1,t) + a?¢(t)) =0
Yy (z,t) + B(wtt(:ﬂ, t) + (b(t))é(x — 1) — Ypa(z,t) =0 (2.6)
Xtt(x7t) + BXtt('Iat)(s(l‘ - -Tl) - X:):a:(xa t) =0,

with the boundary conditions
(2.7)

for all t € R.

2.5 Normal modes of oscillation

The equations of motion (2.6) are a linear system, therefore every solution, called small
oscillation, can be written as a linear superposition of solutions. In particular, we are
interested in periodic solutions in which every part of the system oscillates with the same
frequency, namely normal modes of oscillation. We will not be able to prove the unicity
of the solutions found, since this would require a weak formulation of the problem, with
the use of test functions. Nonetheless, we shall characterise solutions which are €°.

2.5.1 Spectrum of the vibrating string

Let us start considering the decoupled system. The first equation of (2.6), which describes
the motion of the pendulum, decouples from the others if ¢(x1,t) = 0 V¢, that is when its
suspension point stands still. In this case, the pendulum swings periodically with proper
frequency w = « (in rescaled time units).

The equation of the vibrating string is restored in the limit of 8 = 0. The equations
of motion (2.6) for the string, with the boundary conditions, become

¢tt§x, t; - wméx,t; =0

X2, t) — Xzz(x,t) =0

¥(0,t) =0=1(1,t) (2.8)
X(O, t) =0= X(l,t).

Definition 2.1. The normal modes of oscillation of frequency w of system (2.8) are
periodic solutions of the form:

U(z,t) = (ﬁgg) = T, (z) cos(wt + 1), (2.9)

with w € R, n € [0, 27 and T, : [0,1] — R2, called eigenfunction associated to w.
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Proposition 2.1. The frequencies of the normal modes of oscillation (2.9) are a countable
family {w® :n € Ny} of degeneracy deg(w?) = 2, with

Wl = nr. (2.10)

n

Proof. The equations in ¢ and in x are decoupled. Let us seek solutions of system (2.8)
of the form

U(a,t) = (g Eg) cos(wt +1).

Then, f:[0,1] — R has to satisfy
() +w?f(z) =0
F0)=0 (2.11)
F(1) =o.
The first equation of system (2.11) has solution f(z) = a cos(wz)+bsin(wz), with a, b,w €
R; the boundary conditions give a = 0 and sin(w) = 0, which implies solutions (2.10).
Analogously, ¢ : [0,1] — R has to satisfy

g"(z) +w’g(z) =0

9(0)=0 (2.12)
g9(1) =0
which yields solution (2.10) as well. Therefore the frequency wl has degeneracy two, for
every n. [

The frequencies (2.10) are proportional to n, which labels the wave number. Hence,
the vibrating string has a linear dispersion relation (Figure 2.2).

Figure 2.2: Dispersion relation of the string: w?.

Let us now compute the associated eigenfunctions.
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Proposition 2.2. For every n, the eigenfunction associated to w? is

n

U0 (2) = (Z”) sin(w?z), (2.13)

with an, b, € R.

Proof. System (2.11) implies f,(z) = a,sin(wlz) and system (2.12) implies g,(x) =

by sin(wlx) with ay,, b, € R, for every n. O

Since w? is degenerate, for every n, to each frequency is associated a plane of normal

modes <Zn>, with a,, b, fixed by the initial conditions.

2.5.2 Spectrum of the string with pendulum

Let us now consider the coupled system. The presence of the pendulum hanging from the
string modifies the spectrum of frequencies and breaks the degeneracy; such spectrum
will consist of “infinity-plus-one” eigenvalues. For simplicity, let us assume the suspension
point of the pendulum to be lying halfway on the string, i.e. z; = % For g # 0, the
equations of motion, with the boundary conditions, are

o(t) + (w1, 1) + ?¢(t) = 0

Ve (2, 1) + Bz, 1) + (1)) d(z — 1) — Yau(2,t) =0

xtt (2, t) + Bxu(w,1)0(x — 21) — Xaz(2,t) =0 (2.14)
¢(0,t) =0= w(la t)

x(0,t) = 0= x(1,%).

Definition 2.2. The normal modes of oscillation of frequency w of system (2.14) are
periodic solutions of the form:

(1) R
O(z,t) = | ¢Y(z,t) | = Du(x)cos(wt + n), (2.15)
x(,t)

with w € R, 5 € [0, 27 and @, : [0,1] — R3, called eigenfunction associated to w.

Let us consider first the general case in which the parameter « is not a multiple of 2.
For these special values of the parameter, in fact, one frequency of the coupled system
coincides with the one of the pendulum alone, leading to a different dynamics.

Proposition 2.3. For every 8 > 0 and o # 2nr with r € N, the frequencies of the
normal modes of oscillation (2.15) are three countable families and a special frequency:
{wg‘jﬁ :j € N4}, {w;ﬁl :j € N4}, {w£,2j—l :j € Ny} and @8, with the following
properties. Let s be an index, dependent on «, such that
o
= | — 2.16
s(@) = | 5= (2.16)

where [-] indicates the ceiling function: [x] = min{n € Z|n > x}. Then,
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7ﬁ
1. w2j = w2j

la) deg(w%’ﬁ) 2,
2. W, <wi’ < wd Jorj <s
© R25-2 2j—1 2j—-1
2a) WS —wd || < |ws, —wl |
25—1 27—1 2541 25411
0 a:ﬁ 0 y
0 a,B 0
4w, < wg‘fl <w, for 2s —2)r <a < (2s—1)m
a,f 0 o, 0
ja) wolq —wye_ g > Wil — Wygiqs
5wl <P <l for (2s —2)r < a < (25 — 1),
0. wgs g < w%lﬁl < w2$ 1 for (2s—1)m < a < (28)7
B 0 B 0
6a) |wy,” ) —wys 1| > |wyi o — W2j—2|’
7w, | <P < W, for 2s = )m < a < (28)7
0

B 0
8. Wyj_g < Wy i g < Wi

8a) ]w | < |w

0
X,2j—1 X2] 1 X,27+1 x,2j+1‘

Moreover, asymptotically

and for B — 0

Proof. Let us seek solutions of system (2.14) of the form

A
®(x,t) = | f(x) | cos(wt +n),
g9(z)
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with A € R and f,g : [0,1] — R. In order to handle the Dirac delta function, we
determine independently the solutions on the left-hand side, f_,g_, and on the right-
hand side, fy, g+, of the discontinuity x; and impose the interface conditions. Then,

f(x) = f-(2)O(x1 — x) + fi(x)O(x — x1) has to satisfy

(@ —wHA —wW?f(z1) =0
f"((ﬂfg +wif(z) = —w?B(f(z) + A)d(z — 21)
F.(0) =0
7o) =0 (217)
f—(x1) = fr(21)
Fi(an) = fL(ar) = —w?B(f(21) + A)
and g(z) = g—(2)O(z1 — x) + g+ (z)O(x — x1) has to satisfy
9" (2) +wg(x) = —Bwg(x)d(x — z1)
9-(0)=0
g+ (1) =0 (218)
9-(x1) = g+ (71)
g’ (21) = g"(z1) = —Bw’g(21).

Let us start considering the first system. The second equation of (2.17) has solution
f+(x) = a4 cos(wx) + b+ sin(wx), a+,bs,w € R; the other five equations correspond to
the condition

a? —w? —w?cos(wr)) —w?sin(wzy) 0 0
0 1 0 0 0
det 0 0 0 cos(w) sin(w) =0,
0 cos(wxy) sin(wzy) —cos(wzx1) —sin(wzy)
Ba? wsin(wz;)  —wcos(wry) —wsin(wry) wcos(wz)

where in the last raw it has already been substituted w?(f(z1) + A) with a?4, from
the first equation in (2.17). The vanishing of this determinant, for z; = %, leads to the
characteristic equation

F(w) := —wsin (%) [(a2 —w?)2cos <%> — *Bwsin (%)} =0. (2.19)
It has two families of solutions, which are the roots of
Fi(w) := sin (g) —0, (2.20a)
2 2 w 2 (Y
Fr(w) := (a® —w*)2cos (5) — a”fwsin (5) =0, (2.20b)
and can be written in the form
WP = W0 4§28 (2.21a)

5P = o + 6P (2.21b)
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with (%é , and 58 satisfying, respectively,

2 5ouP 508
[02‘ (25 =+ 85%) ] 2sin (2;1> +a?8 ((2) = )m + 852, ) cos (gl) 0

(2.22)
and
~ ~ ES\C!,B —~ ga’ﬁ
<2a + (50"’8) 26%P cos <a—|—2> + a2 <a + (50"ﬁ> sin ((1—1—2> = 0. (2.23)
- Equation (2.20a) has roots w(;]?’g = (2j)m, 7 = 1,2,..., which coincide with the even

roots of the string without pendulum (this proves the first part of 1.).

Equation (2.20b) can not be solved analytically, nonetheless the existence of its roots can be

determined through continuity and monotony arguments. Graphically, the roots of (2.20b)
can be visualized as intersection points between g(w) := tan (%) and h(w) := 2 of=w?
a?f w

(Figure 2.3). Let us define the index s such that w$:”, < o < w3, from which (2.16).

