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Preface to the Second Edition

Since the appearance of the first edition we have received various feedbacks and sug-
gestions from students and teachers. To make the textbook more suitable for learn-
ing and teaching purposes, especially to show the energy and variational-asymptotic
method “in action”, we decided to include the solutions to all exercises in this sec-
ond edition (some of the exercises have been changed). Besides, we have found
and corrected various small errors and misprints in the first edition. Finally, Sec-
tion 8.4 is rewritten completely taking into account the new developments in ampli-
tude and slope modulation of nonlinear dispersive waves. We would like to thank
especially the editor of the series “Interaction of Mechanics and Mathematics”,
L. Truskinovsky, for his various constructive suggestions. The interest and support
of the publishing editor of Springer Verlag, Dr. T. Ditzinger, in this second edition
is also gratefully acknowledged.

Bochum, November 2013
Khanh Chau Le
Lu Trong Khiem Nguyen



Preface to the First Edition

We live in the world surrounded by vibrations and waves. Some, such as sound,
light, and electricity, are familiar companions in everyday life, while many others,
such as lattice vibrations, vibrations of fluid particles in a turbulent flow, or vibra-
tions of temperature about its average value, cannot be observed by naked eyes but
can be measured by sensitive modern instruments. Vibrations and waves also dom-
inate in the micro-world: vibrations of atoms, waves of elementary particles, and
one would be remiss to fail to mention that the governing equation of quantum me-
chanics is the Schrédinger wave equation. Vibrations and waves find various appli-
cations in engineering and in our everyday life, from clocks, bells, lamps, musical
instruments, to radio, television, laser, plasma, computer, internet etc. Sometimes
vibrations and waves are not as harmless as one might think. Whoever lives near a
highway or an airport knows, how annoying permanent noise can be. Medical tech-
niques and high precision equipments often require vibration free frames which are
not always easily realizable. The wings of airplane or the rotor blades of helicopter
may encounter strong vibrations during exploitation causing their quick damage.
Various catastrophes in the nature like earthquake or tsunami are also due to vibra-
tions and waves.

The above examples should make clear the necessity of understanding the mech-
anism of vibrations and waves in order to control them in an optimal way. How-
ever, vibrations and waves are governed by differential equations which require,
as a rule, rather complicated mathematical methods for their analysis. The aim of
this textbook is to help students acquire both a good grasp of the first principles
from which the governing equations can be derived, and the adequate mathemati-
cal methods for their solving. Its distinctive features, as seen from the title, lie in
the systematic and intensive use of Hamilton’s variational principle and its gener-
alizations for deriving the governing equations of conservative and dissipative me-
chanical systems, and also in providing the direct variational-asymptotic analysis,
whenever available, of the energy and dissipation for the solution of these equations.
It will be demonstrated that many well-known methods in dynamics like those of
Lindstedt-Poincaré, Bogoliubov-Mitropolsky, Kolmogorov-Arnold-Moser (KAM),
and Whitham are derivable from this variational-asymptotic analysis.



X Preface to the First Edition

This book grew up from the lectures given by the author in the last decade at
the Ruhr University Bochum, Germany. Since vibrations and waves are constituents
of various disciplines (physics, mechanics, electrical engineering etc.) and cannot
be handled in a single textbook, I have restricted myself mainly to vibrations and
waves of mechanical nature. Unfortunately, due to the time constraint I had to leave
out the most exciting and quickly developing part of dynamics, namely the deter-
ministic chaos. Chapter 7 can serve as an introduction to this fascinating topic. The
material of this book can be recommended for a one year course in higher dynamics
for graduate students of mechanical and civil engineering. For this circle of read-
ers, the emphasis is made on the constructive methods of solution and not on the
rigorous mathematical proofs of convergence. As compensation, various numerical
simulations of the exact and approximate solutions are provided which demonstrate
vividly the validity of the used methods. To help students become more proficient,
each chapter ends with exercises, of which some can be solved effectively by using
Mathematica.

I would like to thank first of all K. Hackl, who insisted that this one-year grad-
uate course in higher dynamics at Ruhr University Bochum must be taught by me,
and V. Berdichevsky, C. Giinther, D. Hodges, M. Kaluza, R. Knops, G. Schmid, L.
Truskinovsky, and many other friends and colleagues for their comments and useful
discussions.

Bochum, May 2011
Khanh Chau Le
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Part I
Linear Theory



Chapter 1
Single Oscillator

This chapter deals with small vibrations of the simplest mechanical systems, namely
of oscillators having only one degree of freedom. The most general and effective
method of solution is the Laplace transform which is based entirely on the linear
superposition principle.

1.1 Harmonic Oscillator

Differential Equation of Motion. The derivation of the equation of motion is the
first, and at the same time, most responsible step toward solution of a real problem.
Having derived the right equation, we have won already half the battle. In contrary,
having arrived at some wrong equation, all of our further efforts in solving it will
end in nothing but disaster. To derive the equation of motion we must

e idealize the real physical problem,
e apply the first principles of dynamics.

There are two equivalent methods of deriving the equation of motion based on the
first principles of dynamics: the force method and the energy method. In the force
method, we first free parts of the system under consideration from the surrounding,
then draw the free-body diagram with all acting forces, and finally apply Newton’s
law to each degree of freedom. The energy method is based on Hamilton’s varia-
tional principle leading to Lagrange’s equations. Since we are dealing then with only
one function, the energy method turns out to be simpler and much more effective,
especially for systems with many degrees of freedom and with various constraints.
In order to demonstrate their equivalence, let us begin with simple examples.

EXAMPLE 1.1. Mass-spring oscillator. A point-mass m moves horizontally under
the action of a massless spring of stiffness k (see Fig. 1.1). Derive the equation of
motion for this oscillator.



4 1 Single Oscillator

We see already in the formulation of the problem

F various idealizations of the real situation: the point-
k > mass is considered instead of a body of finite size,
X

this mass is constrained to move horizontally, the
spring is regarded as massless and linearly elastic,
Fig. 1.1 Mass-spring oscillator  the air resistance to motion through viscous damping
is neglected etc. How close this simple mathematical
model can describe the real physical problem is the
matter of experimental verification.
To use the force method we must first free the point-mass from the spring, then
draw the free-body diagram (see Fig. 1.1, right), and finally apply Newton’s second
law (mass times acceleration = force) in the x-direction

mi = ZF = —kx,

where the dot denotes the time derivative. Bringing the spring force —kx to the left-
hand side and dividing by m, we transform the equation of motion to the standard
form

X4 0gx =0, coo—\/ll; (1.1)

The energy method is based on Hamilton’s variational principle of least action'
which states that, among all admissible motions x(¢) of the point-mass satisfying the
initial and end conditions

X(IO) = X0, )C(l]) = X1,

the true motion is the extremal of the action functional
1
Ix()]= [ L(x,x)dt.
fp
The direct consequence of Hamilton’s variational principle is Lagrange’s equation
(see the derivation in Section 2.4)

doL JL

drox ox

Thus, all we need is a single function L(x,x), called Lagrange function, which is
given by
L(x,%) = K(¥) — U (v),

where K (%) is the kinetic energy and U (x) the potential energy. As soon as we have
it, the job is done, provided one knows how to differentiate functions. In our example

I See [21] and the detailed discussion in [29]. One may also read a curious and fascinating
story of Feynman about how he learned Hamilton’s principle of least action and tried later
to explain it from the quantum mechanics and path integral in The Feynman Lectures on
Physics [14].
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1 1
K(%) = 2mx2, U(x) = 2kx2.

Computing the partial derivatives of this Lagrange function

JdL JdL

ox = m, ox

and substituting them into Lagrange’s equation, we obtain

—kx,

mi+kx=0,
which can again be reduced to the normal form (1.1).

EXAMPLE 1.2. Mathematical pendulum. A point-mass m, connected with a fixed
support O by a rigid and massless bar of length /, rotates in the (x,y)-plane about
O under the action of gravity (see Fig. 1.2). Derive the equation of motion for this
pendulum.

We see that, again, several idealizations are made
to simplify the real physical pendulum: the whole
mass is concentrated in the point, the carrying bar
is rigid and massless, the air resistance to motion
through viscous damping is neglected.

In the force method we free the point-mass from
the carrying bar, draw the free-body diagram and
apply Newton’s law in the tangential direction

map = ZFT = —mgsin Q.

The force of the bar acting on the point-mass does
not contribute to this equation because it is in the
radial direction. Substituting the tangential acceler-
ation a; = [ into this equation, bringing the force term —mgsin ¢ to the left-hand
side, and dividing by ml, we obtain

Fig. 1.2 Mathematical pendulum

¢+co§sin<p:0, wy = \/f

For small vibrations the angle ¢ (measured in radian) is small compared with 1, so
we can linearize this equation by approximating sin ¢ ~ ¢ to obtain

P+ 0o =0, (1.2)

which is identical in form with equation (1.1).

Alternatively, one can free the point-mass together with the rigid bar from the
support and apply the moment equation about the z-axis (which is the consequence
of Newton’s law) to this system
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6i(mlz(i)) = ZMZ = —mglsin Q.
Since the mass is concentrated in the point, its moment of inertia about O is miZ.
In case of a real physical pendulum (rotation of a body about O) the moment of
inertia about O is given by Jo = Jg + mr?, where Jg is the moment of inertia about
the center of mass S, and r the distance between O and S (see exercise 1.2). The
support reaction in O does not contribute to the moment equation, because its line
of action goes through O. For small vibrations we obtain from here equation (1.2).
To use the energy method we write down the kinetic energy

1
K(¢) = ,m*¢,
2
and the potential energy

U(p) =mgh=mgl(1—cosp).

Note that the zero level of potential energy (which can be chosen arbitrarily) corre-
sponds to the equilibrium state ¢ = 0. Thus, the Lagrange function is

. 1 )
L(g,9) = zmlz(p2 —mgl(1—cos o).

For small vibrations ¢ < 1, therefore we can approximate 1 —cos ¢ ~ ¢2/2 and
write

; 1 ; 1
L(p,9) = mi*¢* —  mglg®.
2 2
Substituting this into Lagrange’s equation
d oL JL _ 0
dtdp do

we obtain again the equation of motion of mathematical pendulum.

EXAMPLE 1.3. Rotating disk. A rigid disk rotates about the z-axis under the action
of a spiral spring of stiffness k (see Fig. 1.3). Derive the equation of motion of the
disk.

This example represents a primitive model of a mechanical clock. In the force
method we free the disk and the rotation axis from the supports and the spiral spring,
draw the free-body diagram, and apply the moment equation about the z-axis

d
4y Je9) = X M: = —ko, (1.3)

where J; is the moment of inertia of the system disk plus rotation axis about the
z-axis. The reaction forces from the supports do not contribute to this moment equa-
tion because their lines of action cut the z-axis. Bringing the spring moment —k¢ to
the left-hand side and dividing by J,, we obtain equation (1.2), where a)é =k/J..
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To use the energy method we write

N 1
K((P)=2Jz<p2, U(<¢>)=2k<r>2

for the kinetic and potential energies, respectively.
This leads again to (1.3).

Solution. Note that the equation of motion of har-
monic oscillator

Fig. 1.3 Rotating disk
i+ 0dx=0 (1.4)

is linear. So, if we know two linearly independent par-
ticular solutions of this equation, then we can construct the general solution by their
linear combination in accordance with the superposition principle. It is easy to check
that

coswyt and  sin @yt

are the particular solutions of (1.4). Therefore the general solution reads
x(t) = Acos wpt + Bsin wt. (1.5)
The unknown coefficients A and B must be found from the initial conditions
x(0) =xp, %(0) =vo.
Thus,
Vo
o
Alternatively, we can present the solution in form
of one harmonic cosine function

A=xy, B=

x(t) = a cos(wpt — @). (1.6) x T
a
In this form a has the meaning of the amplitude of
vibration, @y the eigenfrequency, and ¢ the initial
phase. Using the addition formula for cos(wyt — ¢) t
we write

x(t) = a(cos ¢ cos @yt + sin ¢ sin wyt).
. . . . Fig. 1.4 Harmonic motion
Comparing this with (1.5), we find the relations
between a, ¢ and A, B

2

v B
a=+\/A2+B2= X3+ 02, tang = = v
(DO A X0 o
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Fig. 1.4 shows the graph of x(¢). The distance between two neighboring maxima (or
minima) of this periodic function is called a period T of vibration. Since the period

of cosine is 27,

2
="
@

Phase Portrait. Let the velocity x be denoted by

y=2x

Then each state of a single oscillator at fixed # corresponds to one point (x,y) of the
so-called phase plane. As ¢ changes this point moves in the phase plane along the
curve called a phase curve. For the free vibration of harmonic oscillator we have
from (1.6)

x=acos(mpt — §), y=2x=—awysin(wyt — ). (1.7)
Consequently, the phase curves satisfy the
equation

2 2
X y
Va a2+a2a)§ =1, (1.8)

which describes ellipses with the aspect ratio
1 : @y. Note that (1.8) can also be obtained
»  from the conservation of energy

i
7

K () +U (x) = Eo, (1.9)

which is the consequence of Lagrange’s equa-
tion (see Section 2.4). Indeed, consider for ex-
Fig. 1.5 Phase portrait of harmonic ample the mass-spring oscillator for which the

oscillator energy conservation takes the form
[SREE SICRI SR ka®
m X" = _my Xp = .
R R S R

Dividing this equation by the constant on the right-hand side, we arrive again at
(1.8). With (1.8) we can express y = x in terms of x and integrate it to obtain the
solution (1.6).

Fig. 1.5 shows the phase curves of the harmonic oscillator. In general there is no
more than one phase curve passing through a given point of the phase plane. Since
y =x > 0 in the upper half-plane and y = x < 0 in the lower half-plane, the phase
curves must run from left to right in the upper half-plane and from right to left in
the lower half-plane as time increases. All phase curves cut the x-axis at right angle,
with points of intersection corresponding to maxima or minima of x(¢) which are
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the turning points. The origin O of the phase plane is the fixed point corresponding
to the stable equilibrium state. For the harmonic oscillator this fixed point is called
a center.

Energy Balance. As we see from (1.9), the total energy of the harmonic oscillator
is conserved. Let us analyze the change of its kinetic and potential energies during
the vibration. Substituting x(¢) from (1.7) into the potential energy U (x), we get

2 kaZ

U(x) = ;kxz: ke cos”(awpt — ¢) = , [1+cos(2ant —29)].

2
Similarly, with x(¢) from (1.7) we obtain

1 22 2

K@) = -mi2 =" gin? (ot — 9) = kZ [1— cos(2apt — 29)].

2 2
Thus, the kinetic and potential energies oscillate with the same amplitude which is
equal to the total energy Eo = ka® /2, but with the double frequency 2ay. Fig. 1.6
shows the change of kinetic and potential energies from which it is seen that they
oscillate in counter-phases so that their sum remains constant, in full agreement with
the conservation of energy.

~y

Fig. 1.6 Energy change: a) bold line: kinetic energy, b) dashed line: potential energy, c)
horizontal line: total energy

1.2 Damped Oscillator

Differential Equation of Motion. Both the force and the energy methods can again
be applied to derive the equation of motion for damped oscillators. However, in the
energy method a new function describing the dissipation potential of the damper has
to be introduced. We consider two examples.
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EXAMPLE 1.4. Mass-spring-damper oscillator. A mass m moves horizontally under
the action of a spring of stiffness & and a damper with a damping constant ¢ (see
Fig. 1.7). Derive the equation of motion for this oscillator.

To apply the force method we note that the only dif-
ference compared with example 1.1 is the additional
force from the damper which is proportional to the ve-

k. i@ locity x (see the free-body diagram in Fig. 1.7, right).
ﬂ Thus, Newton’s law now reads
X

) m)’é:ZF = —kx —cx.
Fig. 1.7 Mass-spring-damper
oscillator Bringing the two terms on the right-hand side to the

left-hand side, we obtain
mi—+cx+kx=0. (1.10)

The energy method is based on the following variational principle for dissipa-
tive systems: among all admissible motions x(¢) constrained by the initial and end
conditions

x(to) = x0, x(t1) =x1,
the true motion satisfies the variational equation’
1

t
5 [" L oyde— [ 0P sxar —o. (L11)
fo to ax

Thus, a new function D(x,x), called dissipation function, appears such that the
damping force f; is expressed by

aD
ox’

fr=—ci=—

The direct consequence of (1.11) is modified Langrange’s equation for dissipative
systems (see Section 2.4)

d dL OL n oD
dt dx dx = J%
We see that the behavior of any dissipative mechanical system is governed by

two functions, namely, the Lagrange function L(x,x) and the dissipation function
D(x,%). In our example

0. (1.12)

2 This variational equation originates from d’ Alembert’s principle in dynamics [8,29], where
the last term corresponds to the virtual work done by the damping force expressed in terms
of the dissipation function [45].



1.2 Damped Oscillator 11

so, substituting this into (1.12), we derive again the equation of motion (1.10).

EXAMPLE 1.5. Mathematical pendulum with spring and damper. Derive the equa-
tion of small vibration for the mathematical pendulum connected with a spring and
a damper (see Fig. 1.8).

This model is equivalent to that of the pendulum with
the spring and with the air resistance since, in reality, the
air acts as a damper with viscous damping. In the force
method we must add the forces of spring and damper to
the free-body diagram compared with that of the math-
ematical pendulum in example 1.2. Taking into account
the smallness of ¢, the moment equation about the z-axis
reads

12
mPp =3 M. = —mglo—k o —cl’.
Fig. 1.8 Spring-damper-
Bringing all terms to the left-hand side and dividing by ~pendulum
12, we get
. . m k
me+cp+ ( lg—|-4)<p:O. (1.13)
This is identical in form with equation (1.10).
To use the energy method we must include in the Lagrange function already
found in example 1.2 for small vibrations an additional term associated with the

energy of the spring
1 1 1 [lp\*
L(g.¢) = mI*¢* — mgle® — 2k( 5 ) :

Here, the change in length of the spring, due to the smallness of ¢, is approximated
by ¢ /2 (see Fig. 1.8). The dissipation function must be a quadratic function of the
velocity /¢

. T 1 .
D(9) = ,c(19)* = ,cl*(9)*.
Substituting these formulas into modified Langrange’s equation for dissipative sys-

tems
doL 9L 9D

dta<p*a<p+a<p’o’

we derive the equation

2
mi*§+cl’¢ + (mgl—i—kl4 ) =0,

which, after division by 12, takes the form (1.13).
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Reduction to the Standard Form. Let us divide the equation of motion (1.10) by k

1 k
k4 E+x=0, co0:\/ . (1.14)
; k m

We introduce now the dimensionless time T = wyt, in terms of which the first and
second derivatives of x become

_dx dxdt
Tt T dvar Y
_di _didt
T dt drdr . 0F

X

Here the prime denotes the derivative with respect to 7. Substituting these formulas
into (1.14), we obtain the equation of motion in standard form

X' +26x +x=0, (1.15)
where the positive coefficient

6 - CCO() - C - C
2k 2moy  2vVkm

is called Lehr’s damping ratio.

Solution. We seek a particular solution of (1.15) in the form

x=¢e".

Substituting this Ansatz into (1.15)
(s*+28s+1)e" =0,

we see that, since the factor ¢*7 is not equal to zero, s must satisfy the characteristic
equation
£ +28s+1=0. (1.16)

The quadratic equation (1.16) has two roots
S172=—5i\/32—1.
The character of roots and consequently of the solutions depends on whether a)

0< 06 <1,b)d >1,0rc) 6 = 1. We analyze now these special cases.

Case a. Since 0 < § < 1, we set 1 — 8% = v? > 0. In this case the roots are complex-
conjugate
S1p = -8 tiv.