Figure 2.3: Plot g(w), h(w) with « =17, 8 = 0.5; s = 3.
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- For j < s, in every interval [(25 — 2)m, (2j — 1)7]:
Fy((25 — 2)7) = (a® — (2§ — 2)?7%)2(—1)/ ! is positive for every odd j and negative

for every even j, and never vanishing for any j; vice versa, F5((2j — 1)7) = —a?5(2] —
1)7(—1)771 is negative for every odd j and positive for every even j, and never
vanishing for any j. Moreover, F3 is monotone, since Fj(w) = —4wcos (%) — (o —

w?)sin (&) — o?Bsin (%) — a?B% cos (%), and F; < 0 for j odd and F3 > 0 for j even.
Bolzano’s theorem ensures that there exists a unique root of F» in |(2j — 2)m, (25 — 1),
j=1,2,...,s—1. It can be written in the form (2.21a) with 55’}71 < 0 and \(5%71] < .
Moreover, since g(w) is increasing and 2m-periodic, and h(w) is decreasing and positive

for j < s, then \5%€1| < \6%?_1\ for every j < s. This proves 2.
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- For j > s, in every interval [(25 — 1)7, (27)7]:
Fy((2j—1)7) = —a?B(2j—1)m(—1)7~! is negative for any odd j and positive for any even
4, and never vanishing for any j; vice versa, F»((2j)7) = (o —(25)?72)2(—1)/ is positive
for any odd j and negative for any even j, and never vanishing for any j. Moreover,
F5 is monotone, since I < 0 for j even and Fj > 0 for j odd. Bolzano’s theorem
ensures that there exists a unique root of Fy in |(25 — )7, (2j)7[, j=s+1,s+2,....
It can be written in the form (2.21a) with 626]-_1 > 0 and ](52%_1\ < m. Moreover, since
g(w) is increasing and 27-periodic, and h(w) 1s decreasing and negative for j > s, then

5%’61 > 52j+1 for every j > s. This proves 3.

- For j = s, if a €](2s —2)7,(2s — 1)7], in [(25 — 2)7, (25 — 1)7] and in [(2s — 1)7, (2s)7]:
Fy((25 — 2)7) = (o — (25 — 2)?7%)2(—1)*"! is positive if s is odd and negative if s
is even, and never vanishing; vice versa, Fy((2s — 1)m) = —a?3(2s — 1)m7(—1)*"! is
negative if s is odd and positive if s is even, and never vanishing. Moreover, F5 is
monotone in [(2s —2)7, (2s — 1)7|, therefore Bolzano’s theorem ensures that there exists
a unique root of Fy in ](2s —2)7, (25 — 1)x[. Tt can be labelled &®#, of the form (2.21b),
with %8 < 0 and |6*#| < 7. Analogously, in ](2s — 1), (2s)x[ there is a unique root
of F, of the form (2.21a) with 53;61 > 0 and 53;81 < . This proves 4. and 5.

- For j =s,if a € [(25s — 1)m, (2s)7[, in [(2s — 2)m, (2s — 1)7] and in [(2s — 1), (2s)7]:
Fy((25 — 2)7) = (a? — (25 — 2)272)2(—1)*"! is positive if s is odd and negative if s
is even, and never vanishing; vice versa, Fp((2s — 1)7) = —a?B(2s — 1)m(—1)*"! is
negative if s is odd and positive if s is even, and never vanishing. Moreover, F5 is
monotone in [(2s —2)m, (2s — 1)7], therefore Bolzano’s theorem ensures that there exists
a unique root of Fg in |(2s —2)7, (2s — 1)7[. It can be written in the form (2.21a), with
897 < 0 and |03:° || < 7. Analogously, in |(2s — 1), (2s)7] there is a unique root of

Fy, labelled &7, of the form (2.21b) with 58 > 0 and 0%# < 7. This proves 6. and 7.
Note that if @ = (25 — 1), since there is no unique choice, either one of the two roots
can be labelled as @7,

An estimate of the modification of the odd spectrum of the string due to the presence
of the pendulum, 52 ;_1, 1s given by the expansion in 5 1 of (2.22). Keeping only the
linear terms, one gets

sad) _ (2~ Dma?8
2j—1 _ 2—0426—1—(2]'—1)2 2"
In particular, 52] (1) —— 0, therefore w2 vl , tend asymptotically to the odd roots of the
j—o00
string without pendulum (Figure 2.4).

Let us consider now system (2.18). The first equation of (2.18) has solution g4 (z) =
Ay + cos(wz) + by 4 sin(wz), ay +, by +,w € R; the other four equations correspond to the
condition

(2.24)

1 0 0

0 0 cos(w) sm(w) B
det 0 sin(wz1) —cos(wzry) —sin(wxy) | 0

0 —wecos(wry) + Pw?sin(wry) —wsin(wzy) wcos(wry)
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Figure 2.4: 657 with o =17, # = 0.5; s = 3.
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For z; = %, it gives the following characteristic equation

G(w) := —wsin (f) [2 cos (f) — Bwsin (8)} =0. (2.25)
2 2 2
It has two families of solutions, which are the roots of
L (W
G1(w) :=sin (5) =0, (2.26a)
Go(w) == 2 cos (%) — Bwsin (g) =0, (2.26b)
and can be written as
Wl =wh+00,, n=1,23,... (2.27)
with (5X 91 satisfying
5[32 1 562' 1
2sin ( AL ) +8 [(2] ~ w46l 1} cos ("2]) —0. (2.28)

- Equation (2.26a) has roots wﬁ o; = (2J)m, j = 1,2,..., which coincide with the even

roots of the string without pendulum, hence deg(ws ]’6 ) = 2, which proves la).
Equation (2.26b) can not be solved analytically, nonetheless the existence of its roots can be
determined through continuity and monotony arguments. Graphically, the roots of (2.26b)
can be visualized as intersection points between gy(w) := tan (%) and hy(w) := ﬁ%
(Figure 2.5).

- In every interval [(2j — 2)m, (25 — 1)7]:
Fy((2§ — 2)7) = 2(—1)77! is positive for any odd j and negative for any even j, and



36 Chapter 2. Pendulum hanging from a string

Figure 2.5: Plot g, (w), hy(w) with g = 0.5.
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never vanishing; vice versa, Fy((2j — 1)7) = —3(2j — 1)7(—1)?~! is negative for any
odd j and positive for any even j, and never vanishing. Moreover, F5 is monotone in
(25 — 2)m, (2j — 1)), since Fy(w) = —sin (%) (1 + B) — BY cos (¥ ) and Fy < 0 for j
odd and Fj > 0 for j even. Bolzano’s theorem ensures that there exists a unique root
of Fy in ](2j — 2)7r, (25 — D7[, j =1,2,.... It can be written in the form (2.27) with
0y 251 < 0and |6 2j— 1| < 7. Moreover, since gy (w) is increasing and 27-periodic, and

hy(w) is decreasing and positive, then \(50‘61\ < \(5%&1\ for every j € Ni. This proves 8.

An estimate of the modification of the odd spectrum of the string due to the dishomo-
geneity in x; is given by the expansion of (2.28) in (5X 92j—1- Keeping only the linear terms,
one gets:

$0  _4=p2j— 1) B
21 T B o

Finally, in order to determine the behaviour of the frequencies for small values of the
parameter 3, let us prove the following result:

Lemma 2.1. For every j, the displacement 5 1 of the eigenvalue (2.21a) from ng 1

the displacement (5X 91 of the eigenvalue (2.27) from ng_l and the displacement 5B of

the eigenvalue (2.21b) from « depend differentially on the parameter B3, if o # 27r with
re N_;,_.

Proof. For n = 27, (5%36 =0,5=1,2,..., for any value of 8. For n =25 — 1, 52] | are
the roots of the function g, defined as

a,8 a,B
gn(B,069P) = (a — (w2 + 5282 )2sin <57; ) + a2B(w? + 627) cos (62 ) :

For every n = 1,2, ..., it satisfies

gn(0,0) =0,  859n(0,0) = (o — (w))?) # 0;



2.5. Normal modes of oscillation 37

Figure 2.6: 6?2].71 with 8 = 0.5; s = 3.
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Analogously, - 0, for any value of 3, and 557%_1 are the roots of the function g, ,,

X,2j
defined as
B : 69[37" 0 B 5)%”
G (5, 6X) = 2sin 5 + B(w,, + 5x,n) cos - |-
For every n = 1,2, ..., it satisfies

ngn(Oa O) = O> 359X,n(0, 0) =1 75 O;

Dini’s theorem ensures that in a neighbour of 3 = 0, for o # 277 with r € N, §%8
and (55 are differentiable functions of 8 implicitly defined by g (6,50‘”3 (5)) = 0 and

9y (5 , 55 (6)) = 0 respectively. Similarly, 598 is root of the function h, defined as

~ ~ N Aa,ﬁ R Aa’ﬂ
B, 5a7ﬂ) = <2a + 5%5) 207 cos <a+26> +a?B (a + 6””8) cos <a+25> )

which satisfies

h(0,0) =0, 9sh(0,0) = 4acos (%) # 0 for a # 2mr;

Dini’s theorem ensures that in a neighbour of § = 0, for a # 277 with r € Ny, 5B is a
differentiable function of 3 implicitly defined by h(3,3%?(8)) = 0. O

Therefore, for 5 — 0 the frequencies of the coupled system tend to those of the
unperturbed string and to the proper frequency of the pendulum. O

The presence of the pendulum modifies the odd frequencies of the string, while it
leaves the even ones unchanged since the pendulum hangs from a node of the string. In
Figure 2.7 is plotted the dispersion relation compared with the one without pendulum,;
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to the frequency @®? it has been conventionally assigned the index 2s — % In general,

Wi < WY for n < 25 — 2 and Wb > WY for n > 2s. In particular, the frequencies
closer in value to the proper frequency of the pendulum are more strongly modified with
respect to the others. w%jg < Wl for every n, and &7 < a for (2s —2)7 < a < (25 — )7
while 58 > « for (2s — 1)7 < a < (2s)7. For small values of the parameter 3, which
physically correspond to a light pendulum with respect to the string, the spectrum of
the unperturbed string is slightly modified by the presence of the hanging pendulum and
o is close in value to the proper frequency of the pendulum.

Figure 2.7: Dispersion relation for the string with pendulum: w??, wfz,n and &%F with o = 17
and = 0.5; s = 3.
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Let us now compute the eigenfunctions of the normal modes.

Proposition 2.4. For every j, for a # 2mr with r € N4, the eigenfunctions are the
following:

- the eigenfunction associated to ngﬂ 1

0
& 0(@) = | azj | sin (w5x) (2.29)
25

. . . a,IB .
- the eigenfunction associated to Wo 'y 1S

) B
(ngé1)2 sin ng—l
B
042_(“133'—1)2 2

(I)wgﬁl(x) = 92j-1 | gin (wgﬁlx) O(x1 — z) +sin (ngﬁ(l - 3‘)) Oz —z1) |’ (
0

- the eigenfunction associated to O™ is
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oo ,8)2 o
. aZ—(@oP)2 sin ( 2
Pgas(x) = azj—1 | sin (@*P2) O(z1 — z) +sin (@*P(1 — 2)) O(z — 21) | > (2.31)
0
- the eigenfunction associated to w£,2j—1 18
0
o (z) = byaj_ 0
wi 21 X,25—1 5 8 )
’ sin (wX’Qj_1x> O(x; —x) +sin <wx,2j—1(1 - w)) Oz — 1)

(2.32)
with an,by,a,by ., € R.

Proof. From (2.17) and (2.18), in order to determine A, a+, b+ and ay +, by +, the following
eigenvector problems have to be satisfied:

2 2 2 2

o? —w? —w?cos(¥) —w?sin(%) 0 0 A 0
0 1 0 0 0 a— 0
0 0 cos(w) sin(w) b | =1|0
0 coS (%) sin (%) — cos (%) —sin (%) a4+ 0
Ba? w sin (%) —w CoS (%) —wsin (%) w COS (%) by 0
with w solution of (2.19), and
1 0 0 0 Ay, — 0
0 0 cos(w) sin(w) by—| |0
0 sin (%) —cos(¥) —sin(%) ay+ | |0
0 —wcos (%) + Bw?sin(¥) —wsin(¥) wcos (%) by, + 0
with w solution of (2.25).
- For w2j’ﬁ.
A=0
—0 Ix,— =
B and ay,+ =0
a+ =0 byt = b
by =b_ Xk e
which yields eigenfunction (2.29).
- For wQJ’B :
(A _ (ngﬂl)z Sln ngél b
T a?— (“’23 1)? 2 N Qy,— = 0
_=0 and Ay, + = 0
a4 =sin (wQJ 1) b_ by,- =0
by+ =0
by = —cos (w2j 1) b_,

which yields eigenfunction (2.30).
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- For @™#: s .
A= 2 sin (%57) - ay,— =0
a_ =0 and ay+ =0
atr = —sin (@*%) b_ by~ =0
by = —cos (@O"ﬂ) b_, by+ =0

which yields eigenfunction (2.31).

- For wi%_l:
A=0
a_ =0
—sin(w®.,. )b
ar =0 and Qy,+ = sin (WX,2J—1) X~
Z; z 8 by,+ = —cos <w£’2j_1> by,—

ay,— =0

)

which yields eigenfunction (2.32).
O

The normal modes found have the following physical interpretation. The family
associated to the even frequencies leaves the pendulum still, hanging from a node of the
wave described by the string and every combination of normal modes is still a periodic

solution, due to the degeneracy of wy’ ]?B . In the normal modes associated to ng’(j ; and to

&P the pendulum and the transverse horizontal component of the string are in motion.
Lastly, for w;"bj_l the string oscillates only vertically and the pendulum is at rest. Note
that for the odd frequencies the string swings with different amplitudes on the two sides
with respect to the suspension point of the pendulum.

Let us now determine the normal modes of oscillation in the case in which the
parameter « is a multiple of 27r. For such values, ©*? coincides with an even frequency of
the string, hence this configuration can be thought as a kind of resonance. Fixed o = 27s,
the behaviour of the system is identical to the case considered above for all frequencies
except for wg‘f , for which the pendulum instead of being at rest oscillates with the string.

Proposition 2.5. For every 8 > 0 and o = 2nr with r € Ny, the frequencies of
the normal modes of oscillation (2.15) are three countable families: {ngﬁ 1 j € N4},
{w;]fél 1 j € N4}, {wﬁ 9j—1 1 J € Ny}, with the following properties. Let s be such that
s =X then

o2
la) deg(wg‘jﬁ):2 ifj #s
1b) deg(wg‘jﬁ):S if j =s,

0 a, 0 ;
2.owyj_g <wyiy < Wiy forj <s
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2a) |ws’ ) —wd | < lwiily —wdi .

0 B 0 ;
3. wyjq <wyily < Wy, forj>s

a,B 0 a,p 0
Ja) woily —whyi g > whlily — Wy,

4. ng_Q <o

0
2j—1 < Wi 1

B 0 B 0
4a) Wi g — a1l < |wlaig —wy gl

Moreover, asymptotically

a,s 0
Woj 1 —_* Waj—1

a,f 0
: — Wy,_9.
X,25—1 j—s 25—2

Proof. The proof is analogous to the one of Proposition 2.3. In this case, ©@*# coincides
with w$:?, therefore deg(wi”) = 3. O

Figure 2.8: Dispersion relation for the string with pendulum with double root: w?? and wﬁ,n
with « = 67 and 5 = 0.5.
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Finally, let us compute the corresponding eigenfunctions.

Proposition 2.6. For every j, for « = 2ms with s € N4, the eigenfunctions are the
following:
- the eigenfunction associated to ngﬁ, with j # s, is (2.29),

- the eigenfunction associated to wgs’ﬁ 18
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(@~ )
q)wa,g (z) = | asin (w?fx) O(z1 — x) + d'sin (ngﬂf) O(x —x1) |, (2.33)
2s

bsin <w§"5x>

s

- the eigenfunction associated to w?ﬁl is (2.30),

- the eigenfunction associated to w£72j71 is (2.32),
with a,a’,b € R.

Proof. The proofs for ngﬁ with j # s, for w‘;fﬂl and for w®

j— v.2j—1 are analogous to those
of Proposition 2.4.

- For w‘;s’ﬁ = (2s)m:

—1)8
A= gaga(b- = by) Oy, =
a_ =0 and ay+ =0
a4y = 0 va"‘ = be_

which yields eigenfunction (2.33).

O]

For wgf the system exhibits a particular dynamics, in which both the pendulum and
the string oscillate. In particular, for certain initial conditions, that is for a = 0 or a’ = 0,

one half of the string can stand still, or swings only vertically, while the other half and
the pendulum are in motion.



Chapter 3

Pendulum hanging from a string
with damping

The system considered up to now is conservative since the total energy is preserved during
the motion. In this chapter we introduce a dissipative contribution to the string and
repeat the analysis made in Chapter 2. This time, in order to determine the frequencies
of oscillation, we will assume a weak damping and make an expansion of the eigenvalues
in terms of the damping coefficient.

As shown through simple examples in Chapter 1, friction plays a crucial role in
the selection of the normal modes of oscillation and, ultimately, in the evolution of the
dynamics of the system. Hence, we first present the main damping models, in order to
justify the choice of friction made.

3.1 Damping model

In analogy with n-dimensional systems, a damped infinite-dimensional system can be
written in the form

Ut + Fut + Ku = 0, (31)

where u € C*°(R,R), and I" and K are positive self-adjoint operators.

Different choices of damping lead, in general, to different dynamics. A classification of
the types of friction can be done distinguishing between internal and external damping,
depending whether the dissipation of energy is due to elements within the system or not.
A physical interpretation of various models can be found e.g. in [23].

External damping. It accounts for the energy loss due to the interaction of the system
with external elements. The two main contributions are the following:

- Coulomb (or frictional) damping, for which the kinetic energy of the system is
transformed into heat as the system slides against another dry surface. Such
friction is proportional to the normal force and it opposes to the motion, but

43
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does not depend on the velocity of the system once in motion:
F.=—uN.

- Viscous damping, which is due to the medium in which the system is immersed.
It produces a force proportional to the relative velocity of the system with respect
to the medium:

Fy, = —vyuy.

Internal damping. It accounts for the dissipation within the system, which might be due,
for example, to the friction between particles and depends therefore on their relative
displacements and speeds. In the case of a string or a beam it is connected to the
rate of change of bending, and depends in general on the elastic properties of the
material. Two main models should be mentioned, which differ from one another for
the dependence of the damping rate on the frequency (see [22], [13]):

- Kelvin-Voigt (or visco-elastic) model, which introduces a damping term propor-
tional to the linear operator which describes the elastic force acting on the velocity
of the system:

Fry = —vKuy.

- Structural (or hysteretic) damping, which produces a damping rate proportional
to the frequency of oscillation of the system. The damping force is

F, = —yKéut.

Let us compare the damping rates, namely the real part of the eigenvalues, for the
different models. Let wjz be the eigenvalues of K with ¢; the associated eigenvectors, and

let us seek solutions of the form u; = e)‘jtqu.
e Viscous damping: the equation of motion is
Uy + yur + Ku = 0.
Inserting the expression of u; and solving the characteristic equation, one gets the

following eigenvalues:
—y £ /7?2 — 4w
Aj = .

2

The real part of A; for weak damping is constant, therefore viscous damping yields
a uniform damping rate.

e Kelvin-Voigt damping: the equation of motion is

Ut —i—'yKut + Ku = 0,
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whose eigenvalues are

fijz- + /'y2(,u;.l - 4w]2.
Aj = .
! 2
The damping rate is proportional to the frequency squared, hence there is a di-

chotomy of decay rates, in particular higher frequencies decay much faster than the
lower ones.

e Structural damping: the equation of motion is

utt—k’yK%ut—i-Ku:O,

—wj £ 4 /7ywF — 4w?
Aj = .
2
The real part decays proportionally to the frequency.

whose eigenvalues are

Experimental studies (see e.g. [12]) show that for various materials and in a wide range
of frequencies, the damping rate depends linearly on the frequency of oscillation. The
most fitting model would therefore be structural damping, nonethe}ess it might present
some difficulties since, in general, if K is a differential operator, K2 might not be such.
For a detailed description of frequency-dependent damping refer to [22]. However, when
the damping is light the predictions of the Kelvin-Voigt model and the structural one are
comparable, therefore in this dissertation we adopt the visco-elastic damping model. For

a string the elastic operator K is —02;—;7 therefore the dissipating force is given by

3
i otox?’