Because ¢'7 = e 97¢!V7 satisfies (1.15) which is the differential equation with real
coefficients, its real and imaginary parts
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e %cosvt and e ®Tsinvr

also satisfy this equation. The general solution can now be constructed using the
linear superposition principle

x=e %% (AcosvT+ Bsinvr).
The unknown coefficients A and B must be found from the initial conditions
x(0) =x9, «'(0) =x. (1.17)
Thus,
x+ 0xo

%
Alternatively, we can present the solution in the form

A=xy, B=

x=age 9T cos(vr—¢). (1.18)

Using the addition theorem for cos(vT — ¢), we then find that

xpy + 6x0)2 B xp+0xp
ap = VA2+B2= \/ x2 (xo , tang= =0 )
0= VAT+ 0t v2 ¢ A VX0

Case b. Because now 6 > 1, we set 82 — 1 = k2 > 0. Thus, there are two real roots
of (1.16)
s]=—0+K= —q1, S$2= —0—K= —q>2,

where ¢» > ¢ > 0. The corresponding particular solutions of (1.15) are
e T and e 927,
The general solution reads
x=Ae 1"+ Be™ 27,

Then the initial conditions (1.17) lead to

1 1
A= K(x6+qzxo), B=— K(x6+qv€0)-

2 2
Thus,
1
x= [0+ gax0)e ™" = (xh 4 qrvo)e™ 2. (1.19)

Case c. This is the degenerate case, where the real roots are equal (the double real
root): s; =sp = —0 = — 1. According to the theory of ordinary differential equations
[11] the particular solutions should be e~ and Te~*. Combining them, we obtain
the general solution in the form
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x=e "(AT+B).
The initial conditions (1.17) yield
A=Xxg —1—)667 B = xy.
Thus,

x=-e [xo(1+7)+x57].

Behavior. Having found the solutions in these cases, we can now study their
behaviors.

\
<
\
\
\\
\
)
1
1
1
1
I\
1
I
1
5\

[ 4

Fig. 1.9 Solid line: motion x = apge™°T cos(vT — ¢), dashed lines: envelopes x = +age™

Case a. The motion is classified as damped vibration. Fig. 1.9 shows the plot of
x(7) (the solid line). Since |cos(vT — ¢)| < 1, the motion oscillates between two
envelopes x = +age %7 drawn by the dashed lines in this Figure. Looking at this
motion we can recognize two characteristic dimensionless time scales

. 1 P 2r 2r
= ans = =
d 6 c v \/1 B 82 bl
or, in the dimension of real time
1 2m 2r 2r Ty

T, and T, =

O wV1-82 V1-8%

The time scale 7; characterizes the decay rate of amplitude due to damping: the
exponent function e~%7 decays after 7, by the factor 1 /e ~ 0,368, the amplitude
of vibration diminishes by 63%. The time scale 7, tells us about the so-called con-
ditional period 7, of vibration, which is larger (by the factor 1/v/1 — §2) than the
period Ty of the corresponding harmonic oscillator.

:66()0: c



1.2 Damped Oscillator 15

tan(vt) |

Ty

-d/v

Fig. 1.10 Roots of equation tanvt = —§/v

The distance between zeros of x(7) (the roots of cos(vt — ¢) = 0) is m/v. The
points at which x(7) touches the envelopes correspond to the roots of the equations

cos(vi—¢)==l1.

Thus, they lie in the middle between zeros. However these points are not identical
with the points at which maxima or minima of x(7) are achieved. Its maxima or
minima are achieved at time instants satisfying the equation

X (1) = —apde %% cos(vT — ¢) —agve Fsin(vi—¢) =0,

so, they are roots of the equation tan(vt — ¢) = —&/v. Assuming for simplicity
¢ = 0, we find that these roots are displaced from the zeros of the function tan vt to
the left by the constant amount

T, = arctan(0/v)/v (1.20)

on the 7-axis (see Fig. 1.10). Thus, the conditional period of vibration can be read
off also from the distance between two maxima or minima.

There is another important characteristic of amplitude decay which can easily be
measured by the oscillograph. To introduce it we denote by

X13X25 ey Xpye e

the maxima of x(7), and by
T,y Tye et
the corresponding time instants, at which these maxima are achieved. From the be-
havior of solution we know that
— gne— 0T
xXp =ape °™cos(vr, — @),

Xppl = age Ot ) cos[v(T, + 1) — ¢].
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Dividing x, by x,,+1 and using the periodicity of cosine function, we get

o
Xn+1
We define -
d=In " =5r,= "
Xn+1 \/1 — 52

as a logarithmic decrement of vibration. Knowing ¢ from measurements we can
restore the damping ratio & according to

B U
Van2+ 92

Case b. The motion is overdamped and loses the oscillatory character (it is called
therefore an aperiodic motion). The decay rates of exponential functions e~717 and
e~ %27 to zero are characterized by two time scales

1 1 1 1

Ty = = and T, = = .
P R R

To recognize the aperiodic character of motion let us find the instants of time, T
and Ty, at which x(7;) = 0 and ¥’ (1) = 0, respectively. Using (1.19), we derive the
following equations for 7; and 7,:

KTy 2Kx0
e =1-, ,
Xo +4q2Xo0
2Kx]
621("[2 — 1 0

q1(xy+qaxo)

Since the exponent is a monotonic function, we see that each equation has no more
than one root. Thus, oscillatory motion is impossible. If we fix the initial coordinate
xo and variate the initial velocity x6, then the solution may have different behaviors
depending on the initial velocity as shown in Fig. 1.11.

Fig. 1.11 Different aperiodic motions: 1) one root 7,, 2) no roots for 7; and 7, (monotone
decreasing function x(7)), 3) one root for 7; and 7,
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Case c. This is the limiting case of aperiodic motion. The behavior is similar to the
previous case.

Phase Portrait. The phase portraits exhibit different characters in the above cases.

Case a. To find the phase curves in the phase plane (x,y), y = x’, we transform the
equation of motion in standard form (1.15) to the system of first-order differential
equations

X=y, y=-x-26y

Thus, the tangent vector to the phase curve at point (x,y) is (y, —x— 20y). Fig. 1.12
shows the vector field (y,—x — 28y) and one phase curve in the phase plane for
6=0.1.

Fig. 1.12 Vector field (y, —x —20y) and a phase curve

We derive the equation for the phase curves from the solution

x = age T cos(vT— ¢),
X = —age % [8cos(VT — ¢) + vsin(vT — ¢)].
Introducing
u=vx, v=x+06x, (1.21)
we obtain

u=aje %Tcos(vi—¢), v=—aje sin(vi—¢),

where a; = vag. In terms of the polar coordinates p and ¥
u=pcosd, v=psind,

these equations become
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p =a1e %, 9= —VT+¢.

Expressing T through ¢ by 7= — ‘1/ (% — ¢), we obtain finally
p=a eﬁﬂ/v —8¢/v :azeﬁﬂ/v7 (1.22)

where a, = aje~9%/V. Equation (1.22) describes the family of logarithmic spirals in
the (u,v)-plane. As T increases, ¥ decreases and the spirals approach the origin.
Coming back to the original coordinates x and y, we have
p? =1+ = V22 + (y+8x)2 = y? +28xy + %,
o
¥ = arctan . = arctan” N .
u \%

Thus, the equation of phase curves in terms of x and y reads

\+5x

y +26xy+x _azezvarclan

Since the transformation (1.21) from (u,v) to (x,y) is linear, this equation also de-
scribes the logarithmic spirals in the (x,y)-plane. All spirals approach the origin as
T goes to infinity. The origin is a fixed point called a (stable) focus.

Case b. To derive the equation of phase curves in the phase plane we use the solution

_ —q17T —T
x=Ae 1" 4 Be™ 127,

y=x = —qAe 1" — gyBe” 7.
Thus, their linear combinations give

y+aqix=(q1 —q2)Be ", y+qx= (g2 —q1)Ae "

Raising the first equation to the power ¢g; and the second to the power ¢, and com-
paring them, we obtain

(v +q1x)" = C(y+q2x)*

This is the equation of the phase curves in the (x,y)-plane. Introducing the new
variables
u=y+qx, v=y+qx, (1.23)

we can rewrite the equation of the phase curves in the form

v=cu® a=">1.

q1
This equation describes the family of power functions Cu®* (with o > 1) in the
(u,v)-plane (see Fig. 1.13 on the left). The linear transformation (1.23) transforms
the u- and v-axis to the straight lines y + g;x = 0 and y 4 gox = 0 in the (x,y)-plane.
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v
=y

a) b)

Fig. 1.13 Phase portrait of overdamped oscillator in: a) (u,v)-plane, b) (x,y)-plane

yeex Y

!
\

Fig. 1.14 Phase portrait of critically damped oscillator in (x,y)-plane

The phase curves in the (x,y)-plane are shown in Fig. 1.13 on the right. Similar to
the previous case all phase curves approach the origin as 7 tends to infinity. The
origin is a fixed point called a (stable) node.

Case c. This is the degenerate case of aperiodic motion. Since g; = g, = 1, the
two axes y + ¢ox = 0 and y + g1x = 0 coincide with the bisector y = —x. The phase
curves in the (x,y)-plane are shown in Fig. 1.14. Similar to the previous case all
phase curves approach the origin as 7 tends to infinity.

Since Lehr’s damping ratio 6 is given by 8 = ¢/2may, equation 6 = 1 describes
the parabola c/m = 2+/k/m in the (k/m,c/m)-plane of parameters. The latter is the
boundary between different types of motion considered above as shown in Fig. 1.15.

Energy Balance. Because of the presence of damper in the system, the energy is no
longer conserved. The initial energy will be dissipated gradually by the damper into
heat, and the motion decays as time increases. As time goes to infinity, the initial
energy will be dissipated completely, and the system approaches equilibrium. To
find the rate of decay of the total energy we multiply modified Langrange’s equation
(1.12) by x
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om  &>1
Y stable node
aperiodic §=1
motion
o<1
stable focus
damped
vibration
0=0,stable center, > k/m
harmonic vibration
Fig. 1.15 Classification of motion in the (k/m,c/m)-plane
dJdL JL oD .
X —X, =— .. X
dr dx dx dax
Observing that
dJdL . dJK d(l 2) dK
X =X = mxi = mx°) =
dt dx “dt dx dt 2 dt’
_x(?L B x&U _dUu
ox " ox dt’
oD
— k= —cx? = —2D(%),
we obtain the energy dissipation rate in the form
d :
r (K+U)=-2D(x). (1.24)

A similar equation also holds true for oscillators with many degrees of freedom (see
Section 2.4). Integrating equation (1.24) from #; to ¢, we find the energy change at
time ¢ .
K+U—Ey=-2 | D(i(s))ds = —E4(t),
fo
where Ej is the total energy at t = £y and E,(¢) the amount of energy dissipated by
the damper at time 7.

1.3 Forced Oscillator

Differential Equation of Motion. If there is an additional external force (excitation)
acting on the oscillator, the latter is called a forced oscillator. Also in this case both
the force and the energy methods can be used to derive the equation of motion. In
the energy method the virtual work done by the external force must be taken into
account. We consider an example.
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EXAMPLE 1.6. Mass-spring-damper forced oscillator. A mass m, connected with a
spring of stiffness k and a damper of damping constant ¢, moves horizontally under
the action of an external force f(¢) (see Fig. 1.16). Derive the equation of motion
for this forced oscillator.

gy
X
Fig. 1.16 Mass-spring-damper forced oscillator

In the force method the only difference compared with example 1.4 is the external
force f(r) (see the free-body diagram in Fig. 1.16). Thus, Newton’s law in the x-
direction reads

mi =Y F, = —kx—ci+ f(t).

Bringing the spring and damping forces to the left-hand side, we obtain
mi+cx+kx = f(t). (1.25)

To use the energy method we must add to the left-hand side of variational equa-
tion (1.11) the virtual work done by the external force. The variational principle
becomes: among all admissible motions x(¢) constrained by the conditions

x(to) = x0, x(t1) =x1,
the true motion satisfies the variational equation (see the footnote on page 10)
1 11 8D 1
6| L(x,x)dr— oxdt+ | f(t)oxdt=0. (1.26)

1o 0 &X 1o

Note that the last integral representing the virtual work of external force can also be
included in the first integral as follows

t t
5 "L+ foar— [ 0P sxar = o,
fo to ax

From (1.26) we can derive modified Lagrange’s equation

doL IL oD _

_ = . 1.2
drai " ox ax W (127
With | : :
Lix i) — 2 2 pDi) = el
(x,%) oM ka , (%) o

we arrive again at the equation of motion (1.25).
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Reduction to the Standard Form. Let us divide equation (1.25) by k

1. c, f(t)
ng+kx+x: P

Introducing the dimensionless time T = @yt as in the previous Section, we transform
this equation to the standard form

X' 426X +x = g(1), (1.28)

where the prime denotes as before the derivative with respect to 7 and g(7) =
f(t/wo)/k. Equation (1.28) is the inhomogeneous linear differential equation of
second order. According to the theory of ordinary differential equations [11] the
solution of this linear equation is the sum of any particular solution of the inho-
mogeneous equation and the general solution of the homogeneous equation which
has been found in the previous Section. Thus, the problem reduces to finding any
particular solution of the inhomogeneous equation (1.28).

Particular Solution for a Step Function. Consider first a special excitation in form
of the unit step (Heaviside) function

0 fort<0,
1 fort>0.

g(7) =h(t) :{

We seek the solution of equation (1.28) satisfying the initial conditions

Such the solution is called a unit step response. For an underdamped oscillator (8 <
1) the solution has obviously the form

x=14Ce %% cos(vi—9).
The initial conditions will be satisfied if
x(0)=14Ccos¢ =0,

and
¥'(0) = —C(8cos¢p — vsing) =0. (1.29)
It follows from the last equation and (1.20) that

tan¢—i—\/l(i32:>¢—VT*—\/1521’»«,

where 7, is given by (1.20). From x(0) = 0 we find the coefficient C
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1
cos¢’

Since tan¢ = §/+/1 — §2, it is easy to show that cos ¢ = v/1 — 82, so
Cc— 1
V1-

Thus, the unit step response for the underdamped oscillator is given by

xr(r)zl—\/ —52005\/1 62(t—1.)]

Fig. 1.17 Unit step response: a) 6 =0.25,b) § =0.5,¢) 6 =1,d) 6 =2

Doing similar calculations, we can obtain the unit step responses also for the
overdamped oscillator (6 > 1)

o+ Kef(fo)r_,'_ 6— Kef(5+r<)r

H(T)=1- ’
%(7) 2K 2K

as well as for the critically damped oscillator (6 = 1)
x(T)=1—(1+1)e

(see exercise 1.5). The graphs of these unit step responses are plotted in Fig. 1.17
for different values of damping ratio 8.

Particular Solution for General Excitations. Let us consider now an arbitrary
excitation g(t) which is zero for 7 < 0 and remains finite as 7 goes to infinity.
Since the initial conditions can later be satisfied by the solution of the corresponding
homogeneous equation, we seek a particular solution of (1.28) satisfying the initial
conditions

x(0) =0, X'(0)=0.

The effective way of finding the solution is the Laplace transform (see, for example
[13]). For any function x(7) we define its Laplace transform according to
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X(s) = ZL[x(7)] = /O " x(v)e T dr,

with X (s) being called the Laplace image of x(7). We assume that the Laplace trans-
forms of g(7), x(7) and its derivatives are defined for any complex number s with the
positive real part. Applying the Laplace transform to both sides of equation (1.28),
we obtain

/(x"—&—25x’+x)e_”d‘£:/ g(t)e*tdr.
0 0

Performing the partial integration, we have
L] = / Xetdr=xe %] +/ sxe *tdt = s.ZL[x] = sX (s).
0 0

The initial condition x(0) = 0 as well as the behavior of x(7) at infinity have been
taken into account. Similarly,

L' = / x'e Tt = x/ef‘”’: +/ e 3 Tdt = s LX) = $2X (s).
0 0
Thus, the differential equation (1.28) is transformed into an algebraic equation
(s +28s+ 1)X (s) = G(s),

yielding immediately
G(s)
X(s)= .
(s) s24+28s+1

To find the original function from its image function we apply the inverse Laplace
transform to (1.30)

(1.30)

- Loperi= Gls)
x(e) =2 X)) =, /af,-m 2 rpey €S, (1.31)
where o is any real and positive number. Integral (1.31) is taken along the line
(a0 — oo, 00 + ieo) in the complex plane of s. Since the roots of the characteristic
equation have non-positive real parts, the integrand of (1.31) is regular along this
line and thus, the integral converges. The problem reduces then to computing the
inverse Laplace transform of the product G(s)/(s*> + 28s + 1). Observe that the
inverse Laplace transform of sG(s) is g’(t), while the inverse Laplace transform
of 1/s(s®>4+28s+ 1) is the unit step response x,(7) found previously. Indeed, the
Laplace transform of the Heaviside function is

ZLlh(7)] = /Ome_”drz i

50, by substituting this in (1.30), we obtain 1/s(s> +28s -+ 1) as the image function
of the unit step response.
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To compute the inverse Laplace transform of the product we use the following
property of the Laplace transform. Consider two arbitrary functions f(7) and g(7),
with f(t) = g(t) = 0 for T < 0. Denote the convolution of two functions f(7) and

g(7) by

T

(Fe9)® = [ fa=nsdr= [ f(z=ngd = (g ().

We compute the Laplace transform of the convolution

Lfrg] = /0 ) ( /0 ) f(T—t)g(t)dt) e,

Changing the order of integration with respect to 7 and ¢, we have

Lfrg) = /: /:f(r —De STdrglr)d.

Changing the variable of integration from 7 to u = T —t, we obtain finally

Lfrg) = /O " Fu)e " du /0 " g(t)eVdt = F(5)G(s).

Thus, the Laplace transform of the convolution f x g is equal to the product F (s)G(s)
and vice versa. Consequently, the inverse Laplace transform of (1.31) yields

T
x(t) = / & (1) (T —1)dr. (1.32)
0
This is Duhamel’s formula for the particular solution of (1.28).

Solution of Initial-Value Problem. It turns out that the Laplace transform can also
be used to find the solution of the initial-value problem

X' +28x +x=0,
x(0) =x9, '(0) =x;.

Indeed, applying the Laplace transform to this equation and observing that, due to
the initial conditions,

LK) = / e Tdt = —xo+sX(s),
0

L' = / K'e STt = —x) — sxo+ 5°X (s),
0

we obtain
(s> 4+ 285+ 1)X (s) = x{) + sx + 28x0.
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Thus,
/
X(s) = Xy + 85x0 +20x0
s2+28s+1
and the problem reduces to computing the inverse Laplace transform of the rational
function (see exercise 1.6).

)

Energy Balance. We calculate the rate of change of the total energy due to the work
done by the external force and the dissipation. Multiplying modified Langrange’s
equation (1.27) by X, we obtain

dJdL JL aD'+f(t)'
X —X, =— X X.
dt dx "~ dx %
Making the same observation as in previous Section, we obtain the rate of change

of energy in the form
d

dt
Integrating equation (1.33) from 7y to ¢, we find the energy change at time ¢

(K+U) = —2D(%) + f(1)1. (1.33)

K+U—-Ey=-2 ttD(x(s))ds—&— ttf(s)x(s)ds =—E (t)+W(t),

where Ej is the total energy at t = #y. The last term W (z) is the work done by the
external force which is stored in the energy of the system except that part E;(t)
dissipated by the damper.

1.4 Harmonic Excitations and Resonance

As we know from Section 1.2, any solution of the homogeneous equation ap-
proaches zero as 7 becomes large if the damping ratio 6 is positive. Therefore
only the particular solution of inhomogeneous equation which persists at large time
(called forced vibration) presents interest in most applications. The forced vibra-
tion has been found in the previous Section for an arbitrary excitation through the
Laplace transform leading to Duhamel’s formula. In spite of this general method
of solution we consider in this Section the special case of harmonic excitations for
which the forced vibration can be determined directly and in a simple way, without
using the Laplace transform technique. The results of this Section are also important
for the variational-asymptotic method in non-linear vibrations.

Type of Excitations. We consider three cases of harmonic excitations.

Case a. Harmonic force excitation or excitation through the spring.

EXAMPLE 1.7. The damper-mass-spring oscillator is excited by the harmonic mo-
tion of the spring hanger: x, = xocos ot (see Fig. 1.18).

Since the spring force is proportional to the change of length x — x,(¢), the equation
of motion reads
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Fig. 1.18 Oscillator excited through spring hanger

mi = —cx — k(x — x,).
On the other side, the same equation can also be derived from the Lagrange function

1

2k(xe(t) —x)?

L(x,%) = 2mx2 -

and the dissipation function D(x) = ;cxz. Bringing the two terms —cx and —kx to
the left-hand side and transforming the obtained equation to the dimensionless form
as in Section 1.2, we get

X" +26x +x=xpcosnT,

where 1 = @/ @y is the frequency ratio. Note that the same equation of motion holds
true for the forced oscillator in example 1.6 if we set f () = fycos t and xo = fo /k.

Case b. Harmonic excitation through the damper.

EXAMPLE 1.8. The spring-mass-damper oscillator is excited by the harmonic mo-
tion of the damper piston: x, = xo sin ot (see Fig. 1.19).

m&p@e

Fig. 1.19 Oscillator excited through damper piston

In this case the damping force as well as the dissipation function depend on the
relative velocity x — X,. Thus, the equation of motion takes the form

mi = —kx—c(x—%.).