3.2 Equations of motion

Consider the system studied in Chapter 2, consisting of a pendulum hanging from a flexible
and elastic string with extremities fixed. Let us introduce a dissipating contribution to the
string, adding to the equations of motion of the string (2.6) a damping force proportional
to Yize and Xigze, namely a Kelvin-Voigt damping term. Let v be the dimensionless
parameter that accounts for internal damping. In our model we neglected the friction
acting on the pendulum, such as, for example, viscous damping of the air, since it is
reasonable to assume that, in general, its contribution is secondary with respect to the
internal friction of the string. The equations of motion become

B(A(t) + the (1, ) + anb“(t)) -0
Vi (@, t) + B(u(z,t) + 0(t))6(x — 21) — Yo, t) — Vigz(2,t) = 0 (3.2)
Xit (@, 1) + Bxaa (2, )0(x = 1) = X (@,1) = VXwa(@,1) = 0,
where -
2 _ 9gp _m
a? = : = =

I
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and with the boundary conditions

for every t € R.

3.3 Damped normal modes

The equations of motion (3.2) are a linear system, therefore every solution, called damped
small oscillation, is a linear combination of solutions. In particular, we look for harmonic
solutions with an exponentially decreasing amplitude.

3.3.1 Spectrum of the damped vibrating string

Let us consider first the decoupled system. The pendulum does not have a dissipative
component, therefore, when decoupled, its motion is unchanged. The eigenvalues of the
string are, instead, modified.

For B8 = 0, the equations of motion of the damped string, and its boundary conditions,
are

¢tt§$7t) - wx:chvt; - V¢tx:c((357t)) =0

Xtt(T,t) = Xaz(Z,t) — VXtaz(2,t) =0

$(0,8) = 0 = (1,1) (3:3)
x(0,t) = 0= x(1,1).

Definition 3.1. The damped normal modes of eigenvalue A of system (3.3) are solutions
of the form:

U(x,t) = Cﬁg”g) = Re [@A(x)eAt} , (3.4)

with A € C, Re[\] < 0 and W}, : [0, 1] — C2, called eigenfunction associated to A.

The real part of the eigenvalues, u := Re[)] is called decay rate, while its imaginary
part, w := Im[})] is the oscillation frequency. Let us denote “£+/z +iy” the pair of
complex squared roots of the complex number z + iy.

Proposition 3.1. The eigenvalues of the damped normal modes (3.4) are a countable
family {9 :n € Ny} of degeneracy deg(\0F) = 2 Vn, with

—n272y + nrvn2n2v? — 4
5 )

MO+ — (3.5)

Proof. The equations in ¢ and in x are decoupled. Let us seek solutions of system (3.3)

of the form
W(a, 1) = <£§g> M,
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of which only the real part has to be considered. Then, f : [0,1] — C has to satisfy

f'(x) =& f(x) =0
f(0)=0 (3.6)
f1)=0
where ¢ € C, with Im[£] > 0, is defined by the dispersion relation:
() = (3.7)

Vit

The first equation of system (3.6) has solution f(x) = ae®® + be™¢%, with a, b, ¢ € C; the
boundary conditions give a + b = 0 and sinh(¢) = 0, which implies

&0 =inm. (3.8)

n =

From inversion of (3.7):
_ §2V + §4U2 + 452

+
A 5 (3.9)
Substituting (3.8) into (3.9), one gets (3.5).
Analogously, g : [0,1] — C has to satisfy
¢'(z) - Eg(x) = 0
g9(0)=0 (3.10)
9(1) =0

which yields solution (3.5) as well. Therefore the eigenvalues A% have degeneracy two,
for every n. O

The spectrum presents therefore the following properties (Figure 3.1):

2

TV
is a finite number of oscillating solutions only. Moreover, At tends to —1/v, while
A0F tends to —oo.

e Forn > ny, := [—], the eigenvalues A%F are real. Therefore, for every v # 0, there

e For n < n,y,, the eigenvalues \! lie on a circle centred at (—1/v, 0) of radius 1/v in the
plane (Re[)\],Im[)\]). The frequencies of oscillation, Im[A%*] = nwv/4 — n27202/2,

are lower with respect to those of the string without damping, w® = nn.

e A% and AU~ coincide for values of v such that % =r € Nt which corresponds to
the critical damping.

In Figure 3.2 are reported the real and imaginary parts of the dispersion relation. For
weak damping, namely for n < n,,, the real part of the eigenvalues is negative and
monotonically decreasing, and there is a quadratic dependence of the decay rate on the

frequency of the undamped system, w® = nr.

Let us now compute the corresponding eigenfunctions.
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Figure 3.1: Spectrum of the damped string: A% with v = 0.1.

Im{A7)]

1 L o | 1 1 1 | o olmm | I Re[)\o]
-40 -36 -32 -28 -24 -20 -16 -12 -8 -4 "

Proposition 3.2. For every n, the eigenfunction associated to N0 is
~ aE
o (z) = <b1> sin(nmz), (3.11)
n

with a*,bF € C.

n»’n

Proof. System (3.6) implies f,(z) = a,sinh(¢)z) and system (3.10) implies g,(z) =
by, sinh(£22) with ay,, b, € C, for every n. Substituting (3.8) within, one gets (3.11). [

Since A\’* are degenerate, for every n, to each eigenvalue is associated a plane of

=+
normal modes <ai>, with a;f, b fixed by the initial conditions.
bn

3.3.2 Spectrum of the damped string with pendulum

Let us now consider the coupled system, assuming z; = % For 8 # 0, the equations of
motion in presence of damping, with the boundary conditions, are

¢(t) + ¢tt($1, t) + O[QQZ)(t). =0

¢tt(x7t) + 6(¢tt($7t) + d)(t))d(l‘ - xl) - ¢zz($>t) - thzm(xat) =0

Xtt(xat) + /BXtt(mvt)(s(x - xl) - Xxx(xat) - Vtha:(xvt) =0 (312)
?/J(Oat) =0= ¢(17t)

x(0,t) =0 = x(1,t).
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Figure 3.2: Dispersion relation for the damped string: \? with v = 0.1; n,, = 7.

(a) Re[A7] (b) Im[A]
Re[A%)] 8 it

T 2 3 4 5 6 7 8 6y
-10f ° 4t
20} e w,

Al 4 2 3 4 5 6 7 8" .mnY
-30F -2 7H n

-40r _5 7k

50} . -7

Definition 3.2. The damped normal modes of eigenvalue A of system (3.12) are solutions
of the form:
(t)

O(a,t) = | ¥(z,t) :Re[@,\(x)eM], (3.13)
x(z,1)

with A € C, Re[\] < 0 and T, [0,1] — C3, called eigenfunction associated to .

Proposition 3.3. The eigenvalues of the damped normal modes (3.13) are three countable
famiiies and two special ones: {)\gj’-ﬂi :j € Ny}, {)\gj’ﬁ_il 1 j €Ny}, {)\ij;j_l :j € Ny}
and X“PE  with the following properties.

BE _ 0
1257 = Ay
By
2. )\gﬁjlc = :I:icug‘ﬁl + ea’ﬁ(wgﬁl)l/ + 0(v?),

3. AWPE = i8¢ €8 (58w + O(1?),

B B B
LA 7(w><72j*1)2yi\/(wxﬁj*l)4'/274(“))@2]’*1)2
25 —-1 T 2 :
1,245 3 2 2y, 2w(a®—w?)?
) 507 fw’+2w(a? —w? )+ =g
with 60‘76(‘”) - > HaZ—w2) 4(a§_i2)2 <0.
8w+a? fw+ " + T

Proof. Let us seek solutions of system (3.12) of the form
A
®(z,t) = | f(z) | €,
g(x)

with A € C and f,g: [0,1] — C, and the real part intended. In order to handle the Dirac
delta function, we determine independently the solutions on the left-hand side, f_, g_, and
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on the right-hand side, f, g+, of the discontinuity x; and impose the interface conditions.

Then, defined £ as
A

§(A) = i\/ﬁ’
f(z) = f-(2)O(x1 — z) + f+(x)O(x — x1) has to satisfy

(3.14)

A(@®> 4+ 2%) + X2 f(z1) =0
f”((wg —&f(x) = EB(f(x) + A)d(z — a1)
f-(0)=0
1) =0 (3.15)
f-(z1) = f+(z1)
fio(@n) = fL(x1) = EB(f(a1) + A)
)

9" (z) — Eg(x) = Bg(x)d(z — 1)

g-(0) =0

g+(1)=0 (3.16)
g—(

Let us start considering the first system. The second equation of (3.15) has solution
fr(z) = azes® + bie 8, ay, by, & € C; the other five equations correspond to the
condition

a? + A2 A%t \ZeTtm Q) 0
0 1 1 0 0
det 0 0 0 et et | =0,
0 el e€r1 _gfm _o—Em
S

where in the last raw it has already been substituted A\?(f(z1) + A) with —a?A, from
the first equation in (3.15). The vanishing of this determinant, for z; = %, leads to the
characteristic equation

F(\) := B&(A) sinh (5(;)> [(a2 +A2) 2 cosh (5(;)> + a’BE(A) sinh <’5(;))] =0.

(3.17)

It has two families of solutions, which are the roots of
Fi(X) :=sinh (5(2)\)> =0, (3.18a)
F(\) := (a? + A\?) 2cosh (5(;)) + a2B€()\) sinh (5(;)) = 0. (3.18b)

- Equation (3.18a) has roots fg‘j’ﬁ()\) =i(2j)m, 5 =1,2,..., from which, inverting (3.14),
)\017'5 _ —n’r?vinavn?r22—

9] 5 4 which coincide with the even roots of the damped string
without pendulum (this proves the first part of 1.).
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- In order to solve equation (3.18b), let us utilise Dini theorem to determine at the first or-

der in v the roots of F5(v, A) = (a? + A?) 2 cosh <ﬁ) +a25ﬁ sinh (ﬁ) =
0. Set A = iw for v =0,

F5(0,iw) = (a? — w?)2cos (g) — a?Bwsin (%) =0

1 4 2 2 4 2 ,,2)\2
8>\F2(0,iw):§icos (E) [Sw—l—aQBw—i- (aww)+ (a w)}#(),

2 a?fw
and y N e - )
O\F»(0,iw) = iicos <§> [2a2[3w +2(a? — w?) + 0426} )
Hence, set € = —g:%m, at the linear order in v, )\gﬁjf = :l:iwg‘ﬁl + ea’ﬁ(wgﬂl)u +

O(v?). Analogous proof holds for A4BE This proves 2. and 3.

Let us consider now system (3.16). The first equation of (3.16) has solution g4 (x) =
ax,ief‘” +bx7ie_£$, Ay +, by +,w € C; the other four equations correspond to the condition

1 1 0 0
0 0 et e ¢
det eé.xl 6*5331 _6511 _eié.xl = 0'

—Eef (14 BE) EeE(1—fE) gt —gemEn
For z; = %, it gives the following characteristic equation:

G(\) == £(\) sinh (5(;)) [2 cosh (58)) + BE(A) sinh <5(2A)>] = 0. (3.19)

It has two families of solutions which are the roots of

G1(\) := sinh (5(;)) —0, (3.20a)
Ga(\) := 2cosh <£(2)\)) + B&(A) sinh (5(2)\)> =0. (3.20b)
- Equation (3.20a) has roots f£’2j()\) = i(25)m, j = 1,2,..., from which )‘g,Zj = )\gj.

Therefore, deg(/\gj’-ﬁ) =2 Vj € N, which proves 1la).

- Equation (3.20b) can not be solved analytically, nonetheless, noticing that & is purely
imaginary, it can be written as £ = iw, with w € R satisfying

2 cos (%) — Bwsin (%) =0.

This equation corresponds to (2.26b), therefore its roots are w?

B _
2j—1" Hence, & 2j-1 =

X

iwfi%_l, which, from inversion of (3.14), yields 4.
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O

For small values of the damping coefficient, at the linear order, the eigenvalues acquire
a negative real part with respect to the frequencies of the undamped system. Figure 3.3
and Figure 3.4 show the spectrum of the system and the dispersion relation, respectively,
compared with those of the unperturbed string. The even eigenvalues are unchanged,
while the odd ones are modified by the presence of the pendulum. Note that while the
. B . . . a}ﬁ
eigenvalues Ay, still lie on a circle, A\,,’” do not.

Figure 3.3: Spectrum of the damped string with pendulum: )\%’5,:\\&’5, )\Qn with o =17, 8 = 0.1
and v = 0.1.

Im[A]

67T

L=t Ll 1L ——sle-——eems 1 —L——— Re[A] , A%
-40 -36 -32 -28 -24 -20 -16 -12 -8 -4 n

Remark 3.1. In presence of damping the eigenvalue %8 does not ever coincide with
an eigenvalue of the unperturbed string, unlike for the undamped case. In fact, the
characteristic equation (3.17) does not admit double roots.

Remark 3.2. All the eigenvalues of the system have a non-vanishing real part, therefore,
there are no invariant undamped subspaces in the phase space. This means that every
small oscillation will be eventually damped out. Nonetheless, since we chose a model of
friction which leads to decay rates proportional to the square of the frequency, we expect
normal modes with high frequencies to vanish quickly and only a combination of a few
damped normal modes with low frequencies to survive for longer.

Finally, let us compute the associated eigenfunctions.
Proposition 3.4. For every j, the eigenfunctions are the following:

- the eigenfunction associated to )\gj’ﬂi 1S
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Figure 3.4: Dispersion relation for the damped string with pendulum: )\%’B,Xa’ﬁ,)\in with
a =17, =0.1 and v = 0.1. To the eigenvalue 28 has been assigned the arbitrary
index 3.5.
(a) Re[A] (b) Tmf[A]
Re[A] Im[A]
=1 % 8.4 5 6 7 8 9" gnf
-10F ° L] . ° 4;: 0
o0k o 8 Re[A%] 3 i . ° ¢ Im{A;]
a0l . 3 ° o Im[A{, ]
_a0f ‘ Rl TS 5 6 7 8§ 1ok
50+ ° Re[;\aﬁ] _§ ": ¢ ° ® Im[/‘aB]
. Zant Tt
-60} =
-70F ® -6
0
~ A 7
(p/\;xjﬁi (x) = a:Qtj smh({()\gjﬁ)x), (3.21)
b2j
. . ) Bt
- the eigenfunction associated to )\gj_l 18
0582 sinh €052 )
- N a2 +(33;7 )2 2
Pror (@) =351 | gon (602 o) © inh (¢(A$7)(1 o ’
2j—1 sinh ( £( 2]'71)9” (z1 — ) +sinh (£( 2];1)( —z)) Oz —z1)
0
(3.22)
- the eigenfunction associated to NwBE s
B CN S (f@aﬁ))
R i 2 (0 B) sinh 3
P52 () = @ | ginh (g(Aaﬂ)x) O(z1 — z) + sinh (5(Aaﬂ)(1 - x)) Oz — 1) |
0
(3.23)
. . . B+ .
- the eigenfunction associated to )‘x 9j—1 S
0
~ ot 0
(I))‘i,izj—l(x)_bx’%’l . 8 . 8 ’
smh(ﬁ()\x’zj_l)x) Oz — a;)+smh<§(/\xy2j_1)(1 — :z:)) O(x —x1)
(3.24)

with aX,bE, a* bt e C.

n»Yn> » Ux,n
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Proof. From (3.15) and (3.16), in order to determine A, a+, b+ and ay +, by +, the following
eigenvector problems have to be satisfied:

a? + N2 A2e"3 N5 0 0 A 0
0 1 0 0 0 o 0
0 0 0 £ e—&(N) b l=1o
303} =ity €0 —£0)
0 e 2 e 2 —e 2 —e 2 a4+ 0
£ =M™ ge ™ ge —ge s ) A/ A0
with A solution of (3.17), and
1 1 0 0 B 0
0 0 £ e—EON) X 0
£ —£(0) £ —£0) T =
o S R AT ’
€W (HBER) —EMe 2 (1-BE0)) EW)e s —gM)e 2 ) \bxt/ \0
with A solution of (3.19).
- For )\g‘]’ﬂ:
A=0
b — —a. by,— = —ay,
by = —ay and by+ = —Oy+
a+ = a_ aX7+ = ava
which yields eigenfunction (3.21).
- For )\g‘fil:
o, a,f
(A28 )2 c05:7 ) -£057 )
b =—a_ and Zxﬂ- *8
a?ﬁ Xo— T
by = *a+62£(/\2i‘;) by+ =0
ay = —a_e 0250,
which yields eigenfunction (3.22).
- For \%#;
.82 eNa) —£(A%8)
A= o B (457 ) iy =
bi = —Qa_ and aXv“r - 0
by = —a+625(/\a’5) by,- =0
ay = —a_e~€0"7), it =0

which yields eigenfunction (3.23).
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- For /\§,2j—1:
A=0
a_ =0 b_ = —a_
ary =0 and by = —a+ezf()‘§,2j71)
Z— =0 ay = —a_eff(/\iﬂjfl)
=0
Jr

which yields eigenfunction (3.24).






Chapter 4

Two pendula hanging from a string

In this chapter we extend the study made so far to the case in which there are two
pendula hanging from a string. The phenomenology in this configuration is ever richer;
in particular, we shall analyse the mutual interaction between the two pendula through
the string, which — under suitable values of the parameters — leads to beating phenomena.
Nonetheless, in absence of friction synchronization can not occur, therefore we have to
wait for the next chapter to study that mechanism.

The computation of the eigenvalues of the small oscillations is done here numerically,
assuming the two pendula to be identical and fixing their suspension points at one-third
and two-thirds along the string.

4.1 Description of the system

The model is the same as before, with the only difference that two pendula are hanging
from the string. The system consists of a homogeneous flexible and elastic string with fixed
extremities and two pendula hanging from points O and O3 of the string, respectively.

Let p be the linear density of the string, 7 its tension and A its length; let then I be
the length of the k-th pendulum and my its mass, with k =1, 2.

Since in Chapter 2 it emerged that, in the regime of small oscillations, the vertical
component of the string always decouples from the transverse horizontal one and the
pendulum, we assume now, without much loss of generality, that the string is constrained
to lay on a horizontal plane, and it is therefore not subjected to the action of its weight,
unlike the pendula. Let ¢ be the horizontal transverse displacement of a point of the
string from the x-axis on the xz-plane. The cable is thus described now by the following
embedding:

x
[0,A] >z 0 €R?
z(x,t) = Y(x,t)
with function ¢ : [0, A] x R — R such that ¢(0,¢) = 0 = (A, t) Vt.

Let ¢ be the angular displacement of the k-th pendulum measured from the descendant

y-axis on the yz-plane and let us denote with zj the z-coordinate of the suspension point

57
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Op.. The coordinates of the pendula are therefore

Tpp, = Tk
Ypi (1) = —lj cos o (t)
2y, (1) = (ag, ) + lp sin Py (1),

with k=1, 2.

Figure 4.1: Model: two pendula hanging from a string.

We initially consider the pendula having different masses and lengths and, for the
sake of simplicity, constrain the study of the normal modes of oscillations to the case of
two identical pendula.

4.2 Lagrangian

The system is described by a Lagrangian L, which is the difference between the kinetic
energy and the potential energy of the system

L(¢17 le, ¢27 ¢'$27 ¢, ?f)t) = T((bla (l'sla ¢2> (1'52, wv zblﬁ) - V(¢17 ¢27 w)a
where each term is sum of the contributions of the two pendula and of the string:
2 mk . . A p
T= Z - [liqﬁz + P2 (xg) + 2pdre () cos(qﬁk)] + / 51#,52 dx,
— 0

k=1

2 A
-
V =— kZ_l mrgly cos(dr) + /0 51@ dx.
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As before, we work in the regime of small oscillations about the stable equilibrium

configuration (@1 eq, $2,¢q, Veq(z)) = (0,0,0). To second order in the displacements, the
Lagrangian is therefore the following;:

A 2
1 1 1 ‘ . 1
L :/ { [20%2 - 27'1#3} +Z [2mk (liebi + 97 +25k¢k¢t) 2mkglk¢ﬂ o(x — 90k:)} dx.
0 k=1
Let us rescale the variables in order to obtain an adimensional Lagrangian, as follows:

[ A2
x— Ax, op+— léqﬁ, Y= AY, t— &t.
k T

and let us define the following dimensionless parameters ag, S > 0, K = 1,2, which
characterise the geometry of the system:

pgA? my,
= 4.1

2
(8 =
k leT

The definitive adimensional Lagrangian is

L:/1 [1%—11/12%22:5 [1(é%w%zéw)—la%?}m—x) dzx
0 ) t 9w r k 2 k t k¥t 2 LkPEk k y

(4.2)
which can be written in terms of Lagrangian density £:

. . 1 . .
L(¢17 ¢17 ¢27 ¢27wa wt) = /0 L(¢17 ¢17 ¢27 ¢27w7¢t7 ww) dzx.