Bringing the two terms —kx and —cx to the left-hand side and transforming the
obtained equation to the dimensionless form, we get

x4 28x +x=28nxgcosNT.

Case c. Harmonic excitation through the motion of the frame.

EXAMPLE 1.9. The spring-mass-damper oscillator is excited by the harmonic mo-
tion of the support frame: x, = xgcos ot (see Fig. 1.20).
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o Y512,

Fig. 1.20 Oscillator excited by motion of frame

We write the equation of motion in terms of the relative displacement of the mass
with respect to the moving frame, x, = x — x,. Since the acceleration in the fixed
inertial frame is ¥ = ¥, + X., we have

m(%, +X,) = —cxy — kxy.

Bringing all terms in the right-hand side to the left-hand side, the term mi, =
—mxo®”cos t to the right-hand side and transforming the obtained equation to
the dimensionless form, we get

X! 428X, 4 x, = n*xgcosNT.

One can of course derive the equations of motion in examples 1.8 and 1.9 also by
the energy method (see exercise 1.8).
Thus, in all three cases we may present the equations of motion in the form

X" 428X +x=xpacosnt, (1.34)

where the factor « is equal to

1 in case a,
o0 =1<28mn incaseb,
n?  incasec.

Amplitude and Phase of Forced Vibration. We seek the particular solution of
equation (1.34) in form of harmonic motion

x=xoMcos(NT— ) =xoM(cosnTcosy+sinntsiny),

where M is called a magnification factor and y the phase of forced vibration. Dif-
ferentiating this equation with respect to 7, we have

X = —xoMn(sinnTcosy —cosNTsiny),
X" = —xoMn?*(cosNTcos ¥+ sinnTsiny).

Substitution of these formulas into the equation of motion (1.34) gives
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) 8=0

15 2 !

Fig. 1.21 Phase y versus frequency ratio 1 at different damping ratios &

cosNTlxoM(1 —n?)cos w4 28MxoM sin y — xp /]
+sinntlxoM (1 —n?)siny — 28nxoM cos y] = 0.

Since cosn 7 and sinn7 are independent and are not identically zero, the expres-
sions in the square brackets must vanish yielding

26n

e (1.35)

t: =
an 1
and o
M= L.
(1—n?)cosy+26nsiny
We see from (1.35) that the phase y is independent of ¢, so it remains the same
in all three cases. However, one should keep in mind that y in case b) is the phase
difference between the response x and the velocity x,. The plot of y/(n) for different
values of 0 is shown in Fig. 1.21.

Fig. 1.22 Magnification factor M versus frequency ratio 1 at different damping ratios &
(case a)

The equation for the magnification factor M can still be reduced to the form
independent of the phase y. We first note that, due to (1.35),
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Fig. 1.23 Magnification factor M versus frequency ratio 1 at different damping ratios &
(case b)

2 o ) cosy, 28m
(1-n )cosl//+25nsm1//725n(sml//+tanw)—Sinw.

From the same formula (1.35) we can easily express sin y as

. 201
siny = \/(1 —112)2—&-452112. (1.36)
Thus,
M= o (1.37)

V(1=n2)2 448202
The plots of magnification factor M versus the frequency ratio 1 for different values
of damping ratio 0 are shown in Figs. 1.22-1.24 in cases a, b, and c, respectively.

= N w A g o e

Fig. 1.24 Magnification factor M versus frequency ratio 1 at different damping ratios &
(case ¢)
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One may be interested in finding the maximum of magnification factor and the
frequency ratio at which this maximum is achieved. One speaks then of the resonant
vibration. In case a) the maximum of M is achieved at 17, = /1 — 282 giving

1 1

M = =

"=k 26V1-82

for § < 1/v/2 and at n = 0 giving M,, = 1 otherwise. In case b) the maximum is
always achieved at n = 1 giving M,,, = 1. In case c) the maximum of M is achieved
atn, = 1/v1—282 giving

2
M= 1
Vni—1 28V1-82

for § < 1//2 and at N = o giving M,, = 1 otherwise. The curves corresponding
to the maxima of the magnification factors are drawn in Figs. 1.22 and 1.24 by the
dashed lines. It is remarkable that the maxima of M are in general not achieved when
the frequency of external excitation coincides with the frequency of free vibration
®. = wy\/1 — 82 (which means 1 = /1 — 82) except the case § = 0 for which
M,, = oo (strict resonance).> Some characteristic values of phase and magnification
factors are presented in Table 1.1.

Table 1.1 Characteristic values of y and M

n v M (case a) M (case b) M (case c)

0 0 1 0 0
1 m/2 s 1 )5
o T 0 0 1
1 1
M = o5y1-82 1 26v/1-62

Power and Work. Let us find out the power and work done by the external force on
the forced vibration. We define the power of the external force as

P = f(t)x.

For the forced oscillator with f(¢) = kxocos @t (case a) the forced vibration is de-
scribed by
x=xoMcos(ot —y), x=—xo0Msin(wr—y).

3 Actually the solution in this case is xoM7sin 7, and its amplitude tends to infinity only in
the limit T — oo (see exercise 1.10).
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Thus,
P = f(t)i = —kx}®M cos ot sin(wr — y)
1
= 2kx%coM[sin v —sin(2wr — y)]| =P, — P,
where the constant part P, = ;kx%a)M siny is called an active power, while the

oscillating with doubled frequency part P, = ;kx% oM sin(2ot — ) an idle power.
Remembering the formulas (1.36) and (1.37), we obtain in case a)

on?

2 )

P, = kxgo (12244522 — kxy oMo,

P, = kxj oy B sin(2ar — y) = kxgwoM; sin(20t — ).

2¢/(1-1n?)2+482n?2

Knowing the power, we can easily calculate the work done by the external force
according to

1
W= [ Pdt= ;Fo)ﬁa)(t —1o)siny + :‘Fo)ﬁ[cos(Zcot — ) —cos(2mty — )],
1o
where Fy = kxo and £ = xoM. We see that the work done by the external force can
be decomposed into two parts: the active work W, which grows linearly with time,
and the idle work W; which is the periodic function. The work done in one period of
vibration is given by
W* = nFyfsiny.

We know that, for periodic motions, the kinetic and potential energies are periodic
functions, so they do not change in one period. In contrary, the energy dissipation in
one period of vibration is positive and equals

T 2
R = 2/ D(x)dt = c(w€2/ sin® (ot — y)d(ot) = rcf’ 0.
0 0

=
=>y

Fig. 1.25 Energy diagram of forced vibration
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Diagram 1.25 shows the comparison between the work done W* and the energy
dissipation R* in one period of forced vibration as function of the amplitude £ at
some fixed frequency. While the work done in one period is a linear function of
X, the energy dissipation is quadratic with respect to X. The straight line cuts the
parabola at a point with coordinate £; = Fysin y/c. If £ < %5, then the work done
by the external force is larger than the energy dissipation, so the amplitude of forced
vibration must increase. If £ > £, then the work done by the external force is smaller
than the energy dissipation, so the amplitude decreases. Thus, £; corresponds to the
steady-state amplitude of forced vibration.

1.5 Exercises

EXERCISE 1.1. Derive the equation of motion of a roller (mass m, radius r) hung
on an unstretchable rope and a spring (see Fig. 1.26) with the help of

Fig. 1.26 Roller hung on rope and spring

1) the force method,
ii) the energy method.
Determine the eigenfrequency of vibration.

Solution. i) The force method. We free the roller from the rope and the spring (see
Fig. 1.27) and apply the moment equation about A

d
» (Jap) =D M, = —F2r.

From the kinematics we know that ¢ = x/2r. Besides, the spring force is equal to
F; = kx, while the moment of inertia of the roller about A is

1 3
Ja=Jo+mrt = _mr* +mr* = _mr’.
2 2
Thus, the equation of motion reads
3 ¥ 8k
2mr2 2xr =—kx2r = X+ 3mx =0,
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R,
N

and the eigenfrequency is given by

, 8k 8k
wO:Bm = ™= 3m’

Fig. 1.27 Roller and the forces

ii) The energy method. We write down the kinetic and potential energies:
K = = k .
2.] o, U 2 X

Taking into account the kinematic relation ¢ = x/2r and the formula J;, = %mrz, we

obtain the Lagrange function in the form

3 1
L=K-U-= 16mx2— 2kx2.
Then, from Lagrange’s equation
doL JL 0
dt dx dx

we derive again the above equation of motion and the formula for @y.

EXERCISE 1.2. Derive the equation of motion of a thin circular ring (mass m, radius
r) hung on a support O (see Fig. 1.28). Determine the eigenfrequency of its small
vibration.

Fig. 1.28 Ring hung on support
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Solution. We write down the kinetic and potential energies:
1 . 2
K= 2Jo(p , U=mgr(l —cosg).
The moment of inertia of the thin ring is equal to
Jo =Js+mr* = mr* +mr* = 2mr.
For small vibrations with ¢ < 1 we approximate 1 —cos ¢ ~ 5(;)2. Thus,
2.0 |1 2
L=mr ¢°— 2mgr(p .
From Lagrange’s equation we derive the equation of motion
2mr2('p +mgro =0.

Consequently, the eigenfrequency is

/8
0)0\/21"

EXERCISE 1.3. Three turning points are measured from the vibration of a damped
oscillator: x; = 8.6mm, x, = —4.1lmm, x3 = 4.3mm. Determine the middle point
of vibration (position of equilibrium). Find the logarithmic decrement ¥ and the
damping ratio 8.

Solution. The free vibration of the underdamped oscillator is described by

&

x(T) = xpm +ape” °Fcos(vT — @),

where x,, corresponds to the position of equilibrium. As we know, x(7) achieves
maxima or minima if

tan(vi—¢)=—56/v.

So, the turning points (corresponding to maxima or minima) occur at the time in-
stants 7), 7] + 7./2, 71 + 7. and so on, with 7; being the time instant of the first
turning point and 7, = 27t/ Vv the conditional period of vibration. Taking the period-
icity of cosine function into account, we have

X1 =Xm +Ca
Xy = X — Ce O/,

X3 = X + Ce 927/V,
where C = gge 9™ cos(v1 — ¢). Forming the differences we easily see that

X=X _ OV _ ,0T/2
X3 — X2



36 1 Single Oscillator

Thus,

X1

m T = 01./2= v

X3 — X2 2 ’
with 9 being the logarithmic decrement. Substituting the given values of turning
points into this formula we obtain
X1 —

2 _0.827.
X3 — X2

¥ =2In

Knowing the logarithmic decrement, we find Lehr’s damping ratio

v

= =0.13.
Van? + 92

Now we form the differences x| — x;,, and x,, — x, and consider the quotient

M= Xm _ sw/2 _ 02
Xm — X2

From the last equation it is ready to find x,,

X1 +xze’9/2

X = 14 e?/2 = 0.956mm.

EXERCISE 1.4. The time constants are measured from the vibration of a damped
oscillator: T; = 5s, T, = 2s. Determine ¢ and §.

Solution. According to the formulas for the characteristic times 7, and 7, we have

1 2r
T; = and T, = .
7 Say w1 - 82

Thus, it is not difficult to see that

2o T.
19: =
V1-82 T

Knowing 1, we can restore the damping ratio 6 according to

=0.4.

)

0= =0.0635.
Van? + 92

EXERCISE 1.5. Determine the unit step responses for the overdamped and the crit-
ically damped oscillators.

Solution. For an overdamped oscillator (8 > 1) the unit step response satisfying the
initial conditions
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has obviously the form

X (T) =14+Ae N" + Be™ 027
where
QI:6—K, q2:3+Ka

and Kk =62 — 1. Substituting this solution into the initial conditions, we obtain for
A and B the equations

x(0)=1+A+B=0,
x.(0) = —Aq) — Bg, = 0.

Solving these equations with respect to A and B, we get

73+K

d—K
2K '

A:
2K

, B=

Thus,
0+K 0—K
. —1_ —(6-x)T —(5+1<)1.
x(T) e © + e

For a critically damped oscillator (§ = 1) the unit step response must have the
form
x(T)=1+¢ “(AT+B).

The initial conditions lead to

x(0)=1+B=0, x.(0)=A—B=0,
yielding

A=B=-1.
Thus,
x(T)=1—(14+1)e "
EXERCISE 1.6. Find the solution of the initial-value problem
X' +28X +x=0,

satisfying x(0) = xo and x’(0) = x{, with the help of the Laplace transform.

Solution. As shown in Section 1.3 the Laplace transform applied to this initial-value
problem leads to
X+ sx0 +28x0
X (S ) ="0 2
524285+ 1
where X () is the Laplace image of x(7). Thus, the problem reduces to computing
the inverse Laplace transform of the rational function

b

Otioo 4/ 2
x(r):,iﬂ_l[X(s)}— 1 / Xo+sx0+26x0

ST
- ds.
27 Jyiw 2428541 Y
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Since X (s) is the ratio of two polynomials P(s)/Q(s), its inverse Laplace transform
equals the sum of the residues of X (s)e*" at the singular points (poles) of X (s). For
the overdamped oscillator (& > 1) we have two different real roots of the character-
istic equation corresponding to two simple poles of X (s)

§=851=—41, §=8 = —q2,
therefore » »
X(T) _ /(_ql) efqlr+ /(_5]2) e 12T
0'(—q1) 0'(—q2)
Since
P(s) = x{+sx0+28x9, Q'(s) =25+28,
and

g1=06—-k, q=06+K,
we easily find that
P(_ql) _ 1 / . 1 ,
Q/(_ql) - 2K(x0+q2x0)a = K(x0+q]x()).
Thus,
1
x(7) = 2k [(xo 4+ q2x0)e ™" — (x4 + q1x0)e” 7],

which agrees with the formula (1.19).

For the underdamped oscillator with § < 1 we have two complex conjugate roots,
and the computation of the inverse Laplace transform can be done in a similar man-
ner. For the critically damped oscillator (6 = 1) there is one double root s = —1
corresponding to the pole of order two, so

x(1) = J [P(s)e'"] =e "[xo(1+7)+x57].

s=—1

EXERCISE 1.7. Use Duhamel’s formula to compute the response of the critically
damped oscillator with § = 1 to the so-called ramp function

0 for 7 <0,
g(t)=< ar for0<1<1,
aty for > 1.

The oscillator was at rest for 7 < 0.

Solution. According to Duhamel’s formula

w0 = [ g0 (c—na,

where x,(7) is the unit step response function. For § = 1 we have



1.5 Exercises 39

x(T)=1—(14+1)e "
We compute the derivative of the ramp function g(7) given above
0 fort<O,

d(t)=<Xa for0<1<m1,
0 fort> 19.

So we need to consider two different cases.
Case a: T < 1. In this case

(1) :/()Toc[l C (14 (r— 1)) TN dr

T T
—a {r/ e*(H)dt—/ (rt)e(f%lt]
0 0

0 0
= [T—/ e'du—+ ue”du}

-7 —T

=0o(t—2+2 "+1e ") =0a[t—2+(7+2)e "]

Case b: T > 1. Since g'(t) =0 for T > 15, we have

X(7) = /OTO all = (14 (1—1))e~ TN dr

T T
= {‘L’o/Oe_“'_t)dt/O(Tt)e_(f_t)dt}
0 0

To—T To—7T
= {T() 7/ e'du-+ ue”du}

-7 -7
=oftn—(2+1—T)e T 4 (1+2)e 7.

EXERCISE 1.8. Derive the equations of motion in examples 1.8 and 1.9 by the
energy method.

Solution. In example 1.8 (see Fig. 1.19) the Lagrange function reads

1

1
2m)'c2f 2kx2.

L(x,x) =

The dissipation function depends however on the relative velocity

1
D= 2c(x—)'ce)2.

From modified Lagrange’s equation for dissipative systems

doL _dL oD _
dt dx ox dx
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we derive the equation of motion
mi+kx+c(x—x.)=0.
For the system in example 1.9 (see Fig. 1.20) the Lagrange function reads

1 1
L(x,%) = 2m)'c2 - 2k()c —x.)2.
We see that the potential energy depends on the relative displacement. The dissipa-

tion function depends also on the relative velocity
1

D= 2c(x—fce)z.

From modified Langrange’s equation for dissipative systems

doL JL ID

droi ox T ox O

we derive the equation of motion
mi—+ k(x —x,) + c(x—x.) = 0.

Introducing the relative displacement x, = x — x,, we can present this equation in
the form
mx, + cx, + er = —mjc'e.

EXERCISE 1.9. Derive the equation of vertical motion of a frame (mass m ) excited
by two rotating unbalanced masses (mass m, /2, frequency of rotation w, radius of
rotation r). The frame is connected with two springs of equal stiffness k/2 and a
damper with damping constant c (see Fig. 1.29). Determine the magnification factor
of forced vibration.

Fig. 1.29 Vertical forced vibration of frame

Solution. We derive the equation of motion by the energy method. Let x be the ver-
tical displacement of the center of mass of the frame from the equilibrium position.
The displacements of the unbalanced masses from their equilibrium positions are
given by
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Xy =x-+rcoswt, y,=trsinwr.

The plus and minus signs are due to the fact that the unbalanced masses rotate in the
opposite directions. Their velocities are

Xy =X—rosinwt, y,==trwcoswt.

Thus, the kinetic energy of masses equals

1
2

1

K(%) = )

. 1
mpx® 4 _my (X — rosinor)* + 2mur2a)2 cos® ot

Since the gravitational force and the static spring forces do not contribute to the
potential energy, we have

The Lagrange function reads

1, 1
L=K-U= _m¢"+

1 1
5 2m,,()éfrcosincot)2+ 2mur2(1)2cos2 ot — 2kx2.

The dissipation function is given by

From modified Lagrange’s equation

d JdL JdL 9D
. + . = Oa
dt 0x oJdx oJx
we derive the equation of motion of this system
(my +my)i+ cx + kx = myro* cos ot.

k
m/-+mu
the dimensionless time T = @yt, we reduce the equation of motion to the standard
form

The eigenfrequency of free and undamped vibration is wy = . Introducing

X" +28x +x=xon*cosn,

where
cay my 0]

6= 2» X0 = I, =

)

= gt n o
The forced vibration reads
x=xoMcos(nNt—y) = xoM(cosnTcosy +sinnTsiny),

where M is called a magnification factor and y the phase of forced vibration. The
magnification factor is equal to (see Section 1.4)
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V(1 —=n2)2 445202
EXERCISE 1.10. Show that the variational problem

2 1
5/ (X% = _x*+costx)dt =0
0o 2 2

has no extremal in the class of periodic functions with x(0) = x(27) and x'(0) =
X'(27). Find its extremal. What happens if the last term in the integrand is sin Tx?

Solution. Lagrange’s equation for the extremal of this action functional reads
4
X +X=CO0ST.

Since the frequency of the external excitation coincides with the eigenfrequency of
the system corresponding to the resonance, we look for the particular solution of
this equation in the form

x(t) =AtsinT.

Computing the derivatives of x(7), we have
X' =A(sint+tcost), x"=A(2cosT—TsinT).

Substituting these formulas into Lagrange’s equation, we find that
I 1
X'+x=2AcosT=cosT = A:2

The general solution then follows
.
x(1) = ,TsinT +acos(t—¢).

We see that the extremal is non-periodic, and the amplitude of forced vibration goes
to infinity as T — oo.
If the last term in the action functional is replaced by sin T x, then the Lagrange’s
equation changes to
X" +x=sint.

Similar calculations show that

1
x(t) = *ZTCOS‘L"F(ZCOS(T* 9).

This corresponds again to the resonance because the extremal is non-periodic, and
the amplitude of forced vibration goes to infinity as T — oo.

EXERCISE 1.11. Find the maxima of the magnification factors M in three cases a,
b, and ¢ considered in Section 1.4.
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Solution. As shown in Section 1.4, the magnification factor M is given by

o
V(1=n2)2 448202

where
1 in case a,
o0=1<28mn incaseb,
n%  incasec.