4.3 Equations of motion

The equations of motion of the coupled system, for 51, 52 # 0, are

$1(t) + Yu(z1,t) + afn (1)

=0
$2(t) + (2, 1) + a3 (t) =0 (4.3)
G, t) + 5y B (Vul@,t) + G4(1) 0@ = ) = aa(w,1) = 0,

with the boundary conditions

¥(0,t) =0 =1(1,¢) (4.4)

for all t € R.
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4.4 Normal modes of oscillation

The equations of motion (4.3) are a linear system, therefore every solution, called small
oscillation, can be written as a linear superposition of solutions. In particular, we are
interested in periodic solutions in which every part of the system oscillates with the same
frequency, namely normal modes of oscillation. As before, we will not be able to prove the
unicity of the solutions found, since this would require a weak formulation of the problem
with use of test functions. Nonetheless, we shall characterise solutions which are €°.

In the computation of the normal modes we assume the two pendula to be identical,
namely a; = ag = « and 1 = s = 3, and we set 1 = % and xy = %

Definition 4.1. The normal modes of oscillation of frequency w of system (4.3) are
periodic solutions of the form:

¢1(t) -
O(z,t) = | ¢2(t) | = Pu(x)cos(wt + 1), (4.5)
P(x,1)

with w € R, 5 € [0, 27 and @, : [0,1] — R3, called eigenfunction associated to w.

Proposition 4.1. The frequencies of the normal modes of oscillation (4.5), for x; = %
and To = %, are the roots of the characteristic equation
F(w) := —w?sin <§> [(oz2 — w?)?2 cos? (g) + o' f%w? sin? (%)

2 2
+ (a? — w?)%cos <§u> —2wa?B(a? — w?)sin (:)] =0. (4.6)
Proof. Seek solution of system of (4.3) of the form

Aq
O(x,t) = | Az | cos(wt+n),
f(z)

with A;, A2 € R and f : [0,1] — R. In order to handle the Dirac delta functions,
we determine independently the solutions on the left-hand side and on the right-hand
side of each discontinuity. Then, f(z) = f1(x)O(x1 — z) + fr1(x)O(x — x1)O(x2 — z) +
frrr(x)©(x — z2) has to satisfy

(@? —w?)A; —W?f(x1) =0

(@ —w?) Ay —wW?f(z2) =0

F(@) +w?f(x) = —Bw? S5y (f(@) + Ap)d(x — )

f1(0)=0

frir(1) =0 (4.7)
fr(z1) = frr(z1)

Jrr(z2) = frrr(x2)

fri(z1) — fi(z1) = —Bw(f(x1) + A1)

frrr(@2) = fr(2) = —Bw(f(22) + A2).
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The third equation of (4.7) has solution fx(x) = ak cos(wz) + by sin(wz), ak,brx € R,
K =1,11,I1I, w € R; the other eight equations correspond to the condition

a? —w? 0 —w?cl —w?sl 0 0 0 0
0 a? — w? 0 0 —w?2 —w?s2 0 0
0 0 1 0 0 0 0 0
0 0 0 0 0 0 ¢ s
det 0 0 cl s1 el —sl 0 o [~
0 0 0 0 2 2 —2  —s2
pa? 0 wsl —wcl  —wsl  wcl 0 0
0 Ba’? 0 0 ws2 —we2  —ws2 we2

where ¢ = cos(w), s = sin(w), ck = cos(wzxy), sk = sin(wz), k = 1,2, and where in the
last two raws it has already been substituted w?(f(xy) + Ag) with a?Ay. The vanishing
of this determinant, for z; = } and 3 = 2, leads to the characteristic equation (4.6). O

The frequencies can be determined solving numerically equation (4.6). For every 8 > 0
and o # 3mr, with » € N4, there are two countable families of frequencies, consisting
respectively of those which are multiple of 37 and those which are not, and two special
ones: {wg_‘;ﬁ :j € Ni}, {w%%,w?ﬁl :j € N4} and @‘f"ﬂ, @3”8. Analogously to the
case of the single pendulum, Wi < WY for n < 3s—1 and Wi > WY for n > 3s, with
s(a) = [5=] (Figure 4.2).

Figure 4.2: Dispersion relation for the string with two pendula: w2 and fo with a = 17 and

B =0.5; s =2. To the frequencies " it has been assigned the arbitrary indices
k
3s — g, with £ =1, 2.
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Let us now compute the eigenfunctions of the normal modes.
Proposition 4.2. For every j, > 0 and o # 3nr, with v € N, the eigenfunctions are
the following:

- the eigenfunction associated to ngﬁ 18
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R 0
P as(z)=| 0 |sin(3jrz), (4.8)
37 a3j
- the eigenfunction associated to ws ’Bk is
(wg, wai_ k)2 . w?jék
PRI sin( —%
D s (x) =azjp | 52, wgy? (w5l a?Bug? o (wg? ;
wgi” J a27?33k7k)281n 3= )12 cos | 2L 7a2*(w§;€:)2 sin | —24-E
BO(z1 — )+ CO(x — x1)O(x2 — z) + DO(x — x2)
(4.9)

with k =1,2 and

B =sin (w3 ’Bka:)
2 B a,B a,B
O = i a8 a ngj—k : wsg ko W3J k a8
=S (ws; @ + 3 sin sin | —— ng LT
a? — (wgi”y)? 3 3

- (o ng,ﬁk 0525010"5 . wsjﬁk ) .8 o
= COS 3 — a2 ,3 )2 Sin 3 Sin w3j k w3] k.r
k

(w3]
- the eigenfunction associated to @Z’ﬁ, is
_@ sin 57
R QQf(QZ‘B)Q 3
D op(x)=ay | @°)? oo? ox? a2yt L fapf ,  (4.10)
Wy msm 5 2cos| _02*@5’6)2 sin | &

BO(x, — x) + CO(z — 21)O(z3 — 2) + DO(z — 22)
with k =1,2 and

E = sin (wk ’ﬁx>

2 AanB /\QHB AanB
~ o?BE B B
C = sin (wk "Ba:> + BAI“ 3 sin | =& sin [ - — Qg’ﬁx
OéQ _ (wa7 )2 3 3

R aazﬁ Aav/B aang
D= (2 coS < ];) - »5;/\(1 5)2 sin ];, sin <@z‘6 _ @gﬁx) ’
a — K
Wi

with an,ap € R.

Proof. From (4.7), in order to determine Ay,ax,bx, k = 1,2, K = I,I1, 111, the
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following eigenvector problems have to be satisfied:
a? — w? 0 —w?cl —w?sl 0 0 0 0 Ay 0
0 a? —w? 0 0 —w?c2 —w?s2 0 0 A 0
0 0 1 0 0 0 0 0 ay 0
0 0 0 0 0 0 c s br 0
0 0 cl sl —cl —sl 0 0 arr 0
0 0 0 0 c2 s2 —c2 —s2 brr 0
Ba? 0 wsl —wel —wsl wcl 0 0 arrr 0
0 Ba? 0 0 ws2 —we2 —ws2  we2 brrr 0
with w solution of (4.6).
- For wgéj?ﬁ:
A1 =0
As =0
ar=arr =ay; =0
by = brr = bryr
which yields eigenfunction (4.8).
- For ngék, k=12
( _ (w‘;]fk)Q . ngék
A = P sin ( 2% ) by
wg?? a?pwg? . (wsif
Ay = A4 [2(305 < - k) - aL(wg‘zjf:)Q sin ( 2 k)]
ar =20
azﬁwafék .9 wa_’[jk
arr = az_(ngfkp Sin 2?3 br
B a,B 2 a,B a,B ]
o o, Woj—k\ @ BwyiZp Woji—k
arrr = sin <w2j_k> _2 cos < 3 a2—(w§;‘jk)2 sin 3 | br
_ . 0‘25“’2&}1516 . ‘*’2(1][31@ wggék
by = [1 7‘12—(‘”‘2}5502 sin 5 cos 5 br
r a,B 2,5 a,B a,B
o a,f3 Wo s aPwy " . Wy i
\b[U = cos (WQj—k) _2 cos ( 2% k) a27(w§;€:)2 sin ( 2?)) k | br

which yields eigenfunction (4.9).
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- For & k=1,2:

_ (6215)2 . @Zéﬂ
A1 = 70427@%5)2 S1n 3 b[
o*b 2008 . [P
— k _ k k
Ay = Ay [2 cos < s > PRI sin | &
aj = 0
02/3@&713 . 9 aaﬁ
— k k
arr = @) sin — ) br
[ ~a,B 2 p~a,fB ~a,8\ ]
. ~a,f3 Wy, _ ﬁwk . Wy,
arr; = sin (wk ) 2cos | 5 @) sin | br
042[3@&’23 . oP &P .
— _ k k k
bir = [1 @) sin ( 55— ] cos | % br
i ~a,B 2 p~a,fB ~a, B ]
— ~a.p Wi _ @By, T
brrr = cos (wk ) 2 cos < . > PR sin | br
\ L k

which yields eigenfunction (4.10).

O]

The normal modes found have the following physical interpretation. The family
associated to the frequencies multiple of 37 leaves the pendula still, hanging from two

nodes of the wave described by the string. In the normal modes associated to wofyé ;. and

to @,‘:’5, k = 1,2, both pendula and the string are in motion.