To find the maximum of M we must differentiate M with respect to 1. Consider first

case a. In this case
dM,  2n(1-n>-28%)

dn (122 +48n2P2
Equating this derivative with zero, we find that the maximum is achieved either at
n =0orat
n=+1-282
Substituting these values into the formula for M, we find that the maximum is either
1 or

1
maxM, =
28162
In case b we have
M, 26 dn(—4(1-n*n+88n)

dn L\ J(1-n22 4482 [(1-n02)? 4482022
Simplifying this expression, we obtain

dM,  28(1—-n?)(1+n?)

dr' [(1 _n2)2+432n2}3/2'

Thus, the maximum is always achieved at n = 1 giving maxM; = 1.
In case c the calculations give

M, 2n ~nP(=2(1=n?)n +48°n)
dn V(1 =n2)2 448202 [(1—12)24482n2)3/2
Simplifying this expression, we obtain

dMe _ 2n(1—(1-28%)n?)

dn [(1—n2)2 448202372
Thus, the maximum of M, is achieved at 1, = 1/\/1 — 282 giving

U
Vi =1 28V1-82

max M, =



44 1 Single Oscillator

for 6 < 1/\/2, and at 1 = oo giving limy_.. M, = 1 otherwise.

EXERCISE 1.12. Find the idle and active works done by the external forces in cases
b and c considered in Section 1.4.

Solution. In example 1.8 corresponding to case b (see Fig. 1.19) the equation of
motion reads
mx + kx + cx = cxX, = cxycos wt.

The right-hand side of this equation is the force acting on the damper piston. The
power of this force is equal to

P = f(t)i = —cx3@*M cos wr sin(wr — )

1
= 2cx%a)2M[sin y —sin(2ot — y)]| =P, — P
The constant part P, = écx% ®>M sin y is the active power while the oscillating with
doubled frequency part P; = écx(z)a)zM sin(2wr — y) an idle power. Remembering
the formulas for M and sin y, we have in case b

252n4
202
Pa —CXOCOO (1 —112)2—&—4521'[2’
3
P = cxjag on sin(2ot — y).

V(1 —=n2)2 445202

In example 1.9 corresponding to case c (see Fig. 1.20) the equation of motion
reads
mx, + kx, + cx, = —mi, = ma)2x0 cos wt.

The right-hand side of this equation is the force acting on the frame. The power of
this force is equal to

P = f(t)i, = —mx3@>M cos ot sin(wt — y)

1
= 2mx(2)a)3M[sin y —sin2ot — y)]| =P, — P,

The constant part P, = émx% ®>M sin y is the active power while the oscillating with
doubled frequency part P, = %mx(z)aﬁM sin(2wt — y) an idle power. Recalling the
formulas for M and sin y, we have in case ¢

2.3 &n°

(1 _n2)2+432n2’
T[5

\/(1 _n2)2+432n2

Integrating these formulas over 7, we easily find the active and idle works.

1
P, = mx(z) 608

5 sin2or — y).



Chapter 2
Coupled Oscillators

This chapter deals with small vibrations of mechanical systems with many degrees
of freedom. The effective method of solution for conservative systems is the linear
transformation leading to uncoupled single oscillators. For dissipative systems the
effective method of solution is the Laplace transform based on the linear superposi-
tion principle.

2.1 Conservative Oscillators

Differential Equations of Motion. Just as for systems with one degree of freedom,
we can use either the force method or the energy method to derive the equations
of motion for systems with two or several degrees of freedom. In the force method
we must free each part of the system from the surrounding, then draw the free-body
diagram with all acting forces, and finally apply Newton’s law. In the energy method
based on Hamilton’s variational principle, we find the Lagrange function in terms
of generalized coordinates and velocities and write down Lagrange’s equations. We
will see that, although both methods are equivalent, the energy method turns out
to be more succinct for systems with many degrees of freedom and with various
constraints. Let us begin with conservative systems having two degrees of freedom.

EXAMPLE 2.1. Coupled mass-spring oscillators. Two point-masses m; and m;
move horizontally under the action of two massless springs of stiffnesses k; and
ks (see Fig. 2.1). Derive the equations of motion for these coupled oscillators.

Let x; and x, be the displacements from the equilibrium positions of the point-
masses m and my, respectively. In the force method we first free the point-mass m,
from the springs, then draw the free-body diagram (see Fig. 2.1), and finally apply
Newton’s law for m; in the x-direction

mix; = ZF = —kix; +ka(x2 — x1).
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m my

ki > ko
1 X2
F, F2 -F,
<o) <o

m my

Fig. 2.1 Coupled mass-spring oscillators

Repeating the same procedure for m; (see Fig. 2.1), we obtain
mpxXy = ZF = —kp(xy — x1).

Bringing the spring forces to the left-hand sides, we arrive at the system of equations
of motion

miX) +kix; —ka(xo —x1) =0, 2.1
mz)'c'2+k2(x27x1) =0. '

To use the energy method we write down the kinetic energy
1 1
K(x) = 2m1)5% + 2m2)5§7
and the potential energy
oo 1 2
U(x) = 2k1x1 + 2k2()€2 —xl) ,

where x = (x1,x2), x = (%1,%2). With the Lagrange function L(x,x) = K (&) — U (x),
we derive from Lagrange’s equations (see the derivation of these equations from
Hamilton’s variational principle in Section 2.4)

d oL JL
— =0 j=1,2
dt an axj' » ’

the equations of motion (2.1).

EXAMPLE 2.2. Coupled pendulums. Two pendulums are connected with each other
by a spring of stiffness k (see Fig. 2.2). Derive the equations of motion for this
system.

In the force method we must free the first pendulum and add the spring force to the
free-body diagram drawn for the mathematical pendulum in example 1.2. Because
of the smallness of ¢; and ¢, the magnitude of the spring force is equal to kI(¢, —
¢1)/2, so the moment equation about A reads

N 2
m* ¢y = > M. = —mglg, +k4 (02— 1).
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Fig. 2.2 Coupled pendulums

Applying the same procedure to the second pendulum, we obtain

myl* gy =Y M, = —mogley — i (qoz o).

To use the energy method we write down the kinetic energy
K(9) =

1 2.2 1 2.2
zmll 1 +2mzl 03,

and, taking into account the smallness of ¢; and ¢,, the potential energy
1 2 1 2 1 2
Ule) = ymiglei + ,magles +  k(l(@2 = ¢1)/2)",

where @ = (@1, ¢2)

, © = (@1,¢2). The last term corresponds to the energy of the
spring. With L(¢@, @) =

K(¢) — U (@) we derive from Lagrange’s equations

. 2
my 1y +m gl —k, (=)=
2 (2.2)

. [
mal’ Gy +maglgy +k | (92— ¢1) =
which are equivalent to the above equations.

EXAMPLE 2.3. Primitive model of a vehicle. A rigid bar, supported by two springs
of stiffnesses k; and k», carries out a translational motion of its center of mass S in
the vertical direction and a rotation in the plane about S (see Fig. 2.3). Derive the
equations of motion for this system.

We see again the typical “engineering” approach to the problem: instead of dealing
with a real vehicle with thousands of details and degrees of freedom, we try to select
the most important of them.! In this simplified model the bar is constrained to have
only two degrees of freedom: the vertical motion of S and the rotation in the plane
about S. Let the vertical displacement of S from the equilibrium position be x and

! This selection depends of course on the aim of our simulations. See also a primitive model
of an airplane with three degrees of freedom in exercise 2.12.
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the angle of rotation be ¢@. In the force method we free the bar from the springs and
apply Newton’s law to it in the x-direction

mi=—ki(x+10)—ky(x—Lo).

Note that the weight of the bar does not contribute
to this equation because it is compensated with the
static spring forces. In addition, the moment equa-
tion about S for the bar reads

Js® = —kil (x+ I8 ([)) Jrkzlz(xf lz(p),

with Jg being the moment of inertia of the bar about
S. The static spring forces do not contribute to this
moment equation by the same reason.

To use the energy method we denote by g = (x, @)
and ¢ = (¥, @) and write down the kinetic energy

Fig. 2.3 Primitive model of
vehicle 1 1
K(q) = ,me+ ,Js¢?,

and the potential energy

1 1
ki (xsr + x4 ll(p)2 + 2k2(xs, +x— lg(p)2 + mgx,

U(q):2

where xy corresponds to the change of length of the springs in the horizontal equi-
librium state compared to that in the stress-free state. Expanding the spring energies
and taking into account the equilibrium conditions, we see that the linear terms in x
and ¢ are canceled out, so up to a constant,

1 1
Ulg) = ki(x+19)+ 2k2(x —hLe)*.

2

Thus, we derive again from Lagrange’s equations the equations of motion.

Solution. We illustrate the method of solution on example 2.2. To simplify the anal-
ysis we consider the special case nm; = my = m. Dividing equations (2.2) by mi?, we
get
¢+ 5o — (@2~ 1) =0
$2+ 0592+ (92— 1) =0,

_ /8 _ K
(D()\/l, O€—4m,

with @y being the eigenfrequency of the uncoupled pendulum and o the coupling
factor. We seek a particular solution of (2.3) in the form

2.3)

where
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A St A t
o1 =¢re", Q= ne”,

where @; and @, are unknown constants. Substituting this Ansatz into (2.3), we
obtain

[s*@1 + @ ¢1 — au(G — )]e =0,
s> @2 + @3 @2+ (G2 — P1)]e” =0.

Since e* is not equal to zero, the expressions in the square brackets must vanish. We
may present these equations in the matrix form as follows

2 2 A
sc+ oy +o - 0
( iy s2+602+06> ((el) - (0> ' 24
0 ¢
From linear algebra we know that non-trivial solutions of (2.4) exist if its determi-

nant vanishes

sS+ol+a  —o
-0 S+oita

’— (s> + o} + ) —o?=0. (2.5)

Equation (2.5), quadratic with respect to s2, yields
sT=—wd, $5=—(0f+20).
Thus, the roots of (2.5) are imaginary numbers given by

st =Fiw;, s ==xtim, (2.6)

with @] = wp and @, = \/ a)g + 2 being called the eigenfrequencies. Note that the

amplitudes @; and @, cannot be arbitrary. For example, if s = 51, then (2.4) implies
that

(;bl:(ﬁza

R O 1 1)
= ~ :C 5 = .
((Pz) 141 qi \/2 <1

Thus, the vector @ is proportional to the eigenvector q; which is normalized to have
the length 1. Likewise, for s = s, we have from (2.4) ¢; = — @, or

N 1 /-1
:C 5 == .
[ 2q2, Q2 V2 ( 1 )

Note that q; is orthogonal to q;. Because q;e¢” = q jeiiw’ satisfy (2.3) which are the
differential equations with real coefficients, their real and imaginary parts

or, in the vector form,

S

qjcoswtr and q;sinwt
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must satisfy also these equations. The general solution can now be constructed using
the linear superposition principle

Q= (g) =q(Ajcosm;t+ Bysin ;1) + qa(Az cos wpt + By sin wyt).

The four unknown coefficients Ay, By and A,, B, must be found from the initial
conditions

00) =0, @0)=a¢,

giving
A1qr +A2q2 = @,
Biwiqi + Branqr = @

Then, using the orthogonality of q; and ¢, we obtain from here
1 ;
Aj=@y-q;, Bj= _¢,-q;, j=12,
;

with the dot denoting the scalar product of two vectors. Alternatively, we can present
the solution in the form

© = qa;cos(@it — @) + qaaz cos(wt — ¢o). 2.7

Recalling the addition theorem for cos(wt — @), we find

B; .
%c:v%§+3% angy =, j=1.2
For a0 < 1 (weak coupling) solution (2.7) exhibits an interesting phenomenon called
beating or amplitude modulation (see exercise 2.4).

Normal Modes and Coordinates. As we see from (2.7) the solution is the superpo-
sition of two harmonic cosine functions with different frequencies. If the frequency
ratio is not a rational number, the motion is no longer periodic in general.> However,
for the initial conditions of the special form

¢1(0)=@(0), ¢1(0) = ¢(0),

or
?1(0) =—(0), ¢1(0) =—¢(0),

the motion is purely harmonic with the frequency @; or @,. We call such the special
periodic motion normal mode. Fig. 2.4 shows the normal modes corresponding to
o = oy and ® = m,, respectively. For mode 1 (symmetric mode) the pendulums
oscillate in phase, consequently the spring does not change its length and has no

2 It is in general quasi-periodic (see exercise 2.5).



2.1 Conservative Oscillators 51

Fig. 2.4 Modes of vibration: 1) ® = @, 2) © = @,

influence on the frequency (w = @; = ay). For mode 2 (antisymmetric mode) the
pendulums oscillate in counter-phases, and the spring stiffness makes the frequency
, higher than ;.

The question now arises: can we find the coordinates in which the normal modes
become independent? The first observation is that this holds true if the kinetic and
potential energies of the system, in terms of the new coordinates &; and &, take the
form

; 1 . ; 1
K@) =, & +&), UE) =, (0fél +0i&).
Indeed, in this case Lagrange’s equations of the system become uncoupled
d aL aL b4 2
. — =¢i+wi¢;i=0, j=1,2,
dr g, ag ~ It Oie=0

yielding two independent modes of vibrations with the frequencies @; and @,. Thus,
the answer must be found by the well-known procedure in linear algebra of simul-
taneously diagonalizing two positive definite quadratic forms [37]. In our simple
example we may divide both the kinetic and potential energies by mi> to get

. L .
K(9)=, (97 +3),
and 1 1 1
Up)= @507+ , 0593+, (@2 — @)’
These formulas suggest the following obvious choice of normal coordinates

&1 = \/12(('01 +@), &= jz(quol)-

In terms of the new coordinates we have

K@) = (& +8), U@ =, [0 + (@ +20)8)

2
so this is the Lagrange function of two independent oscillators with the frequen-
cies w; and w,. We will see later that the reduction of a general conservative os-
cillator with n degrees of freedom to n uncoupled single oscillators is possible and
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realized by a linear transformation which simultaneously diagonalize the kinetic and
potential energies as quadratic forms.

2.2 Dissipative Oscillators

Differential Equations of Motion. We have seen from the previous Sections that,
although both the force and the energy methods are equivalent, the latter turns out
to be more advantageous for systems with many degrees of freedom. Since we are
now familiar with the energy method and convinced in its equivalence with the force
method, we shall use exclusively the former to derive the equations of motion.

EXAMPLE 2.4. Mass-spring-damper oscillators. Two masses m; and m, move hor-
izontally under the action of two massless springs of stiffnesses k; and k, and two
dampers of damping constants cy, ¢, (see Fig. 2.5). Derive the equations of motion
for these coupled oscillators.

Fig. 2.5 Mass-spring-damper oscillators with two degrees of freedom

Let x; and x, be the displacements from the equilibrium positions of the masses m
and my, respectively. Similar to example 2.1 the Lagrange function reads

1

L(x,x) = 2m1x% + ;mzx% — ;klx% — 2k2(x2 —xl)z.
With the dissipation function
D(x) = lclx%+ 1C2()€2—5€1)2,
2 2
we derive from modified Lagrange’s equations
d JdL JL 8D:0’ =12

. + .
dt 8)6]' 8)6]' 3)61'
the equations of motion

miX) +c1xXp — ca(X2 — x1) +kixy —ka(x2 —x1) =0, 28)
MQX2+CQ()€2—X1)+/€2()C2—X1) =0. '

EXAMPLE 2.5. Coupled pendulums with spring and damper. Two pendulums are
connected with each other by a spring of stiffness k and a damper of damping con-
stant ¢ (see Fig. 2.6). Derive the equations of small vibration for this system.



2.2 Dissipative Oscillators 53

Fig. 2.6 Coupled damped pendulums

Similar to example 2.2 the Lagrange function is given by

N P | |
L(g.¢) = ,mI*¢7 + ,mI*¢3 — mgle; —  mglgs — ,k(I(@2— @1)/2). (2.9)

The dissipation function reads

1
D(9) = ,cl*(¢2—¢1)*. (2.10)

From modified Lagrange’s equations

d dL JdL 9D
+

. .= Oa ] = 1323
didg;  de;  I¢;
we derive the equations of motion
2 2 r
mi= gy — cl™(¢2 — ¢1) +mglor —k | (@2~ 1) =0,

: @2.11)

. . . l
mi> gy + (@2 — ¢1) + mglgr +k , (92— 1) =0.
EXAMPLE 2.6. Damped vehicle. A rigid bar, connected with two springs of stiff-
nesses k; and k, and a damper with the damping force acting in the center of mass

S, performs a translational motion of S in the vertical direction and a rotation in the
plane about S (see Fig. 2.7). Derive the equations of motion for this damped vehicle.

Let g = (x, @) and ¢ = (x, ¢). We write down the Lagrange function as in example
2.3

1 1 . 1 1
L(g,q) = zmszr 21s<92 - zkl(xHﬂP)z - 2k2(x*12(1>)2-

Furthermore, the dissipation function reads
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Fig. 2.7 Damped vehicle

Now, from modified Lagrange’s equations
d dL JL n aD
dt 8q] 8qj 8q]

we derive the equations of motion

mX-i—CX-‘rk](X-i-h(P)—‘rkg(x—lz(p) =0, 2.12)
Js@®+ kil (x+11p) — koo (x — L) = 0. '

Classification of Damping. Let q be the column vector whose components are the
generalized coordinates. In our examples 2.4, 2.5, and 2.6 it is

() @) )

respectively. The equations of motion derived above can be written in the matrix
form as follows
Mg+Cq+Kq=0, (2.13)

where the matrices M, C, and K are called mass, damping, and stiffness matrices,
respectively. For instance, in example 2.6 we have

_(mO _(cO . ki+ky kili—kl
M= (o Jg>’ €= (0 o> , K= (klll —kob ki +kl3)
In general, all three matrices M, C, and K are symmetric. The symmetry of C
follows from the formula for the damping forces

aD

Q= 94,

b

and from the fact that D is quadratic with respect to q. In thermodynamics of
irreversible processes this symmetry property is the consequence of Onsager’s
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principle. The mass matrix M is always positive definite in the sense that there
exists a positive constant m such that the inequality

q-Mq>mq-q

holds true for arbitrary q. If the system does not permit rigid-body motions, then the
stiffness matrix K is also positive definite. Concerning the damping matrix C we
may merely assume in general its non-negative definiteness in the sense that

q-Cq>0

for arbitrary q. Note, however, that in reality, if the resistance to motion through the
viscous damping of the air or through the internal damping affecting all degrees of
freedom is taken into account, then C must also be positive definite.

We call the damping exhaustive if the damping matrix C is positive definite. In
this case all motions decay exponentially. If there exists some q such that q-Cq =0,
but nevertheless all motions of the system decay exponentially, the damping is called
permeating. If there exists some vibration mode which does not decay with time, the
damping is called non-permeating. The damping is called proportional if

C=aM+ BK. (2.14)

According to this classification the damping in example 2.4 is exhaustive, and if
c1 = Bki, ¢ = Bka, then it is proportional. In example 2.5 the damping is obviously
proportional, but non-exhaustive and non-permeating: the dissipation vanishes for
(@1 = (¢, and this mode of vibration does not decay with time. In example 2.6 the
damping is non-exhaustive but permeating as long as the coupling factor ky/; — kpl»
is not equal to zero. Indeed, if x(z) decays exponentially with time, then it follows
from (2.12); that ¢(r) should also decay exponentially if ki/; — kpl, is not equal to
Zero.

Solution. We analyze two cases.

Proportional damping. In this case we may choose the normal coordinates which
diagonalize all three matrices M, C, and K simultaneously and by this reduce the
system to two independent damped oscillators. We illustrate this on example 2.5.
Dividing the Lagrange function and the dissipation function by mi/?> and choosing
the normal coordinates

&1 = \}2(@ +@), &= Jz(tpzfqol),

we obtain . |
L(E.8) = (5 +&) -, (0f &7 + w383), (2.15)
and
D)= “&. (2.16)
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In terms of the new coordinates modified Lagrange’s equations become
&1+ 0fé =0,
. 2c -
S+ m<§2+w§<§z:0.

Thus, we see that the motions &;(¢) and &(¢) are independent, and the motion
&1(¢) is harmonic confirming that the damping in this example is non-permeating.
The obtained uncoupled equations can be solved by the method discussed in
Section 1.2.

Non-proportional damping. We illustrate the method of solution on example 2.6.
Dividing the equations of motion (2.12) by m and Js, respectively, and introducing
the notations

k1+k2:w3’ k1112+k21§:wé’ ¢
m JS
kil —kaly

=0
m JS

=X

3

) kili—kly 2 20 4
B 2062, OCIOQZOC,

with @, and @, being the frequencies of uncoupled vibrations and ¢« the coupling
factor, we transform (2.12) to

K+ yi+ 02x+ote =0, o1
¢+ w9+ 03x =0. '
We seek a particular solution of (2.17) in the form

x=zxe", @=pe.

Substituting this Ansatz into (2.17) and eliminating the factor ¢ we obtain the linear

equations
s+yst+ol  of £ 0
(1 ) (6)- () a1

Non-trivial solutions of this system exist if the determinant vanishes

s +ys+ol of
2 2, 2| =0.
o s>+ @
This yields the characteristic equation
st 8+ (0] + 0p)s” + ywps + of oy — ot =0, (2.19)

which is the algebraic equation of fourth order with respect to s.

Since (2.19) is the equation with real coefficients, the complex roots occur in
pairs of complex conjugates. We want first to show that all roots have negative real
parts. According to the Routh-Hurwitz criterion [19] this is the case if
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ay a
To=ay>0, Ti=a >0, T,= Lo >0,
as az
aiayp 0 0
6116100 alaoa a
Ts=lazaya|>0, T,= 3 €2 41 A0 =a4T; >0,
0 a a Oa4a3a2
4 000 ay

where

2 2 2 2.2 4
ap=1, ar=x, a=0;+0, a=x0, a=0;0,—0

are the coefficients of the characteristic equation. Elementary calculations give

To=1>0, T1=x>0, T=yxw>>0,

2 _aMTs >0,

Ty = (0] + 05+ 0w, +0*) >0, T, = (0],

so the Routh-Hurwitz criterion is fulfilled.

Although the characteristic equation can be solved in closed analytical form, the
analysis of exact solution is rather tedious. We therefore consider the case of small
damping ¥ < @, ¥ < 0 and seek s in the form s = (—k i), where kK < 1.
Then to the first approximation

P —(1£2x)0°, 8 ~@BkTie’, s*~(1+4x)o”.

Substituting this into (2.19) and neglecting the powers of y and x higher than one,
we obtain in the first approximation

2 4
(p—OC

+ildko® — y o’ - 2k(0] + 05) 0" + yww,] = 0.

ot — (0} + 05) 0 + O] o

This complex expression is zero if its real and imaginary parts vanish. So, we obtain
two equations determining the eigenfrequencies @ » and the decay rates ki >y .
Note that the equation for the eigenfrequencies

o — (0] + 03)0* + 0w, — o =0
is identical with that of the undamped vehicle in example 2.3. Thus, for small damp-
ing the eigenfrequencies remain the same as those of the undamped coupled oscil-

lators which are given by

1 1
of, = z(wf+w$)¢\/4(w§—w5,)2+a4.

Fig. 2.8 shows the plots of dimensionless frequencies (@) 2/®;)? versus the ratio
of frequencies (®y/®,)? at different coupling ratios (z/w,)?. It can be seen that
for the zero coupling o = 0 the eigenfrequencies coincide with those of uncoupled
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}(w,ﬂ/wxf

}(uh/wx) )

0.5 1 1.5 2 (w,/w,)"

Fig. 2.8 Eigenfrequencies (@ 2/w,)? vs. ratio of uncoupled frequencies (@ /@;)?* at differ-
ent coupling ratios (ot/ @, )>

oscillators @, and @,. The larger the coupling factor, the farther the eigenfrequen-
cies lie apart. The frequency w; is always larger than the largest from @, and @,
while @, is smaller than the smallest from them.

The decay rates K >®; » should be determined from the equation

4ko* — y 0’ = 2Kk(0] + 0,)0* + y oo, =0

giving
2 2 2 2
(0] , () ,
X( 1 (p) K> X( 2 (p)

K100 = s .
40! —2(0? + 0f) 407 —2(0? + ©F)

Thus, the decay rates are positive and are of the same order as ¥.
By substituting s found above into (2.18) we may establish the relations between
the amplitudes of vibrations. For s = (—k; £ i) @; we have

N N2 2
q= <x> —c((lizl"l)z“’t “’<P>, i=1,2.
0 %)

Denoting by q; and q, the complex-valued vectors

1+ 2iKk)) 0> — 02 1+ 2iK5) 07 — 02
- (F2ROT0R) (1200l -0),
%) %)
we may present the general solution of (2.17) in the form

q= e*K] w]t(Alqleiw]t +qu41<€7iwlt) +€7K2a)zt(A2q2€ia)2t —&—ngsefiwzt),

where asterisks denote complex conjugates. The four unknown real constants Ay,
B, A>, and B, must be determined from the initial conditions.
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2.3 Forced Oscillators and Vibration Control

Differential Equations of Motion. We illustrate the derivation of the equations of
forced vibrations for systems with two degrees of freedom.

EXAMPLE 2.7. Mass-spring forced oscillators. The mass-spring oscillators with
two degrees of freedom are excited by the motion of the end-point x,(¢). Derive
the equations of motion for these forced oscillators.

}mm%wmmwmm—wz
F» M > 2 >
Xe X X2

Fig. 2.9 Mass-spring forced oscillators

Since the change in length of the first spring is x; — x,, we write for the Lagrange
function

1 1 1 1
L(X,X) = 2m1)€% + ZI’I’IQX% — 2k1 (x1 _.Xg)z — 2k2()€2 —x1)2.

This Lagrange function differs from that of example 2.1 only by the third term
corresponding to the energy of the first spring. From Lagrange’s equations we derive

m¥1 + ki (x1 —x.) —ka(x2 —x1) =0,
mpiy +ka(x —x1) = 0.

Bringing the term —kx, to the right-hand side we obtain

miX) +kix; —ky(xp —x1) = kyx(t),
1X1 + K1X] 2( 2—X1) 1X(t) (2.20)
moxo —|—k2(x2 —xl) =0.

EXAMPLE 2.8. Mass-spring-damper forced oscillators. The mass-spring-damper
oscillators with two degrees of freedom are excited by the force f(¢) acting on the
mass m (see Fig. 2.8). Derive the equations of motion for these forced oscillators.

A1)
=
k1/2§ hie, % k/2

Fig. 2.10 Mass-spring-damper forced oscillators
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We denote by x; and x, the displacements of m; and m; in the vertical direction
from their equilibrium positions, respectively. Then the Lagrange function equals

1 1 1
L(x,X) = mx + 2m2x§ — Zk]x% - 2k2(x2 —x1)%,

2
while the dissipation function is

D(x) = ;c(xz —i)>.

From modified Lagrange’s equations for the forced vibrations

d dL  JL 9D
— = fi(t i =1,2,

dl&)ij 3)Cj+8x]' f]( )7 J

with f;(r) being the external forces acting on the masses m;, we derive

my¥) — c(ky — %) +kix; —ka(x2 — x1) = f(1),

2.21
m25€2+c()€2—)€1)+k2(x2—x1) =0 ( )

EXAMPLE 2.9. Coupled forced pendulums. The coupled pendulums as in example
2.5 are excited by a force p(t) acting on the second mass (see Fig. 2.11). Derive the
equations of motion for these coupled forced pendulums.

Fig. 2.11 Coupled forced pendulums

Similar to example 2.5 the Lagrange function is given by (2.9), while the dissipation
function by (2.10). The virtual work done by the external force p(t) is

1
0A= | p®)Idp,dr.
fo
From modified Lagrange’s equations

d dL JdL 9D
+
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we derive the equations of motion

) C I
mi> ¢y = cl* (g2 — ¢1) + mglpr —k | (@2— @1) =0,
2

1 (2.22)
mi ¢+ cl* (¢ — 1) +mglpr +k | (02— @1) = p(o)l.

Harmonic Excitations. Equations of motion derived above are the inhomogeneous
linear differential equations of second order. The solution of these linear equations is
the sum of any particular solution of the inhomogeneous equations and the general
solution of the homogeneous equations which has been found in previous Section.
Thus, it is enough to find any particular solution of the inhomogeneous equations.
For the harmonic excitations this can be done directly. We consider two cases.

Conservative oscillators. We illustrate the method of solution on example 2.7, where
the excitation is assumed in the form: x,(¢) = £, cos(o?). Dividing the first and the
second equations of (2.20) by m; and my, respectively, we rewrite them in the form

X1 + Vix] — uvixy = viyk. cos(or),
X + V2ZXQ — V22x1 =0,

where

2_k1+k2 2_k2 _m 2_k1
1= , Vo= o, U=, Vip=

\% .
my mp my my

Since the first derivatives x; and X, do not enter the equations of motion, we seek a
particular solution of these inhomogeneous differential equations in the form

X] =Xjcosmt, xy=XpCcos®t.

Substituting this Ansatz into the above equations and eliminating the common factor
cos wt on both sides, we obtain

2 2ye 24 2 o
(Vi — 0°)%) — vy i = vipke, 593
V2 2 o4 — 0 (2.23)
— 2X1+(V27(D)X2— .

Thus, the amplitudes of forced vibration are given by

A

fi=, V120(V222* %)% ’

(vi —@?)(v3 — 0%) — vy
Vi, Vite

(V- 0?) (- 0?)—uvd’

A

Xy =

The behavior of the amplitudes, as functions of the frequency @, is characterized
by the zeros of the denominator and the numerator. The denominator vanishes for
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Fig. 2.12 Resonance curves of mass-spring forced oscillators

1 1
afy = 0F )7 Ld -2t

which correspond to the eigenfrequencies of free vibration of this system. We see
that the eigenfrequencies ; and w, always lie outside the frequency range (v, v»).
The plot of resonance functions %; /£, versus ®? is shown in Fig. 2.12. These reso-
nance functions tend to infinity as @ approaches one of the frequencies w; and @,
corresponding to the resonances, and to zero as @ — . While £, /£, # 0 for all
frequencies, the amplitude £; vanishes at @ = v,. This phenomenon is called anti-
resonance (or vibration elimination) and the mass m; together with the spring k,
a vibration eliminator. The elimination of forced vibration can be explained physi-
cally as follows. At the frequency @ = v, the eliminator and the excitation vibrate in
counter-phases such that the spring force acting on m; from the eliminator is equal
and opposite to the exciting force k%, cos t. Indeed, equations (2.23) at ® = v,
yield

N Vlzox’\e ki

X) = — ) = — N

JIA% k

Thus, the resultant force acting on m; is zero and therefore that mass does not vi-
brate. To eliminate the unwanted forced vibration of m; caused by some excitation
source with the fixed frequency @ we must therefore choose the mass and the spring
of the eliminator in such a relation that \/ ky/my = @. However, if the excitation
source has a wider range of frequencies, this choice is no longer effective because,
as it is seen from Fig. 2.12, the resonance function £; /£, increases rapidly as @
deviates from v;.

Damped oscillators. We see from the previous example that the elimination of
forced vibration for the conservative oscillators is effective only if the excitation
source has a constant frequency. In the case of non-zero damping the situation
changes. We illustrate the method of solution on example 2.8, where the external
force is assumed in the form f(r) = fcos(wr). We rewrite equations (2.21) in the
matrix form
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Mx + Cx + Kx = fcos(wr), (2.24)

where

_(m; O (¢ —c kit ko —k (X1 f
M= (5 m) o= (50 = () 2= () 4= 0):

Now, the Ansatz x = Xcos(t) with real X does not work because the first deriva-
tive in (2.24) brings terms with the factor sin(t). However, we may do the follow-
ing “trick” to get the solution quickly. We regard the right-hand side of (2.24) as
fcos(wr) = Re(fe'®) and consider instead the following auxiliary equation

Mi + Ci+ Kz = fe'® . (2.25)

Now z may be complex-valued. Then we substitute the Ansatz z = 2¢/® into this
equation and eliminate the common factor ¢'® to obtain

(—0*M+ioC+K)z=f.
Provided the matrix on the left-hand side has an inverse, this equation yields
2= (—0*M+ioC+K) 'f=G(o)f.

Matrix G(w) is called a transmittance matrix of the system. Since 2¢'® is the so-
lution of (2.25) which is the equation with real matrices, its real part must satisfy
equation (2.24). So, the trick works!

Thus, the particular solution of (2.24) is

x(1) = Re(2e'),

or, in components, _
)Cj(l‘)ZRe(fjelwt), j=12.

Since each complex number z can be presented as z = |z|e ™™, we obtain from here
xj = [Zjlcos(wt —¢;), j=1,2.
With the matrices given above we may calculate the amplitude of x|

f(—m2w2 +icw+ k2)

x| =\z1|= .
bal =12l ’(m]co2+icco+k1+k2)(mza)2+ica)+k2)(ica)+k2)2

Dividing both the numerator and the denominator by k% and introducing

f \/kl K ka my () 5 c
X10 = Wy = = U= = =
10 k] ) | ’ kl ) . , M ) . )
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06 07 08 09 11 12 137

Fig. 2.13 Resonance curves of mass-spring-damper forced oscillators

we present the previous equation in the dimensionless form as follows

X1

:‘ —un’4idn+x

X10 (—m24idn+ 1+ K)(—un?+idn +x) — (idn+«)?|’

where the right-hand side is called a resonance function.

Fig. 2.13 shows the resonance curves |x; /x| against the frequency ratio n =
®/ay for g = k¥ = 0.05 and for three damping ratios 8 = 0 (dashed line), 6 = 0.01
(bold line), 6 = 0.032 (dotted line) [48]. In contrast to the conservative oscillators
(6 = 0), neither resonance nor vibration elimination is observed for the damped
forced oscillators with the finite damping. We call therefore the mass m, together
with the spring k, and the damper ¢ a vibration absorber. It turns out that all res-
onance curves corresponding to different damping ratios intersect at the two fixed
points A and B (see exercise 2.8). If we want to reduce the maxima of the resonance
curve in equal way, then an optimal choice of the parameters of absorber is achieved
when points A and B are at equal level. This takes place when

u
S ()

Arbitrary Excitations. We illustrate the method of solution on example 2.9 for
which the proportional damping holds true. The more general non-proportional
damping case will be considered in Section 2.5. The coupled forced oscillators with
the proportional damping can always be reduced to the uncoupled single forced
oscillators. Indeed, in this example we choose the normal coordinates as

&1 = \}2("" +@), &= jz("’f"")’
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and present the normalized virtual work in the form

1 ONSNON

mlz5A: rn mi 0w ml \/2(8§l+8§2)dﬁ

Together with the Lagrange function (2.15) and the dissipation function (2.16) we
derive modified Lagrange’s equations

rotti= ), ),
b bratn= M),

which can be solved by the Laplace transform as shown in Section 1.3.

2.4 Variational Principles

We present in this Section the variational principles for general systems having n
degrees of freedom [29]. For small vibrations about equilibrium states the energy
and dissipation become quadratic with respect to the generalized coordinates and
velocities, so that generalized Lagrange’s equations become linear.

Conservative Systems. Suppose that each configuration of a mechanical system
is uniquely determined by a point ¢ = (q1,...,¢,) in an n-dimensional space. If
q1,---,qn can vary independently and arbitrarily, they are called generalized coor-
dinates, and n a number of degrees of freedom. Motion of the system is described
by a function ¢(¢). We denote by ¢ = (41, ...,¢,) the corresponding generalized ve-
locities. Hamilton’s variational principle states that among all admissible motions
of the conservative system satisfying the initial and end conditions

q(to) =qo, q(t1) =41,

the true motion is the extremal of the action functional
|
llq(t)] = | L(g.g)dr.

fp

Let us derive the equations of motion from Hamilton’s variational principle. To this
end we calculate the variation of the action functional (see also [17])

AVEY oL
51:/ ( 85q;+ ,5'->dt.
o jz:l aq] q] an q]

Integrating the second term by parts and taking into account that 8¢ (fy) = 0¢q(t;) =
0 due to the initial and end conditions, we get
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i JdL d JL
51:/ ( 4 >5 dt =0, 2.6
o ]Zl an dt an q] ( )

Since the variations d¢; can be chosen independently and arbitrarily inside the in-
terval (fo,1), (2.26) implies Lagrange’s equations

d JL JL

- =0, j=1,...,n 2.27
dtaqj aq] ) J ) 1 ( )

For any conservative mechanical system the Lagrange function equals

L(q,9) = K(q,9) —U(q),

where K (g, ¢) is the kinetic energy and U (g) the potential energy. The kinetic energy
K(q,q) is assumed to be a positive definite quadratic form> with respect to ¢

2 m]k QJQk~
]k 1

Thus,
L 0K
,-:21 9g;"

Any function possessing this property is called homogeneous function of order two
with respect to ¢g. We want to show now that the conservation of energy follows from
Lagrange’s equations (2.27). Indeed, multiplying (2.27) by ¢; and summing up over

Jj from 1 to n, we obtain
i d&L,‘_8L,_ _o
dt&c}qu 8q,~q’ e

Using the product and chain rules of differentiation, we get

Y d (JL L [ JL JdL
“a) - S+ g L)=0. (228
jzzldt( 'q]) ,=21( @ 'qJ> dr 2 9411

dq; dq; aq;

Taking into account the property of K, we see that the expression in parentheses is
equal to 2K — L = K+ U. Thus, the total energy E = K + U = Ej is conserved. Al-
ternatively, the conservation of energy can also be obtained directly from (2.26) by
replacing the variations 0¢; with the real velocities ¢;. Indeed, the same procedure
transforms (2.26) to

I

d
(K+U)dt=0 = K+U=E,.
n dt

3 In some cases rearrangement of terms between the kinetic and potential energies is re-
quired to achieve this property (see exercise 5.1).
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Assume that U (g) has a local minimum at some point g corresponding to a stable
equilibrium state and consider small vibrations of our mechanical system about this
stable equilibrium state. For small ¢ we may expand U (q) and K(g,¢) in Taylor’s
series with respect to g near g to get

1 & 92
U(q)=Ulqo)+ , qiqr+ -,
2]'7](:1 anan @
1 n
K(q,9) = K(q0,9)+ ... = ) Y mix(q0)d gk + -
Jik=1

Due to the smallness of ¢; and ¢;, we keep only the quadratic terms in these series.
Thus, neglecting the unessential constant U(qp) in the potential energy, we may
present both kinetic and potential energies as follows

RN RN (IRC
K@) =, X mudjge. Ula) =, 3. kidjdi (2.29)
Jok=1 jk=1

Thus, for small vibrations near the stable equilibrium state the kinetic energy K(q)
and the potential energy U (q) are the quadratic forms with respect to ¢ and g, re-
spectively. We call the matrix M with the elements 712, mass matrix, while K, with
the elements k j, stiffness matrix. Both matrices are symmetric and positive definite.
The positive definiteness of K is due to the fact that U (g) has a local minimum at go.
Lagrange’s equations of small vibrations near the equilibrium state become linear
equations

n
> (mpdie+kjxgr) =0, j=1,...,n.
k=1

Let q be the column vector q = (g1, ..,g,)" . We may present these equations also
in the matrix form as follows
Mg +Kq =0.

Dissipative Systems. In this case the following variational principle holds true:
among all admissible motions of a dissipative system constrained by the initial and
end conditions

q(to) = 4o, q(t) =4,
the true motion satisfies the variational equation

1 fon
6 1L(qr,q'r)a’t—/1 Y al,) 8q;jdt =0. (2.30)
0 p dq;

0 j=1

4 See page 10, loc. cit.
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Here D(q,q) is the dissipation function introduced first by Rayleigh [45]. Calcu-
lating the variation of the first term of (2.30) in exactly the same manner as in the
previous case leads to

g (JdL d 8L> oD
— O0q;dt— 3 dt =
/to ,;(9%' drag;) °Y fo ,21 q]

Due to the arbitrariness of 6¢ inside the time interval (fo, ;) the following equations

are obtained
d L JL . oD

L= =0, j=1,...,n (2.31)
didg; dqj g
For dissipative systems vibrating near the equilibrium states the dissipation func-

tion can be assumed as a non-negative definite quadratic form with respect to ¢

chk )djgx >0 forall g,
]k 1

where ¢ is a symmetric matrix (Onsager’s principle [38]). In this case D(q,q) is
also the homogeneous function of order two with respect to g. We now derive the
balance equation of energy from modified Lagrange’s equations (2.31). Multiplying
(2.31) by ¢; and summing up over j from 1 to n, we obtain

i ( d JK | JdL ) i 8D
. qj— q

S \dtag;"" dq;" g, "

The expression on the right-hand side is nothing else but the power of the damping

forces. Making the same observations as in the previous case and using the property

of D we get

¢ (K+U)=-2D(g,4).

Thus, the rate of change of energy is equal to —2D(q,q). Since —2D(gq,q) is the
energy loss per unit time, we call 2D(q,q) energy dissipation rate. We see that the
energy dissipation rate is non-negative.” Integrating this equation from 7, to f, we
find the energy change at time ¢

K+U—Ey=—2 [ D(gls),d(s))ds = —Ea(o), (232)

T

where Ej is the total energy at r = 1y and E;(¢) the amount of energy dissipated
by the dampers at time . Note that this balance equation can also be directly ob-
tained from the variational equation (2.30) by replacing the variations d¢; by the
real velocities ¢;.