Let us now determine the normal modes of oscillation in the case in which the
parameter « is a multiple of 37. For such values, CD?"B =Wy # and they coincide with a
frequency of the string. Fixed o = 3ws, the behaviour of the system is identical to the
case considered above for all frequencies except for w?gﬁ , for which the pendula instead of
being at rest oscillate with the string.

For every 8 > 0 and o = 3mr, with r € N4, there are two countable families of
frequencies, consisting respectively of those which are multiple of 37 and those which are
not: {ng?ﬁ :j € Ny}, {ng’éz,ngél :j € Ny}, and, fixed a = 37s, deg(wgf) = 3.

Finally, let us compute the associated eigenfunctions.

Proposition 4.3. For every j, 8 > 0 and o = 3ws, the eigenfunctions are the following:

- the eigenfunction associated to w?j?ﬂ, with j # s, is (4.8),

- the eigenfunction associated to w?s’ﬁ is
(=1)* ’
~ s (@~ @)
Pugr (@) = AGas (¢ — @) ’

sin(3smz)(aO(z1 — x) + d'O(z — 21)O(z2 — x) + O (21 — x))
(4.11)
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Figure 4.3: Dispersion relation for the string with two pendula with double root: w®? with
a =67 and S8 = 0.5.
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- the eigenfunction associated to wgﬁk is (4.9),
with a,a’,a” € R.

Proof. The proofs for ws ]?B with j # s and for ng_k are analogous to those of Proposi-
tion 4.2.

- For w?f = (3s)m:
Ay = %(51 —brr)
Ag = m(bn —brrr)
ar=ar =arg =0

which yields eigenfunction (4.11).
O

When the system oscillates with a frequency equal to wg‘s’ﬁ , depending on the initial
conditions, the following scenarios are possible:

both pendula and the string are in motion,

- the string oscillates, while both pendula are at rest,

one pendulum stand still, while the other one and the string oscillate,

the two pendula swing, while segments of string are at rest,

one pendulum and segments of string stand still, while the other one oscillates.

4.5 Beats

In the configurations in which two, or more, frequencies are close to each other one
expects to find beating phenomena. Let us consider the situation in which the first two
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frequencies are close and — neglecting the contribution of higher frequencies — study the
motion of the coupled system.

From a numerical computation of A; and As, it emerges that either A; = As in the
first normal mode and A; = —As in the second one, or vice versa — depending on the
parameters « and f.

Let us choose the initial conditions such that, at t = 0, one pendulum has amplitude
A and zero velocity, while the other one is at rest in its equilibrium position:

(4.12)

The small oscillation, sum of the first two normal modes, is therefore

{¢1(t) = c1 cos(wy + 1) + c2 cos(wa + 72) (4.13)

¢a(t) = co cos(wy + M) — 2 cos(wa + 12),

which satisfies the initial conditions chosen for ¢; = ¢ = %, m = n2 = 0. By substituting
these values into (4.13), the small oscillation can be written as

o1(t) = ACOS(%I&) cos(%t)

Pa(t) = Asin(%o Sin(%t» (4.14)

which represent oscillations of the average frequency % and modulated amplitude

(Figure 4.4).

Remark 4.1. The choice of considering only the contribution of the first two normal modes
will be justified with the introduction of an appropriate damping force, which produces
damping rates dependent on the frequency of oscillation.
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Figure 4.4: Beats: ¢1(t), ¢2(t) with « = 0.1 and 8 =

(a) ¢1(t) with ws.
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Chapter 5

Two pendula hanging from a string
with damping

In this chapter we add to the system, consisting of two pendula hanging from a flexible and
elastic string, the same dissipative contribution as in Chapter 3 . We fix the suspension
point of each pendula at one-third and two-thirds of the string, respectively, and study
the small oscillations about the equilibrium configuration. The eigenvalues of the damped
oscillations have been numerically determined and a qualitative analysis of the dependence
on the parameters is presented. Thus, we investigate the role of damping in the possible
synchronization of the two pendula.

5.1 Equations of motion

The equations of motion of the linearised damped coupled system, for 5y, 82 # 0, are
1(t) +yu(1,t) + afdi(t) =0
Ga(t) + it (w2, 1) + aBa(t) = 0 (5.1)
Y, 8) + S0 B (el )+ Gu() 0 = 00) = vl 8) = v (e, 8) = O,

where

2 PQA2 mp
ak lk’T ) /Bk Ap ) ) “y
and with the boundary conditions
¥(0,t) =0 =1(L,1) (5.2)

for all t € R.

5.2 Damped normal modes

In the computation of the damped normal modes we assume the two pendula to be

identical, namely a3 = as = « and 1 = o = 3, and we set 21 = % and x9 = %

69
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Definition 5.1. The damped normal modes of eigenvalue A of system (5.1) are solutions
of the form:

) — Re [@A(:U)e)‘t} : (5.3)

with A € C, Re[A] < 0, and </ISA :0,1] — C3, called eigenfunction associated to .

Proposition 5.1. The eigenvalues of the damped normal modes (5.3), for x1 = % and

xo = 2, are the roots of the characteristic equation

3
P = @sint () [ @2+ 2200 (V) 4 atgren s (1))
+ (a® + X?)% cosh (253“)) + 2¢6(M\)a?B(a? + X?) sinh (253“))] =0, (5.4)

where § € C, Im[¢] > 0, is defined by the dispersion relation

A
A) =t ——. 5.5
€ =t (53
Proof. Seek solution of system of (5.1) of the form
Ay
Oz, t)=| Ay |eM,
f(z)

with A;, A2 € C and f : [0,1] — C, and the real part intended. In order to handle the
Dirac delta functions, we determine independently the solutions on the left-hand side and
on the right-hand side of each discontinuity. Then, f(z) = fr(z)O(x1 — ) + f11(z)O(x —
21)O(x2 — x) + frrr(z)O(x — x2) has to satisfy

((042 =+ )\2)141 + )\Qf(:l/‘l) =0
(Ck2 + )\2>A2 + /\Qf(xg) =0
(@) = & f () = BE X0, (f(x) + Ap)d(x — )
fr(0)=0
frrr(1) =0 (5.6)
Jr(x1) = fr1(z1)
frr(x2) = frrr(z2)
Sir(er) = fi(zr) = €B(f(x1) + A1)
S (@2) = fr(@2) = EB(f(x2) + Az).

The third equation of (5.6) has solution fx(z) = axes® + bre %, with ag,bx € C,
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K=1,11,111,¢ € C; the other eight equations correspond to the condition

a? + \? 0 A2efrr \2e—Em 0 0 0 0
0 2+ 2 0 0 Nefrz \2etmz 0
0 0 1 1 0 0 0 0
0 0 0 0 0 0 et e ¢
det 0 0 ebT1 e—Er1 —efTt —_e—ST1 0 0 =0,
0 0 0 0 efr2 e—E72 _ebm2  _p—Ew2
R I G 0
0 lﬁiay)\ 0 0 —ebT2 getmr gefm2 _gotun

where in the last two raws it has already been substituted A2(f(xy) + Ag) with —a2Ay.
The vanishing of this determinant, for z; = % and xo = %, leads to the characteristic
equation (5.4). O

The frequencies can be determined solving numerically equation (5.4). For every
B >0 and a > 0, there are two countable families of frequencies, consisting respectively
of those which are multiple of 37 and those which are not, and two couples of special ones:
{)\gj’-ﬁi 1j € Ny}, {/\gj’ﬂ_js,)\gj’ﬁ_f :j € Ny} and X?’Bi, ’X;,Bi. Figure 5.1 and Figure 5.2
show the spectrum of the coupled system and the dispersion relation, respectively,
compared with those of the unperturbed string. Frequencies which are multiple of 37 are
unchanged, with the others are modified by the presence of the pendula.

Figure 5.1: Spectrum of the damped string with two pendula: \%# Xff with a = 17, 8 = 0.1
and v = 0.1.
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Figure 5.2: Dispersion relation for the damped string with two pendula: A28, X?Qﬁ with a = 17,

B = 0.1 and v = 0.1. To the eigenvalues X‘f‘zﬁ it has been assigned the arbitrary
indices 3.3 and 3.7, respectively.
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Let us finally compute the associated eigenfunctions.

Proposition 5.2. For every j, the eigenfunctions are the following:

- the eigenfunction associated to )\gj’»ﬁi 1S
0
@raps(x)=| 0 [sin(3jmz), (5.7)
3 +
as;
. . . a,fE+ .
- the eigenfunction associated to )‘3]'71@ s

0502 h (é(A?;Bk)

T a0 ? 5
® o (1) = a3, | @05 (605 sinh(2¢05°)) | |, (5.8)
3j—k 1| o es o Sl 3 T ap
e +()\3]7k) smh(3£()\3j7k))

BO(z1 —z) + CO(x — 21)O (22 — z) + DO(z — x2)
with k =1,2 and
)\azﬁ 2 )\Oz,'
FRG = Y 2
a2+ ()\3]"7k;)2 3
B = sinh (ﬁ(Agfik)x)
2 O‘vﬁ @,

. o a?BE(NG L) EA328) Y a8 1

C = sinh ({(Agjfk)w) + 2 ()\gﬁkV sinh 3 sinh | {(A3;7,) 2 3

o « : 2 o,
a25f()\3£k) . f()\gﬁk) sinh <§§(A3j—k)>
—aﬁ Slnh +

a? + (A3;7,)? 3 L
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- the eigenfunction associated to Xz’ﬁi 18

a2 )
_a2+?ig’5)2 s1nh< % >
+

o () =i | A, |28 G (dw)) T

with k =1,2 and

N a8
121\1 = —7(/\]“ )’ 2 Sinh(g()\k )>

a? + (A7
B = sinh (f(Xzﬁ)x)

Ja ~a . 2 ¢(YB
B[ etBET) (m,ﬁ)) N Slnh(§£(Ak )
3

—~

a? 4 (AP

with a*,ar € C.