3 It is interesting to mention that, if the system does not vibrate about the equilibrium states,
this property is no longer valid (see Section 5.3).
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For small vibrations near the stable equilibrium state gy we may, to the first ap-
proximation, assume the kinetic and potential energies in the form (2.29). The dis-
sipation function can also be expanded in Taylor’s series near this state. Neglecting
all small terms of higher orders we write

D(q.4) = D(q0.4 Z cjk(90)d Gk,
]7k=1

where the matrix C with the elements ¢ jx(¢o) is called the damping matrix. Modified
Lagrange’s equations of small vibrations near the equilibrium state take the form

M=

(mjrGe +cjpgr +kjxgr) =0, j=1,...,n.

k=1

We may present these equations also in the matrix form as follows

Mg+ Cq+Kq=0.

Systems with External Forces. If there are external generalized forces f;(z) acting
on g;, we must add to the left-hand side of variational equation (2.30) the virtual
work done by the external forces. The variational principle becomes: among all
admissible motions constrained by the initial and end conditions
q(to) = qo, q(t1) =q1,

the true motion satisfies the variational equation

5/ L(g,d dtf/t za 5;di+54 =0, (2.33)

0

where 0A is the virtual work done by the generalized forces f;(r)

8A = Zf, )8q;dt.

t()]

We can also take the Lagrange function in the form
L(q,4,t) =K(q,9) —U(q)+ Y, fi(t)qj,
j=1
and reformulate the variational equation as follows

t n
3/]L(q,q,t)dt—/] 2 aDéq]dt
10} 10} 8
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Since time enters the Lagrange function explicitly, such systems are called non-
autonomous.
From (2.33) one can derive modified Lagrange’s equations

d L JL 9dD

Replacing in the variational equation (2.33) the variations dg; by the real velocities
¢; and repeating the transformations as in the previous paragraph, we obtain the
balance of energy in the form

K+U—Ey=—2 D( ds+/ Zf, (s)ds = —Eq(t) + W (1),

(2.34)
where Ej is the total energy at t = #y. The last term W (z) is the work done by the
external forces which is stored in the energy of the system except that part E;(t)
dissipated by the dampers.

For small vibrations near the stable equilibrium state Lagrange’s equations can
be presented in the matrix form as follows

Mg+ Cq+Kq =1£(1),

with £(¢) = (f1(t),. .., fu(¢))T being the column vector of external forces.

2.5 Oscillators with n Degrees of Freedom

We present in this Section the method of solution and some general properties for
systems with n degrees of freedom, where n is an arbitrary natural number.

Conservative Oscillators. The motion is described by the equation
Mg +Kq =0, (2.35)

where M and K are symmetric and positive definite matrices. We have to find the
solution of this equation satisfying the initial conditions

q(0) =qo, 4(0)=vo. (2.36)
Solution. Let us first seek a particular solution of (2.35) in the form
q=§e",

where { is a constant vector. Substituting this Ansatz into (2.35) and eliminating the
non-vanishing factor ¢*, we reduce the latter to the eigenvalue problem

(Ms? +K)q = 0. (2.37)
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The related characteristic equation
det(Ms*> +K) =0

is the algebraic equation of order n with respect to s> yielding n eigenvalues. It is
easy to see that all eigenvalues are real and negative. Indeed, if s? is an eigenvalue
and q; a corresponding eigenvector, then, multiplying (2.37) by the vector q;, we
have

qj~qus§+qj~qu =0.

Thus,
2=_1 (2.38)
J . Maq
q; q;
since both the numerator and denominator are positive. Therefore the roots of the
characteristic equation are imaginary numbers given by

Sj::tiCOj, j=1,...,n,

where w; are called eigenfrequencies of vibrations. We will order them in such a
way that
O<o <amn <...< Wy

Let q; be the eigenvector (the solution of (2.37)) corresponding to the j-th eigen-
value. It is defined uniquely up to a constant factor. We can fix this constant by some
normalization condition. As such we choose

q;-Mq; =1.

Note that two eigenvectors q; and q corresponding to two different eigenvalues s?

and s,% are orthogonal in the sense that
qj ~qu =0.

To show this we multiply equation (2.37) for s = s5; by gy to get

Q- Mg;s; = —q;-Kq;. (2.39)

Similar procedure applied to the equation for s = s;, gives

q;-Maqs; = —q; - Kqy.

Subtracting these equations from each other and taking into account that M and K
are symmetric, we obtain
22
(s7 =), - Mg =0,
which implies the orthogonality. The orthogonality and normalization conditions
can be presented in one equation
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1 if j=k,
Mq =0, = 2.40
47V ik { 0 otherwise. ( )

If there is a multiple eigenvalue, then the corresponding eigenvectors span a sub-
space of dimension equal to the multiplicity of the eigenvalue. Therefore, it is al-
ways possible to find a set of vectors in this subspace satisfying the orthogonality
and normalization conditions.

Since q jei“’i’ are the solutions of (2.35) which is the differential equation with
real matrices, their real and imaginary parts

gjcosw;t and q;sinw;t

must also satisfy this equation. The general solution can now be constructed as the
linear superposition

n
q(r) = 2 qj(AjcoscojtJrBjsina)jt).
=1

The unknown coefficients A ; and B; must be found from the initial conditions (2.36)
giving
n n

2 A9 =d. 2 Bjoig;=vo.
=1 =1

Multiplying these equations from the left by M and then by q; and making use of
the orthogonality and normalization conditions, we obtain from here

1 ,
Ai=¢qi-Mqo, Bi= aMvo, i=1....n.
(]

Alternatively, we can present the solution in the form
n
q(r) = 3’ qjajcos(@jt — 9;),
j=1
where

a-—\/Az—I—B2 tanqb-—Bj =1 n
= ; i J_A], j=1,...,n.

Normal modes and coordinates. The above solution is the sum of n harmonic mo-
tions, so it is in general non-periodic if the frequency ratios are not rational numbers.
However, for the initial conditions of the special form

do =404, Yo ="Vo4q,,

the motion is purely harmonic with the frequency w;. We call such motion normal
mode.
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The question now arises: can we find the coordinates in which the normal modes
become independent? The similar consideration as that provided in example 2.2
shows that this is possible if the kinetic and potential energies of the system, in
terms of the new coordinates & j, take the form

K(&)= ; iléf, U(E) = ; im}g}.

Thus, the problem reduces to finding a linear transformation which simultaneously
diagonalizes two quadratic forms. As we know from linear algebra [37], the required
transformation is given by
q=0Q¢,
with
Q=(q1q2---q)

being the n X n matrix, whose j-th column is the j-th eigenvector found above. We
shall call Q modal matrix. In terms of the vector of normal coordinates & we have

K& = a-Ma= & -Q'MQE = 1€ &,
V(€)= a-Ka= )& Q'KQE = | &-Q°€,

where Q7 denotes the transpose of Q, and Q7 is the diagonal matrix with the ele-
ments cojz on the diagonal. The last identities in these formulas are obtained by the
orthogonality conditions (2.39) and (2.40). So, the corresponding Lagrange func-
tion describes the motion of 7 uncoupled single oscillators with the frequencies w;,
j=1,...,n.

Extremal properties. If ® is an eigenfrequency and § a corresponding eigenvector,
then it follows from (2.38) that

2 4-Kq .
0] q-Mq r(q).
The right-hand side of this equation is called Rayleigh’s quotient [45]. It turns out
that the following extremal properties hold true.
1. The square of smallest eigenfrequency a)l2 is the minimum of r(q) among all
q # 0. The easiest way to prove this is to rewrite Rayleigh’s quotient in terms of the
vector of normal coordinates

OFE2 4. w2E?

(&)= EX4... + &2

Since w, > ... > i, Rayleigh’s quotient is always larger than or equal to a)lz. From
the other side r(&) = w? if & =1 and & = ... = &, = 0. So the statement is proved.



74 2 Coupled Oscillators

2. The square of j-th eigenfrequency a)J2 is equal to the minimum of Rayleigh’s
quotient
2 .
w; = min r(q)

among all q # 0 satisfying j — 1 constraints
q:-Mq=0,...,q;-1-Mq=0.
Indeed, in terms of the normal coordinates the above constraints become
&=...=¢_1=0.
Thus, Rayleigh’s quotient under these constraints reduces to

AR A

r(§) = ,

E2+...+&7

and the proof can be provided in a similar manner.
The extremal properties of Rayleigh’s quotient are quite useful in approximate
calculations of the eigenfrequencies [45].

Damped Oscillators. The motion is described by the equation
Mg+ Cq+Kq=0, (2.41)
subject to the initial conditions

q(0)=qo, q(0) =y, (2.42)

where M and K are symmetric and positive definite matrices, while C is symmetric
and non-negative definite.

Solution. A particular solution of (2.41) is sought in the form

St

q=4qe",
where q is a constant vector. Equation (2.41) reduces then to the algebraic equation
(Ms?> 4+ Cs+K)g=0. (2.43)
Non-trivial solutions of (2.43) exist if
det(Ms* + Cs +K) = 0.

This is the algebraic equation of order 2n with respect to s having 2n roots. Since
the matrices M, C, and K are real, the complex roots must occur in pairs of complex
conjugates. Moreover, if s7 is the complex conjugate root with respect to s;, then
the corresponding eigenvector q; must be complex conjugate to the eigenvector q;
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of s;. It turns out that all roots of the characteristic equation have non-positive real
parts. To show this one can apply the Routh-Hurwitz criterion although the proof
is not elementary. The more elementary proof is based on the balance of energy
(2.32) for dissipative systems. To this end let us assume that there is a root of the
characteristic equation with the positive real part s = 0 + i@, where 6 > 0. Then a
free vibration of the form
q= eSIRe(qei(m)
exists, with { being the eigenvector corresponding to s. Substituting this particular
solution into the energy balance equation (2.32) and using the positive definiteness
of the dissipation function, we see that the amount of energy dissipation goes to —oo
as t tends to infinity, what contradicts the positiveness of the total energy.
The general solution of (2.41) is given in the form

2n
q= qujesjt.
j=1
Using the initial conditions (2.42), we obtain the system of 2n linear equations
2n 2n
DA/ =do, D Ajs;q; = Vo,
Jj=1 Jj=1

for the determination of 2n coefficients A ;.

Modal decomposition. The coupled oscillators with n degrees of freedom and with
the proportional damping can be reduced to n uncoupled damped oscillators. To
show this let us introduce the vector of normal coordinates & such that q = Q&,
with Q being the modal matrix, into the equation of motion (2.41). Multiplying this
equation from the left by Q”, we obtain

Q"MQé + Q" CQE + Q"KQE =0.
The modal matrix Q diagonalizes simultaneously M and K, so
Q'MQ=1, Q'KQ= Q= diag(e}),

where I is the identity matrix and Q? the diagonal matrix with the elements a)]2
Because of the proportional damping C = aM + BK we have

A=Q"CQ=Q" (aM+ BK)Q = oI+ BR? = diag(25;0;),

where §;0; = (ot + 136012) /2 are the decay rates. Thus, the damping matrix A be-
comes also diagonal in terms of the normal coordinates. The equation of motion is
decomposed into n uncoupled equations

Ei+28w&+wi&=0, j=1,..n,
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which can be solved by the method discussed in Section 1.2.

Alternatively, we can also realize the modal decomposition by diagonalizing the
kinetic and potential energies together with the dissipation function as the quadratic
forms.

Forced Oscillators. The motion is described by the equation
Mg + Cq+Kq =f(r). (2.44)

Since this equation is linear, its solution is the sum of any particular solution and
the general solution of the homogeneous equation which has been found previously.
Thus, the problem reduces to finding any particular solution of (2.44). Besides, if
the damping is permeating, then all solutions of the homogeneous equation decay
with time, so only the particular solution of (2.44) persists at large time.

Harmonic excitations. For the harmonic excitations of the form f(r) = fcos wr which
is the real part of fe'® we consider the auxiliary equation

Mz + Ci+ Kz = fe'® |

where z(f) may be complex-valued. We look for the solution of the form z(¢) =
2¢'®". Substituting this into the above equation and eliminating the factor ¢'?, we

obtain
(—0*M+ioC+K)z=f.

Provided the matrix on the left-hand side has an inverse, this equation yields
2= (—0*M+ioC+K) 'f=G(o)f.

Matrix G() is called a transmittance matrix of the system. The particular solution
of (2.44) is the real part of z(z), so

q(t) = Re(G(0)te®).

The analysis of forced vibrations simplifies considerably for the conservative os-
cillators with C = 0. In this case the solution also has the form q(r) = {cos or,
where  satisfies the linear equation

(—®M+K)g=t.

If the determinant A (@) of —®*M + K differs from zero, we use Cramer’s rule to
present the solution in the form

i=1,....n, (2.45)

where Aj(w) is the determinant obtained on replacing the j-th column of A by the
vector f. The following interesting cases may occur:
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a) A(w) =0, Aj(w) # 0: the frequency of excitation coincides with one of the
eigenfrequency and the oscillators are in resonance,

b) A(w) =0, Aj(w) =0 for all j so that limg ., A;(®)/A(®) < eo: this situation
is classified as pseudo-resonance,

¢) A(w) #0, Aj(w) = 0: the forced vibration corresponding to the j-th degree of
freedom is eliminated (anti-resonance).

For the dissipative oscillators with small but finite damping coefficients neither
resonance nor anti-resonance occurs. The problem of vibration control reduces then
to finding optimal parameters of vibration absorbers to effectively absorb energy of
the unwanted forced vibration.

Arbitrary excitations. For forced oscillators with proportional damping the problem
can be solved by the modal decomposition as shown in example 2.9. For forced
oscillators with non-proportional damping, the Laplace transform should be used
instead. Not restricting the generality, we look for the particular solution of (2.44)
satisfying the initial conditions

Applying the Laplace transform to both sides of equation (2.44), we obtain

/ (M + C + Kq)e"dr = / £(1)e " dr.
0 0

Using the properties of the Laplace transform and the vanishing initial conditions,
we reduce this to the algebraic equation

(Ms? + Cs + K)X(s) = F(s),

where X(s) and F(s) are the Laplace images of q(7) and f(¢), respectively. This
yields
X(s) = (Ms” + Cs+K)~'F(s).

Applying the inverse Laplace transform, we get

O+100
a) = 2 X(Gs) = / (M 4 Cs 4+ K) R (s)e ds,
2mi Ol —ifoo
where « is any positive number. Since all roots of the characteristic equation lie in
the left half-plane or on the imaginary axis, the integrand is an analytic function in
the right half-plane of the complex s-plane. Thus, for an arbitrary regular excitation
f(r) which remains finite as 7 goes to infinity the integral converges. The line of
integration (o — ieo, 0t + ieo) can be moved arbitrarily in the right half-plane.
Let x,;(¢) be the solution of (2.44) with zero initial condition, where
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h(t) being Heaviside’s step function. Thus, h;(z) is the column vector whose com-
ponents are zero except the j-th component which is the Heaviside’s step function.
The n x n matrix

X, (1) = (%01 () ... X (1)),

with j-th column being the vector x,(¢), is called a unit step response matrix of the
system. It is easy to see that

(Ms2—|—Cs+K)_ll — 2(X,()).

Using the convolution theorem for the Laplace transform, we obtain finally

q(1) = /0 TX,(‘cft)f(t)dt. (2.46)

This is generalized Duhamel’s formula which solves the problem if the unit step
response matrix of the system is known.

Mention that the Laplace transform can also be used to solve the initial value
problem similar to that analyzed in Section 1.3.

2.6 Exercises

EXERCISE 2.1. Two point-masses m; and m; are connected with a fixed support
O and with each other by two rigid and massless bars of lengths /; and /, (see
Fig. 2.14). Derive the equations of small vibration of this double pendulum under
the action of gravity. Determine the eigenfrequencies of vibrations.

Fig. 2.14 Double pendulum

Solution. This system has two degrees of freedom described by the angles ¢; and
¢,. Let us write down the kinetic and potential energies of this double pendulum.
For the kinetic energy we have

1
mzv%.

mlv%+2

K9)=,
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As the first point-mass m; rotates about O with the angular velocity ¢, the mag-
nitude of its velocity is vi = [1¢;. The velocity of my is the superposition of the
velocity of m; and the relative velocity of m, with respect to my, so

Vo =V + V1.

Since both angles ¢; and ¢, are small, these two vectors are nearly parallel. Taking
into account that vy = [, ¢, we can write

V3 =12 3, 42V vy & B+ B@7 + 21 (1 ¢
Thus, the kinetic energy is equal to

1

2’”21%@22 +mali L @1 @

. 1 .
K(@) = (m +m)ii¢7 +
Let us choose the zero level of the potential energy at x = 0. Then the potential

energy of the point-masses in the gravitational field is given by

U(@) = —migx) —magxs = —mgli cos @1 —mag(li cos @y +1rcos @y).

For small angles ¢ and ¢, we may replace cos @; ~ 1 — (pJ2 /2, 0 up to an unessen-
tial constant,

Uig)=,

Thus, the Lagrange function reads

1 1
migh of + 2ngll<P12 + 2M2g12<P22-

1
L=

) 1 ) . 1 1
2(m1 +mz)112(1>12+ 2mzl§<p22+mzlllz<pl(l>z - 2(m] +mz)gll<p12 - 2m2glz(l>22~

From Lagrange’s equations

d dL JL

— =0 i=1,2
dl‘a(i)j 8<pj » B

we derive the equations of motion

d , ;
gt ((my +m)l§ g1 +moli L) + (my +mo)gli @y =0,

d , )
dt (mal5 @2 +maliypr ) + magh @y = 0.

Dividing the first equation by /; and the second one by m;[,, we reduce this system
to

(my 4+ mp) 1§y +maly @y + (my +m2)ger =0,
Loy +hLpr+ge2=0.
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To determine the eigenfrequencies of vibrations we seek for the solution in the
form
iot

@; = Qje

Substituting this into the equations of motion, we get

(m1 +I112)(g—116()2) —m212w2 1 _ 0
*l] 602 g— 12602 ([A)z 0/)"
Non-trivial solutions of this equation exist if its determinant vanishes

(m1 erz)(g —1 (1)2) 7111212(1)2
711602 g—lzcoz

Computing the determinant, we get the following characteristic equation
milihw* — (my +mp)g(ly + L) w* + (my +my)g* = 0.

Solving this quadratic equation (with respect to ®?), we obtain two roots (1)12_’2 given
by

8

2 _
. 1+ m2)(1y 4 12) F A O+ ma) (1 -+ ma) (1 + )2 — dmil )|

EXERCISE 2.2. A body of mass m is connected with the wall through a spring of
stiffness k and with a bar of length / and equal mass m which rotates in the plane
about O (see Fig. 2.15). Derive the equations of small vibration of this system.
Determine the eigenfrequencies of vibrations.

X
}—mem

=

Fig. 2.15 Body connected with spring and bar

Solution. Let ¢ = (x, @) be the generalized coordinates and S be the center of mass
of the bar. We write down the kinetic energy of this system

. LT S N S R
K(g) = mi+ ms+ Js¢?,
where the last two terms represent the kinetic energy of the bar, with vy being the
velocity of the center of mass and Jg = ml>/12 the moment of inertia of the bar
about S. For small angle ¢ < 1
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L
vsfx+2(p.

So, the kinetic energy of this system reads
1

1 [ 1
N .2 . \2 2 22
K(g) = 5 +2m(x+2(p) +24ml ¢

Concerning the potential energy, we have for small angle
U()—1k2—|— l(l—cosq)) 1k2—|— l(pz
= _kx*+m ~ _kx*+m .
UV=> i) 2 &4
Thus,

1 1 l 1 1 l
L(g,q) = mez + 2m()é—&- 2(/'))2 + 24m12(p2 — ka2 — mg4(p2.
From Lagrange’s equations

d oL JL

=0 i=1,2
dt&c}; 8q,- _— T

we derive the equations of motion
; Lol
mi+m(¥+ 2(,0) +kx=0,
l l 1 5 1
. . 2é 1o —0.
mz(x—l— 2(p)+ e+ mele
These equations can be simplified to
I
2mx+m2(p+kx =0,

1 l
mlz('p+m

L1 _
3 2x+2mgl<pf0.

Dividing the first equation by 2m and the second one by mi? /3, respectively, we
rewrite them in the form

i
x+4¢+a)§x:0,
3"+"+a)2 0
X =
i TP+ 09 =0,

where
2 k 2 _ 3g
¢ 2
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To determine the eigenfrequencies of vibrations we seek for the solution in the

form

X X\

¢ ¢
Substituting this into the equations of motion, we get

(—6()24—(1)x2 —lo? ) (f) - (0)
3.2 2 2 5= :
—5 07 —0 o,/ \¢ 0

Non-trivial solutions of this equation exist if its determinant vanishes

’—wz—l—a)f ~o? 0

3 2 2 2
—5 07 —0"+ 0

Computing the determinant, we get the following characteristic equation

3
(—0 + o)) (—0* + o) — o o*=0,

yielding two roots

4 5
0}, = S (a)x“r W, F \/(a)x“r w3)? — 2@3@%) :

EXERCISE 2.3. A rigid bar of mass m and moment of inertia Jg = mp? is hung on
two massless and unstretchable ropes of equal length [ (this is the primitive mechan-
ical model of the swing). The distance between the ropes in the equilibrium state is
s. The distances between the attachment points and the center of mass of the bar are
s1 and s,, respectively. Under the assumption ¢; < 1, ¢ < 1 derive the equations
of out-of-plane vibration of the bar, neglecting its in-plane motion. Determine the
eigenfrequencies of vibrations.

@y I

e

Fig. 2.16 Bar hung on two ropes
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Solution. The motion of the bar as rigid body is the superposition of the translation
of the center of mass S and the rotation about S. Accordingly, the kinetic energy of
the bar equals
Lo, 1 2

K= 2mvs+ 2J5a) )
where o is the angular velocity and Jg the moment of inertia of the bar about S. This
motion can also be regarded as the pure rotation about the instantaneous center of
rotation P with the same angular velocity o (see Fig. 2.17).

A
‘\
[ = }
A S B P

Fig. 2.17 Pure rotation of the bar about P

The velocities of the attachment points A and B are /¢, and /¢, respectively. Let
the distance between A and P be x, then the distance between B and P is x — 51 — 52,
SO

X0 = Z(Pl,
(x—s1—s2)0=1¢,.

From here we find that

l . (514 52)¢1
0= —Mm), x= " ST
N +SZ((/n ) o1 —

The velocity of the center of mass, vg, can also be easily found as

52 . S1 .
vs=(x—s1)0=1 + .
§ ( ]) (S1+S2(pl S1-‘rs2(p2>

Thus, the kinetic energy of the bar reads

1 s §1 VIR 2 2 . . \2
K= _ml* + +.m — )%
2 (Sl + 52 # S1+82 92) 2 P (s1 +57)2 (¢1=¢2)

To write down the potential energy of the bar we find out the change of height of
the center of mass. The changes of height of the attachment points A and B are
2

(1

%1(022
2’ 2

wi =1(1—cosq) =1 wy =1(1 —cos¢)
For the bar, the change of height must be a linear function of x:

w(x) =ax+b,
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where x is the coordinate along the bar axis. Choosing x = 0 at A, we find that
b =w;.Forx =s| +s; at B we have a(s; + s2) + wi = wy, so

Wy — Wi
S1+ 52 '

Consequently, the change of height of the center of mass equals

ws = (5201 +5193),

2(S1 + S2)
and the potential energy reads

mgl 2 2
U= 207 + 8 .
2(S1+S2)( 201 I(Pz)
Combining the kinetic and potential energies, we obtain the Lagrange function in
the form

m12 . . \2 l”l”lpzl2 . . \2 mgl ) 5
L= 2(s1 +52)? (5201 +51¢2)" + 2(s1 4 52)>2 (@1 — )" — 2(s1+52) (207 +5193).
Lagrange’s equations
d oL oL
- =0 =12
dtog; de; 0 T
lead to
d m12S2 mp212 mglsy
o1 4+ 5100) + o 0
dt[(sl —|—S2)2 (52(,01 S](PZ) (sl +S2)2 ((P (PZ)] PO (]
d  mls mp212 mgls
" i _ P _ 0
dt[(sl —|—S2)2 (SZ(PI +S1(P2) (sl +S2)2 ((Pl (P2)]+s1 —|—S2(p2

Dividing both equations by mi?/(s; + s2)?, we reduce them to

.. .. AN

(34 p°) 1 + (5152 — p* ) + gl 1 =0,
.. .. AN

(s150= 7)1+ (s + )2+ & 92 =0,

where s = 51 + 5.

To determine the eigenfrequencies of vibrations we seek for the solution in the
form
iot

Qj = @je

Substituting this into the equations of motion, we get

(el e loben) (8) = 6)
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From the condition of vanishing determinant, we get the following characteristic
equation

gss gs8s
(%7 = (S +pH0)) (T (5T +p7) ) — (5152 - p?) 0t =0,

which can be reduced to

2
p2w4—§(s1s2—|—p2)a)2—|—g

12 S182 = 0.

Solving this quadratic equation (with respect to @), we obtain two roots
) 8 ) 85152
l ) 0)2 lp2 N

EXERCISE 2.4. Beating phenomenon. Find solution of (2.7) for the coupled pendu-
lums satisfying the initial conditions: ¢@;(0) = 1, ¢2(0) = ¢;(0) = ¢ (0) = 0. Plot
©1 () and @ () for ¢ = 0.1 and analyze their behaviors.

-1.0F

Fig. 2.18 Free vibrations of the coupled pendulums (wy = 1, oo = 0.1)
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Solution. As shown in Section 2.1, the solution to equations (2.3) describing the
vibration of the coupled pendulums is given by

Q= (g) =q;(Ajcosmt+ Bysin ;1) + qa(Az cos wpt + By sin wyt),

with 0 = @y = \/g/l, Wy = \/co§+2a, and

= \}2 G) ©= \}2 (31)'

To compute the coefficients we use the initial conditions

00 =0~ (g). 20 =0-(p).

together with the orthogonality and normalization conditions. We easily find that

1 1
\/2, Ay =— By =B, =0.

A= :
1 V2

Thus, the solution is

1 1
(1) = 5 (cosit+cosamnt), @) = 5 (cos @t — cos wat).
According to the addition formulas
@1 (t) =cosw'tcoset, @(t)=sinw'tsinet,

where, for small o,

, 1 N 1 o

o' = (o +m)=a, e= (0-o)= 2 oy
Thus, ¢@;(r) and @, () oscillate with the frequency @’ but with slowly changing am-
plitude cos € and sin €t, respectively. This is the so called beating phenomenon (or
amplitude modulation) typical for the oscillation with two nearly equal frequencies.

To simulate this solution numerically we put w; = wy = 1 and a = 0.1 so that
@, =+/1+2a ~ 1.095. The plots of ¢;(t) and ¢,(¢) are shown in Fig. 2.18, from
which it is seen that the second pendulum begins to oscillate when the first comes
to rest and vice versa. Thus, the energy is transferred from the first to the second
pendulum and back.

EXERCISE 2.5. Consider a pair of uncoupled harmonic oscillators described by the
equations ¥ +x = 0 and j+ @’y = 0. Using ¢ as parameter, plot the trajectory of the
motion in the (x,y)-plane given by x(z) = cosz and y(z) = cos wt for ¢t € (0,1000)
in two cases: i) @ = 3 and ii) w = &. The curves of this type are called Lissajous
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0.5

-1.0 -0.5 0.5 Lo X

Fig. 2.19 Lissajous figure for =3

figures, and due to the periodicity in x and y the trajectories can be regarded as
moving on a two-dimensional torus. Observe the difference in cases i) and ii).

Solution. In case i) the frequency ratio is equal to 3 which is a rational number. In
case ii) the frequency ratio is & which is an irrational number. The plots of the trajec-
tories of motion in the (x,y)-plane, made with the help of ParametricPlot command
in Mathematica, are shown in Fig. 2.19 and 2.20 for the case i) and ii), respectively.
In case i) the trajectory is periodic, with the period 27. In case ii) the trajectory
is non-periodic and for an infinitely large interval of time it is dense on the whole
domain (—1,1) x (—1,1). Such motion is classified as quasi-periodic. Note that,
due to the periodicity in x and y, one can wrap the square (—1,1) x (—1,1) onto
the cylinder along the lines x = =£1 and then onto the torus along the lines y = +1.
Thus, the trajectories can be regarded as moving on a two-dimensional torus. The
difference between cases i) and ii) is:

1) the frequency ratio is a rational number, and each trajectory is a closed periodic
orbit on the torus;

ii) the frequency ratio is an irrational number, and each trajectory winds around
endlessly on the torus and corresponds to the quasi-periodic motion.

EXERCISE 2.6. Determine the vibration modes and the normal coordinates of the
double pendulum with m; =my =mand [} =1, = 1.

Solution. Under the conditions m| = my = m and [} = [, = [ the Lagrange function,
as seen from the solution of the exercise 2.1, is given by

1 1 1
L= ,ml¢f + ml*(@1+¢2)° —mglof —  mgle3.
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Fig. 2.20 Lissajous figure for o =7

The division of this Lagrange function by mi> does not influence the equations of
motion, SO we can write

1. 1, . . 1
L=, 01+, (01+¢)" — 0jof — 0i¢3,

where @3 = g/I. The equation of motion in the matrix form reads

Mg +Kq =0,
where 5
(21 (20} 0
M={11) ®¥={ of

The problem is to bring both matrices to the diagonal form. This can be realized by
solving the eigenvalue problem

(70)2M + K)q = Oa
or

—20%+20 —? a1 0
P

—0*  —o*+ o) \§ 0
The characteristic equation
det(—0*M +K) =2(0* — 03)* — 0* =0

yields two eigenfrequencies

oy = 0f2FV2).
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The corresponding normalized eigenvectors of these two modes of vibrations are
¢ 1 ( 1 ) ~ (0.382683)
1= ~
2 0.541196 /) °
\/ 2(24++/2) v
a 1 (—1) ~ <0.92388)
2= ~ .
\/2(2_ V2) V2 1.30656
With these eigenvectors we form the modal matrix

Q- 0.382683 —0.92388
~ \0.541196 1.30656 /’

which has the inverse

Q' = < 1.30656 0.92388)

—0.541196 0.382683
Since the normal coordinates are & = Q~'q, we obtain
&1 = 1.30656¢; +0.92388¢,, & = —0.541196¢; + 0.382683¢;.

EXERCISE 2.7. Determine the vibration modes and the normal coordinates in exer-
cise 2.3.

Solution. From the solution of exercise 2.3 we see that there are two eigenfrequen-
cies of vibrations

S152
wlzzg 2 _ 85152

I’ Ip?

Let us find out the corresponding eigenvectors. For mode 1 with a)l2 = § we have
g sin—p* —(s12-p?)\ (@1 _ (0
I \~(s12—p%) s152—p? q 0"

Together with the normalization condition q; - Mq; = 1 we find that

(1)

Thus, this mode of vibration corresponds to the synchronized parallel motion of the
bar with ¢ = ¢, (the swing mode). For mode 2 with @3 = gf;? we have

8 552*(5%+P2)S;,Szz *(S1S2*P2)S;)Szz a1\ _ (0O
P\~ =p) 02 s = (si+p2) %2 J \a2) — \0)"

p?
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Consequently,
p BTN

@ (s1:2—p?) B

5152

o
B 1

Together with the normalization condition q, - Mq, = 1 we find that

_l —81
Q2—ps 5 )

This mode of vibration describes the rotation of the bar about the center of mass
(antisymmetric mode). Thus, the modal matrix equals

o= (i e )

and the normal coordinates are € = Q" !q.

EXERCISE 2.8. Find the coordinates of the fixed points A and B of the resonance
curves in example 2.8. Show that A and B are at equal level when

u
(T p)>

Solution. Let us analyze the resonance function

X1

_‘ —un’>4idn+x
X10

(—n2+idn+1+x)(—un?+ién+x) — (ién + x)?

Expanding the nominator and denominator on the right-hand side, we obtain

X1 _‘ —un®+x+idén
xio| | (=n? 14 K)(—un? 4 k) = k2 +idn(—un? =2+ 1)
Thus,
x| 5°n*+ (k- un?)?
xol &= un? =P+ 12+ (=07 + 1+ k) (—un® + k) — k22

Let us first consider the limiting case of vanishing damping: & = 0. In this case the
resonance function becomes

[k —un?|
|(=1m2+ 14+ K)(—un’+x) — k2|’

X1

X10

In the other extreme case with 6 — oo we have

1
LTRSS

X1

X10
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Since xj/xj0 near the fixed points has different signs in these two cases, the
n-coordinates of the fixed points A and B satisfy the equation

K—un? _ 1
(—m?+1+K)(-un?+Kx)—x2 n*(p+1)-1

or

(02 +2u)n* =2(xk + Kk + )N’ +2x = 0.
The resonance function for other § can be presented in the form
> M&*+N
- P82+Q

X1

X10

so that it will be independent of 8 only if M /P = N/Q which is again identical with
the above equation. From this equation two roots 7712 and 7722 can be found, which
determine the coordinates of A and B. The ordinates of points A and B are obtained
by substituting these roots in the resonance function for the case 6 — 0. Since the
signs of this function is positive at A and negative at B, the ordinates are

1 1
5 5 and 5 5 .
—puny—ny+1 uny +mn;—1
We want to choose the parameters of absorber in such a way that points A and B are
at equal level. This requires that
1 B 1
—unf-ni+1  uni4+ni—1’

or

2 2 __

Taking into account that n]2 and n22 are the roots of the quadratic equation, we obtain

2(k+Kxu+pu) 2

JTCS TR T
which implies that
u
(1+u)?
EXERCISE 2.9. Find the solution of example 2.9 by the Laplace transform and show
that it is equal to the solution found by the modal decomposition.

K=

Solution. Dividing equations (2.22) describing the motion of these coupled pendu-
lums by mil?, we rewrite them as

B1—x(d2— @)+ g p1 — (@2 — 1) =0,
G2+ X (2 — @) + 052+ ot( @2 — 1) = (1),
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where
w=+/g/l, x=c/m, o=, f(t)=

Let us look for the particular solution of these equations satisfying the homogeneous
initial conditions. Applying the Laplace transform to both sides of these equations,
we obtain

2Dy — ys(Dy — D))+ 0D, — (P — D) =0,
2Dy 4 x5(Py — D)) + OF Dy + 0 (Dy — D) = F(s),

where @ (s), @1(s), and F(s) are the Laplace images of ¢;(¢), ¢2(¢), and f(z),
respectively. The latter equations can be represented in the matrix form as

SHystogta —xs—o o\ [0
—xs—a  Stystoitoa)\ @) \F(s))"

Solving these equation, we find that

F(s)(xs+ o) F(s)(s> + xs+ 0} + o)

= 3 @ —_ .
TR gs @) — (s )2 (P s+ 0F 4+ a) — (xs+a)?

To compare with the solution obtained by the modal decomposition let us consider
the image functions

1 1 F(s)
== D+ D) = ;
! \/2( 1+ ) V2 2+
and
| | F(s) | F(s)
Ey = b, — D)) = = .
2= (B2 ®) V224 R+ 2ys+200 252+ 2+ 2)s

It is easy to see that the original functions &; (¢) and &, (¢) corresponding to these
image functions satisfy the differential equations

51 +a)12§1 = \/12 pn(jl),
52-1-11652-5-0’2252: \}anitl)-

Thus, the solution obtained by the Laplace transform coincides with the solution
obtained by the modal decomposition.

EXERCISE 2.10. A point-mass m moves in the space under the action of three
springs of stiffnesses &, k», and k3 whose axes do not lie in one plane (see Fig. 2.21).
The equilibrium position of the point-mass is chosen as the origin of the coordinate
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system, while ny, np, and n3 denote the unit vectors along the spring axes. Derive the
equation of small vibrations for this oscillator and determine the eigenfrequencies.

Fig. 2.21 Mass-spring oscillator with 3 degrees of freedom

Solution. Let r = (x,y,z) be the position vector of the point-mass. We write down

its kinetic energy

1 1
mﬂ:fm¢=zwﬁ+ﬁ+%)

The potential energy of the springs reads

1%(Ahf+kﬂAbf+kﬁAhfL

U=,

where Al; is the change of length of i-th spring. Let /p; be the original length of
the springs. Then the position vectors of points A, B, C are r; = lon;, i = 1,2,3,
respectively. The change of length of i-th spring equals

Al = 1; — lo =/ (lom; — r) - (lom; — ¥) — lo;.
Using the smallness of r, it is easy to see that
2
V(lom; =) - (lomi — ) = loiy [ 1 — PR loi —m;-r.
1

Thus,
Ali =—N;-r,

and the potential energy of the springs becomes

U(I‘) = ; [kl (n1 . 1‘)2 + kz(ng . 1‘)2 + k3 (113 : I‘)z].
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Now Lagrange’s equation
dJdL JL

dtal"78r70

yields the equation of motion
mi+kin(n; -r)+kmny(ny-r) +k3nz(ng-r) =0.
To find the eigenfrequencies, we look for the solution in the form
r(r) = e,

where f is a constant vector. Substituting this solution Ansatz into the equation of
motion, we obtain
(—mo* 1+ K)i = 0.

Here Iis the 3 x 3 identity matrix, and K is the stiffness matrix with the components
Kij = kinying j + konginy j + kanzins .
Therefore, the eigenfrequencies should be found from the equation
det(—mo*1+K) = 0.

This equation can be simplified if the unit vectors ny, ny, n3 are mutually orthogonal.
By choosing the coordinate system with these vectors as basis vectors, the stiffness
matrix becomes also diagonal

ki 0
0 0
0 0 k3

K=

o F o

Thus, in this case the equations become uncoupled and the eigenfrequencies are
given by

a)J:\/k]/m’ j:1’2,3.
Correspondingly, the eigenvectors are ny, np, n3.

EXERCISE 2.11. A pre-stretched string contains three equal and equally spaced
point-masses m (see Fig. 2.22). The tension in the string is assumed to be large
so that for small lateral displacements of the point-masses it does not change ap-
preciably. Derive the equation of small lateral vibration and determine the eigenfre-
quencies.

Solution. Let the displacements of the point-masses from their equilibrium positions
be x1, x2, and x3 (see Fig. 2.22). The kinetic energy of the point-masses is

1
K= Zm(x%+x§+x§).
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Fig. 2.22 Pre-stretched string with 3 point-masses

We denote the tension in the string by S. Since S is large, the potential energy of the
string equals
U= S(Al] + AL+ Al —|—Al4),

where Al; are the changes of lengths of the string segments. Let us express these
changes in terms of x;

1
Al = \/12+x%—z:1(\/1+(x1/1)2—1)x 2l(xll )2,
1 _
Al = \/12+(X2*X1)2*l’~”4 zl(xz / e,
1 —
Aly= [P+ (5 -0~ I = TR

1
Aly = \/ler)C% — = zl(x; )2.

Here the smallness of x; compared with [ as well as the formula /14+¢&~ 1+ ;e
are used. Introducing xo = x4 = 0, we may present the potential energy in the form

\)
U=_"[(x1 —x0)* 4 (x2 —x1)* 4 (x3 — x2)* + (x4 — x3)?].

I

With the Lagrange function L = K — U it is easy to derive the equations of motion
m¥j+ k() —xj1) +k(j —xj01) =0, j=1,2,3,
where k = S/1. We look for the solution of these coupled equations in the form
xj =xXjcos(wr —¢),

where £; are the amplitudes of vibrations. With this Ansatz we reduce the differen-
tial equations to the algebraic equations

(2k — @*m)j — k(%j—1 +%41) =0,
or to
(218 — (&=t +211) =0,
where 2 = w?m/k. As the amplitudes of vibrations are determined up to an arbi-

trary constant factor, we normalize them by

A

K; = z i=0,1,2,3,4.
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The above system becomes
(2—n?)x;— (Kj-1+Kj+1) = 0.
Thus, knowing ko = 0, k1 = 1, we can successively determine other k; according to
Kji=Q2-nHKi1—Kj—2, j=2,34
So,
K=-n"+2, ks=n*—4n*+3, x=-n°+6n*—10n>+4.
Since x4 = 0, we obtain the following equation to determine the eigenfrequencies
—n°4+6n*—10n>+4=0.
The alternative method of solution is based on the following Ansatz
%j=Csinjo.

This Ansatz satisfies the boundary condition £y = 0. The other boundary condition
x4 = 0 will be satisfied if

km
4a=kr, k=123 = a= 4
On the other side, substituting the above Ansatz into the algebraic equations for £;,
we obtain
Csin jo(2 —n* —2cosa) = 0.