n»-'n

Proof. From (5.6), in order to determine Ay,ax,bx, k = 1,2, K = I,II,11I, the
following eigenvector problems have to be satisfied:

a4 )\2 0 Aes  NZe~ 0 0 0 0
242 2,2 2 X A 0
0 a‘+ 0 0 A“es  M\e 3 0 0 Ao 0
0 0 1 1 0 0 0 0 ar 0
0 0 0 0 0 0 es e ¢ b 0
Ji
det 3 _£ £ _£ =
0 0 es e 3 —es —e” 3 0 0 arr 0
0 0 0 0 e3 e 3 —e3 —e 3 || b 0
2 £ _£ £ _£
1/8;;/\ 02 wLes ge §€S2§ _56253 025 ’ 2¢ ZIU 8
0 ffl‘,}\ 0 0 —&es es fes —fe 3 i
with A solution of (5.4).
- For /\gj’ﬂi:
A =
Ay =0
br = —ar

ar = arr = arrr
br =brr = brrr

which yields eigenfunction (5.7).
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- For g7 k=12

A= —a172(+?; t) )QQSinh<£( 8- ’“)>

Ay = Ay 200G ) sinh( O, k)) + Sinh( §0;- k)>]

/

a2+(>‘gjﬁk)2 3 sinh<3§(A§Jﬁk)>

a,p
o?pe(Ag%) Qs (g7
ary = ag 1+W€ 3 sinh g k

J

a,p
_ a28engs” ) Qs L (e0gf )
bII = —ay 1+ W@ 3 sinh —3
@ . o,
ey [0 (€050 | sinn (3605 )
arrr = —are "%k [ 2+()\§3?3k)2 sinh 3§ + sinh(ls(xgjﬁm
z 8

brrr =are
37—k

£0570) [ﬂﬂ) inh <f< i k>> s (3057 m)]

a24+(A%P )2 3 sinh( E(0g;2 k))
which yields eigenfunction (5.8).

- For Xz’ﬁi, kE=1,2:

Yo, By2 aﬁ
A = —a12(+(/\a)ﬂ)2smh< (A )>

PNl e B sinh( 2e(ZP8
Ay = Ay BT ik (fo\k )> + (35( u ))]

052"‘()‘2”6)2 3 sinh(%&(&?'%)

br = —ay
250308y —£QXF) a8

arr =ay |1+ 252002 B )e i sinh <§()‘§ )>
250308y £GP a8

14 288 ) b g <£(A§ )>

a2+ (A P)2

p) o o inh(2g(eP
arr; = —are €O oL 7) sinh (5(/\16’[3)> +2 h%?k )>
I
3

brr = —ay

a2+()\a B)

Ao e sinh( 262
brrr = arefO%”) [2%(”) sinh <5<Ak ﬁ)) N h(gai
i A

24 (AF)2

\

which yields eigenfunction (5.9).

O]

The eigenfunctions found have the following interpretation: those associated to
eigenvalues multiple of 3w correspond to the situation in which the pendula hang from
nodes of the string, and are therefore at rest; in the other damped normal modes, instead,
both pendula and the string are in motion.
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5.3 Synchronization

In this final section we make a qualitative numerical study in order to investigate the
possibility of synchronization between the two pendula.

The generic damped small oscillation is given by a linear superposition of the damped
normal modes:

o1(1) too NPT o
62(t) | =Y Re [@A%,m(:z)e)‘” L4 (2)eM t]
lb(%t) n=1
2 ~ SaBt, o~ Fa,B-
—i—kZlRe [@Xz,5+(x)e%’ L4 By (@MYL (5.10)

The damping model chosen produces eigenvalues whose damping rates depend strongly
on the frequency of oscillation, therefore every normal mode is damped with a different
intensity and — after a transient — one expects that the motion is given by a combination
of a few low-frequency damped normal modes only. Since the eigenvalues depend on the
parameters « and [ (from characteristic equation (5.4)), we confront now the damping
rates for different values of the parameters.

5.3.1 Dependency on the parameters
Recalling that
2
s _ pgh _m
o = 9 /3 - Ap?
the physical meaning of the possible combinations of values of the parameters is the
following:

T

a. low values of a and high values of 3 correspond to small p and A, and large m and
[, namely, a short and light string with long and massive pendula;

b. high values of o and low values of 5 correspond to large p and A, and small m and
[, namely, a long massive string with short and light pendula;

c. low values of a and § correspond to large 7, and small m and large [, namely, a
stretched string with light long pendula;

d. high values of a and § correspond to small 7, and large m and small [, namely a
sagged string with massive and short pendula.

Qualitatively, the eigenvalues with frequency of oscillation closer to a are more strongly
modified with respect to the values of the vibrating string and the perturbation increases
as [ increases. Figure 5.3 shows the damping rates of the first eigenvalues for the four
different cases. The first two modes are always less damped with respect to the others,
but the most interesting cases are those where j is large (a., d.), and the presence of the
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Figure 5.3: Dispersion relation for the damped string with two pendula with v = 0.1 for different
values of the parameters «, 3.
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pendula affects significantly the motion of the string. In these circumstances the splitting
of the first two damping rates from the others is large.

In Figure 5.4 is presented the evolution of the angular displacements ¢ and ¢o of
the two pendula for the first four damped normal modes of oscillation. While the first
two normal modes are weakly damped, those with higher frequencies decay after a few
oscillations. We are therefore justified to consider the damped small oscillation of ¢; and
@9 as the sum of just the first two damped normal modes.

Below, Figures 5.5 - 5.8 illustrate — for different values of the parameters «, § — the
temporal evolution of the displacements of the pendula as sum of the first two damped
normal modes. The simulations have been made choosing the following initial conditions:

$1(0)=A
$2(0) =0
¥(z,0) = 0
¢1(0) =0
$2(0) =0
1/1t($6,0) = 0

The initial evolution depends strongly on the parameters: small values of « lead to beats,
while for large values, most of the initial impulse of the first pendulum is transferred to
the second one within the first oscillation. However, in all cases, only the first damped
normal mode survives at long times and eventually synchronization occurs.
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Figure 5.4: ¢;(t) and ¢o(t) for the first four damped normal modes with o = 1, § = 25.
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Figure 5.5: ¢1 (t), ¢2(t) with )\1, )\2, with a = 0.1, ,8 = 25.

(a) é1(t) for ¢ € (0,5000). (b) ¢1(t) for t € (150000, 200500).
(1) i(t)
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(c) ¢2(t) for t € (0,5000). (d) ¢(t) for t € (150000, 200500).
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Figure 5.6: ¢1 (t), ¢2(t) with )\1, AQ, with o = 25, /B =0.1.
(a) ¢1(1). (b) p2(2).
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Figure 5.7: ¢1(t)7 (bg(t) with )\1,)\2, with o = 1, ﬁ =0.1.

(a) ¢1(2)- (b) ¢2(2).

() (1)

Figure 5.8: ¢1 (t), ¢2(t) with )\1, )\2, with o = 25, ,8 = 25.

(a) ¢1(t)- (b) ¢2(t).
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Conclusions

In this thesis we have studied mechanisms of synchronization in finite-dimensional sys-
tems and in continuous systems coupled with discrete ones. In particular, it has been
investigated the role of damping in the selection of some normal modes with respects to
others and original results have been found.

We first considered a generic linear mechanical discrete system with a viscous damping
term and proved that — under some hypotheses — the system admits an invariant subspace
S in the configuration space such that its tangent bundle is the invariant centre space and it
is attractive. On it the motion consists therefore of small oscillations, linear combinations
of normal modes which do not dissipate, and the system tends asymptotically to this
configuration. This property can lead to synchronization or beats, depending whether S
is one-dimensional or higher-dimensional with frequencies close in values, respectively.
The examples proposed showed this mechanism in the case of three simple models, which
highlighted also that the type of synchronization, that is in-phase or anti-phase, depends
on the particular system but it descends from the same mechanism.

As a natural continuation of this study, the case in which the damping matrix I' has
a trivial kernel but some of its eigenvalues are significantly smaller with respect to the
others should be studied. In this configuration the system has a trivial centre space,
nonetheless, one expects the existence of invariant subspaces in the phase space in which
the damped normal modes are weakly damped.

Thereafter, we constructed a system consisting of a pendulum hanging from a heavy
homogeneous flexible and elastic string, with extremities fixed. A linear analysis about
the equilibrium configuration has been made and the study of the spectrum of frequencies,
which is composed of a countable number of values plus an additional one, showed that the
frequencies below the proper frequency of the pendulum are smaller with respect to the
ones of the vibrating string, and, vice versa, are larger those above the proper frequency.
Moreover, for certain values of the parameters, the special frequency might coincide with
one of the unperturbed string, leading to normal modes in which half of the string is
at rest, while the other half and the pendulum oscillate. We then added a dissipative
contribution to the string, including an internal damping term, of Kelvin-Voigt type. This
choice of friction, which studies showed to be in good agreement with experimental data,
produces a splitting of the damping rates, which in the case of the vibrating string are
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proportional to the frequency squared. The eigenvalues of the coupled system have been
computed in the limit of weak damping, through a linear series expansion with respect to
the damping coefficient.

Since the spectrum of the system depends on the model of friction chosen, it might
be interesting to employ alternative damping terms — for example, it may be realistic
the inclusion of friction restricted to the extremities of the string — and to compare how
different contributions affect the dynamics.

Finally, in the last two chapters we extended the study to the case in which there are
two identical pendula suspended on the string. Such system accounts for the continuous
nature of the support — unlike similar models in literature, which consider the pendula
coupled through a rigid frame, elastically fixed, or discretise the beam by means of a finite
number of masses. We determined the spectrum of the system numerically, both in the
case of the undamped system and in the damped one, and we investigated qualitatively
the dependence on the parameters which characterise the model. It emerged that the
first two damped normal modes are significantly less damped with respect to those with
higher frequencies, thus, after a transient, the motion is given by a linear superposition
of the two of them only, and eventually the two pendula synchronise when only the less
damped normal mode has not completely vanished.
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