Since C cannot be zero, we obtain the equation to determine the eigenfrequencies
o
n? =2(1 —cosa) = 4sin’ 5
Denoting by @ = \/k/m = \/S/ml, we can write

o = 20)Osin(; — 2@y sin kg, k=1,2,3.
EXERCISE 2.12. The free vibrations of an airplane can be described in a simpli-
fied model with three degrees of freedom representing the motion of the fuselage
and the wings which are connected with the fuselage by the spiral springs of stiff-
nesses k; and kp (see Fig. 2.23). Derive the equations of small vibrations. Under
the assumptions of symmetry 6; = 0, = 0, m; = mp = m, and k| = ky = k, find the
eigenfrequencies of vibrations.

Solution. Let the changes in angles of the wings be ¢; and ¢,. We write down the
kinetic energy of this system
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Fig. 2.23 A primitive model of an airplane with 3 degrees of freedom

K= et s L2
= X nmv nmovs5.
2 D

The velocity of the point-mass m; is Vi = vy + V,¢;, Where v,,; denotes the relative
velocity. Since the vertical and horizontal components of this relative velocity are
[y cos 0) and —[¢; sin O, respectively, we have

Vi = X2 +2lcos 01x¢; + > ¢
Similarly,

V3 = X2 + 21 cos iy + > p3.
Thus, the kinetic energy of the system becomes

1
K =

1 1
5 (M4+m; + my) i +mylcos 03¢ + 2m112(i)12 + myplcos Gy + 2m212(p22.

It is easy to show that the static spring forces, the gravitational forces, and the aero-
dynamic force due to the steady state flow do not contribute to the potential energy.
Therefore

1 1
U= _kioi+ k3.
HKIPT T+ 5 K23
With L = K — U we derive from Lagrange’s equations
(M +my +mp)x+ mylcos 01§, +mplcos ¢, =0,

mllz(ﬁl +mylcos 01X+ ki =0,
mzlz(bz +mplcos i+ kyp, =0.

Let q = (x, 1, ¢;) and my = M + m; + m,. Then we can represent the equations
of free vibrations of this system in the matrix form

Mg+ Kq =0,
where
mr milcos 0 mylcos 6, 000
M= |mlcos® —ml? 0 ., K=[0k O
mylcos 6, 0 mal? 00 ko
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Seeking the particular solution in the form
q=Ge'"”,
we obtain the eigenvalue problem

(—0®™M+K)q=0.

The related characteristic equation

—%my —@*mylcos 0, —*mylcos 6y
det(fco2M+K) = |—w?milcos 0, —w?m 1%+ k 0 =0
—%mylcos 6, 0 —0*myl? + ky

can be written in the form

»’ [14 (mymymy — mlm% cos> 6, — mzm% cos” 6 )a)4 — lz(mT (miky +moky)
—m3ky cos? @y —m3ky cos® 0))w* + mrkiky| = 0.
Thus, there is always the zero frequency corresponding to the mode of vertical mo-
tion of the airplane as a rigid body with x # 0, ¢; = @, = 0. In the symmetric case

(6 = 6, =0, my =my =m, and k; = ko = k), the remaining factor in the square
brackets reduces to

m*1*(my — 2mcos® @) ®* + 2kml* (mcos* 0 — mr) w* + mpk® = 0.
This yields the following eigenfrequencies

2k
[ _mlzv

ka
ml2(mr —m —mcos20)’

a)22:



Chapter 3
Continuous Oscillators

This Chapter deals with small vibrations of mechanical systems having infinite num-
ber of degrees of freedom. It begins with the discrete models of linear chain of oscil-
lators and then moves to the continuum models of strings, beams, membranes, and
plates. The last Section is devoted to the most general continuous oscillators. The
vibrations of these oscillators can be found in form of the linear superposition of the
standing waves leading to the eigenvalue problems in infinite dimensional spaces.

3.1 Chain of Oscillators

Differential Equations of Motion. Crystals having periodic lattice structures with
atoms vibrating about the lattice sites can be regarded as mechanical systems with
countable number of degrees of freedom. Our aim is to construct mathematical mod-
els for such discrete systems with countable number of degrees of freedom by means
of the continuum mechanics. Let us first begin with two simple examples.

EXAMPLE 3.1. 1-D chain of mass-spring oscillators. A linear 1-D chain of points
of equal mass m connected by springs of equal stiffness k; is constrained to move in
the longitudinal direction (see Fig. 3.1). Derive the equations of motion.

1

>
Mj.

Fig. 3.1 A linear chain of mass-spring-oscillators

Ujiq

In this example the point-masses model atoms, while the springs their nearest
neighbor interaction. In equilibrium the distances between neighboring atoms are
equal to a lattice constant b. Denoting the displacement of the atom j from its equi-
librium position jb by u;(¢), we write down the kinetic energy of the chain
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K(i) = jmy ;. (3.1)
The potential energy of the chain is the sum of energies of the springs
1
Uu)= ki (= uj1)*, 3.2)

J

Thus, Lagrange’s equations of this chain read
mtij+k1(uj — uj_l) —kl(uj+1 —uj) =0

forall j=1,...,n— 1 except the end points of the chain.

EXAMPLE 3.2. 1-D chain of atoms with next-to-nearest-neighbor interaction. Con-
sider the similar 1-D chain of atoms as in the previous example. But now in addition
to the springs of stiffness k; there are springs of stiffness k, connecting the next to
nearest neighboring atoms as well (see Fig. 3.2). Derive the equations of longitudi-
nal motion.

Fig. 3.2 A chain of oscillators with next-to-nearest-neighbor interaction

As before, the kinetic energy of this chain remains the same as (3.1). But its potential
energy changes. Because of the presence of the next-to-nearest-neighbor interaction,
we have to include energies of the springs of stiffness k»

1 1
Uu) = ke 2 —ujor)* + ko 3w —uj2)*. (3.3)

J J

It is interesting to mention that, in some physical situation, we may even assume the
negative spring stiffness k. Lagrange’s equations of this chain become

2
miij+ Y [k (uj—uj_y) — ky(ujpy — uj)) = 0 (3.4)
=1

for all j =2,...,n— 2 except the end points of the chain. It is easy to write down
the equations of motion for the chain, where each atom interacts with m neighbors
to the left as well as with m neighbors to the right (see exercise 3.1).

The derived systems of coupled differential equations are quite difficult to study.
However, it turns out that, as n — oo, they can be reduced in the long wave limit to
one partial differential equation which is easier to solve.
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Quasicontinuum. The idea is to set up one-to-one correspondences between func-
tions of discrete argument and functions of continuous argument and between op-
erations on them. Consider the case n = o (infinite chain) and let u(jb) = u; be a
function of the discrete argument j defined at the lattice sites. At present, the de-
pendence of u; on ¢ is suppressed for short; it will be restored in the final stage. We
are going to interpolate this function to a smooth function «(x) defined on the whole
x-axis such that all wave lengths shorter than b are filtered out. The precise meaning
of this can be given in terms of the Fourier transform of u(x) which we denote' by

u(h) = Fu) = [ e Fudx, ul) = ;ﬂ [ a6

Namely, we require that the Fourier image u(k) differs from zero only on the seg-

ment B = [—n/b,n/b], called Brillouin zone. Then u(k) can be expanded in a
Fourier series on this segment
u(k) = xp(k) Y, cje %, (3.6)
J

where yp(k) is a characteristic function of the segment B, i.e., xz(k) = 1 whenk € B
and yp(k) = 0 otherwise. Substituting this equation in (3.5) for u(x), we find

u(x) = chSB(x —jb),
J

where
sin(7x/b)

1 .
Op(x) = - /Be’kxdk: o

It is easy to see that 0p(x) = dp(—x) and

1

0p(0) = b’

0p(jb) =0 for j #0.
Thus, if we set ¢; = bu(jb), then

u(x) = by u(jb)ds(x— jb) (3.7)
J

is the required interpolating function, since it is equal to u( jb) at the lattice sites and
its Fourier image has the compact support in the Brillouin zone B. It can be proved
that (3.7) is a unique and one-to-one correspondence between functions of discrete
and continuous argument satisfying these two requirements [27].

! This notation involves no risk of confusion as we can see the difference in arguments of
u(x) and u(k). Besides, it emphasizes that u(x) and the image u(k) are the same function
in x and k spaces.
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Based on this one-to-one correspondence, we can now present the Lagrange func-
tion of our chain in terms of the continuous function (3.7). First of all, let us show

that the following identity
2 1 2
u-(jb) = p e dx

holds true for an arbitrary function u(jb). Indeed, according to Parseval’s identity
[47] we have for any real function

[ wae= o [ wuti)ax.

where u* (k) is the complex conjugate of u(k). With u(k) from (3.6) (where c¢; =
bu(jb)) and with the identities

1 i(1— )bk 1
dk= _0;
2n /Be b

we can easily check the required formula. Thus, the kinetic energy of the chain (3.1)
can be expressed in terms of u(x,t) as

1
K(uy) = / 5 s dx, (3.8)

with the comma in indices denoting the partial derivative and 4 = m/b the mass
density per unit length. Let us turn now to the potential energy of the chain and
rewrite it in the form

Zu j I/ll,

where @(—j) = @(j) and for U (u) from (3.2)
®(0) =2k, ®(1)=—k, @()=0 forl|j|>1.
For U (u) from (3.3) we have
D(0) =2(ki + k), D(1)=—ki, PQ2)=—ky, @(j)=0 forl|j>2,

and this can easily be generalized for chains with m interacting neighbors, m >
2. Applying the convolution theorem and Parseval’s identity, we have for any real
function u(x) and @ (x)

/ / Vddy= / wk)dk,  (3.9)
:[Zdi(x)e_ikxdx.

where
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Now, if we set |
O(k)=, > ®(j)e ", keB, (3.10)
b5

and substitute it into the right-hand side of (3.9), we obtain
| . L= [
Uu) = 5 ZMJ-CD(] —Duy = 2/ / u(x)®(x —y)u(y)dxdy.
T —o0 J—o0
Thus, the action functional can be presented in terms of the function u(x,#) as

1 <11 1 /=
Iu(x,1)) :/t dt/ {Z,uu?t— 2/ u(x, 1)@ (x — y)u(y,t)dy| dx (3.11)
0 - -

Varying the action functional, we easily obtain the following integral equation

st [ @l yulndy =0, (3.12)

which is equivalent to the system of equations (3.4). Note that equation (3.12) can
also be directly obtained from (3.4).

Dispersion Curve and Long-Wave Approximation. Since equation (3.12) is lin-
ear, we seek its solution in the form

u(x,r) = ae'*=". (3.13)

This solution corresponds to the wave propagating along the x-axis, with a being
the amplitude, k the wave number, and o the frequency of vibration. Substitution of
(3.13) into (3.12) leads to the dispersion relation between k and @

—u*+@(k) = 0. (3.14)
For the chain with the nearest neighbor interaction we have from (3.10)

4k, . , bk
sin

keB.
b 20 *€

D(k) = 2];1 (1 —cosbk) =
Denoting by wy = \/kl /m, we present the dimensionless dispersion curve v =
®/ay versus K = bk in Fig. 3.3.
For the propagating wave (3.13) the characteristic wavelength is [ = 27 /k =
2nb/x. If this characteristic wavelength is much larger than the lattice constant
b, then K < 1 and function @ (k) can be approximated by

4k1 . zbk k]
s ~

k)=, 2 T b

(bk)*. (3.15)
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0.5-

>
3 2 -1 1 2 3 K

Fig. 3.3 Dispersion curve for a chain with nearest neighbor interaction

This approximation simplifies considerably the potential energy in the action func-
tional and makes the theory local. Indeed, using the property of the Fourier trans-
form

1 N i
o / K2 (Kyu(k) dk — /_ iy,

we write the potential energy in the form

kb [~
Uu) = : u? dx.
2 Jow
Thus, the action functional becomes
Hu(x,1)] = / di / Gl = kbi)dx, (3.16)
to Ceo 2 ? 2 7

which yields the following Lagrange’s equation
Mg — kibu e = 0. (3.17)

This type of partial differential equations will be studied in the next Sections within
the continuum mechanics.

3.2 String

Differential Equation of Motion. In previous Section the transition from discrete
to continuum descriptions has been demonstrated. Let us now derive the equation
of motion directly within the framework of continuum mechanics. We start with
simple one-dimensional continua.

EXAMPLE 3.3. Flexural vibration of string. Derive the equation of small flexural
vibration of a pre-stretched string.
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Under string we mean a thin pre-stretched

elastic body with negligible bending stiff- e __
ness whose diameter of the cross-section w(x,0)
is much smaller than its length /. We shall S(x)

model the string by a one-dimensional StrtAx)

continuum. We show first the derivation
based on the force method. Let x be the
coordinate along the string axis, x € (0,1),
and w(x,t) the transverse displacement of
the string. We also denote by o(x,7) the slope of the curve w(x, ). For small vibra-
tion both w(x,#) and o(x,7) are small so that @ = w . The tension is assumed to
be large, and the change of stress along the string during the vibration is negligibly
small compared with this tension. We cut a part of the deformed string from x to
x+ Ax and free it from the rest. Keeping in mind the free body diagram shown in
Fig. 3.4, we apply Newton’s law in the transverse direction,

Fig. 3.4 Flexural vibration of string

H(x)Axwy = S(x+ Ax)o(x + Ax,t) — S(x)ou(x, 1),

where S(x) and S(x+ Ax) are the forces from the surrounding exerted on the cut part
of the string, t(x) the mass per unit length, and, due to the smallness of o, sin o is
approximately replaced by « in this equation. Dividing both sides by Ax and letting
Ax — 0, we obtain in the limit

pwa = IS0 0)].

Here the slope ¢ is replaced by w,, with comma denoting the partial derivative
with respect to x. For the homogeneous string with constant cross-section area A the
mass density per unit length does not depend on x: t(x) = pA = p. We also assume
that S(x) = S, where S/A is the tension in the equilibrium state. Dividing the above
equation by u, we reduce it to the standard form

S
Wy = c2w7xx(x,t)7 c= . (3.18)
u
This equation is subject to the boundary conditions

w(0,1) = w(l,1) =0. (3.19)

The energy method is based on Hamilton’s variational principle of least action:
among all admissible motions w(x, ) satisfying the initial and end conditions

w(x,70) =wo(x), w(x,t1) =w;(x)

and the boundary conditions (3.19) the true motion is the extremal of the action
functional
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t gl
I[w(x,1)] :/tl/OL(w,wJ,w_,,)dxdt.
0

The consequence of Hamilton’s variational principle is Euler-Lagrange’s equation
(see the derivation in Section 3.6)

d dJL d JL JL

dtow, axow. ow (3:20)

Thus, the motion of the conservative one-dimensional continuum is governed by a
single function L(w,w x,w,), called Lagrangian, which is given by

L(W’ W-,X’W-,l) = K(W-,I) - U(W’ W-,x)v
where K(w,) is the kinetic and U (w,w ) the internal energy densities. In our exam-
ple the kinetic energy density is equal to

1
K(w,)=, pws.

The internal energy density (per unit length) must be a function of the strain &:
U = U(e). Denoting the strain in the pre-stretched state as € = &, we expand the
energy density in Taylor’s series near this state:

U(e) = Uleo) +U'(e0) (e —€0) +...

Neglecting the unessential constant U(gy) as well as terms of higher orders and
taking into account that U’(g) = S, we obtain

U(e) =S(e—&).
Now, for the transverse displacement considered above

e e — lim V(Ax)2 4 (w(x+ Ax) —w(x))2 — Ax - lwzx.
Ax—0 Ax 2

Thus, the internal energy density depends only on w ., U(w,w ) = éSw?x, and

1 1
L(Waw,xaw,t) = 2““’2: — 2SW2X

Substitution of this Lagrangian into (3.20) leads again to the equation of motion
(3.18).

EXAMPLE 3.4. Longitudinal vibration of bar. Derive the equation of small longitu-
dinal vibration of an elastic bar.

Under bar we mean a thin elastic body whose diameter of the cross-section is much
smaller than the length / of the bar. Let x be the coordinate along the bar axis,
x € (0,1), and u(x,t) the longitudinal displacement of the bar. The kinetic energy



3.2 String 107

¥ u(x,t)

El

Fig. 3.5 Longitudinal vibration of bar

per unit length of the bar is given by

1
K(,) =, pAG)E,

while the internal energy per unit length by

1

U(”,X) = )

A(x)u2x

Here we denote by p the mass density, A(x) the cross-section area which may vary
along the bar axis, and E the Young modulus. With the Lagrangian L(u ,u;) =
K(us) — U (uy) we derive from (3.20)

0 A1)

PA(X)u s = P

and, if A(x) = const, reduce it to the standard form (3.18) with ¢ = \/ E/p and w
being replaced by u.

EXAMPLE 3.5. Torsional vibration of bar. Derive the equation of small torsional
vibration of an elastic bar.

x 900
: <

Fig. 3.6 Torsional vibration of bar

Let ¢(x,1) be the rotation angle of the cross-section in its own plane. The kinetic
energy per unit length of the bar is given by

1

5 PIp()9],

K(p;) =

while the internal energy per unit length by

1

5 GJy(x) @3

U(ox) =
Here J,,(x) corresponds to the polar moment of inertia of the cross-section, and G the
shear modulus. With L(¢x, ;) = K(¢,) — U () we derive from Euler-Lagrange’s
equation
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p1y (0w = | (Gl (0)0ux.)]

which, for Jp(x) = const, can again be reduced to the standard form (3.18) with
c= \/G/p and w being replaced by ¢.

Solution. We first seek particular solutions of equation (3.18) and then construct the
general solution using the linear superposition principle. We assume the particular
solution of the form

w(x,7) = q(x)u(t).

As this particular solution is the product of two functions depending separately on x
and ¢, the corresponding method of solution is called separation of variables. Plug-
ging this Ansatz into equation (3.18) and assuming that neither g(x) nor u(t) is
identically zero, we divide the obtained equation by g(x)u(z) to get

P "
w_ 24
u q

Since the left-hand side expression depends on ¢ while its right-hand side counter-

part depends only on x, the equation implies that both must be a constant which we
denote by —®?. Thus, we obtain two ordinary differential equations

i+ o’u = 0,
(3.21)

The solution of the second equation reads
() . 0
q(x)=Acos x+Bsin «x.
c c

The boundary conditions (3.19) require that g(0) = g(!) = 0, so A = 0 and the non-
trivial solution exists if

Tc

. @ .
sin [=0 = owo=w=j,,
c l

i=12,.... (3.22)

Thus, )
T
qj(x) = Bjsin ]l X.

We may fix the coefficients B; by choosing some normalization condition. As such
we propose

[ 2 i
2 _ _ T
/Oqj(x)dx—l = qj(x)—\/lsm ;X

Functions ¢;(x) describe the shapes of normal modes and are called eigenfunc-
tions (or standing waves). Function ¢ (x) corresponds to the shape of mode with the
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lowest frequency (or the fundamental tone).
Functions ¢;(x) with j > 1 describe the
shape of modes with higher frequencies
(called overtones). The eigenfunction g;(x) / . '
has j — 1 fix points which do not move

(one speaks of the vibration nodes). Fig. 3.7 ] >X
shows three first eigenfunctions. It turns out — {'j% } N :
that the functions ¢ (x) are orthogonal in the i AN /
following sense RN
!
/ q; (x)gr(x)dx =0 for j #k. Fig. 3.7 Three first eigenfunctions
0

This can easily be checked by using the
well-known trigonometric formula for sine function.
The first equation of (3.21) for @ = w; has the solution

u(t) =ajcosw;jt +b;sinw;t.

Now, the general solution of equation (3.18) satisfying the boundary conditions
(3.19) is obtained in form of the Fourier series

2& . jm .
w(x,1) = \/l Y sin ]l x(ajcoswjt+bjsin wjt).
Jj=1
We have to satisfy also the initial conditions

w(x,0) =wo(x), w,(x,0)=vo(x).

With the above solution we obtain from the initial conditions
2 & . T
\/l Zlajsm A= wo(x),
]:

(3.23)
2.8 o
; ijbjsm ; x=vo(x).
=1

To determine the unknown coefficients a; and b; we multiply these equations with

the eigenfunction g (x) = \/ ? sin kl”x and integrate over x from O to /. Using the

orthogonality and normalization conditions, we obtain

2 ! j 21 ! j
aj:\/l/owo(x)sinjl”xdx, bj:\/l Coj/o vo(x) sin ]lnxdx.
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In the harmonic analysis [12,56] it is proved that if functions wo(x) and vy (x) are
continuous and piecewise continuously differentiable, then the Fourier series (3.23)
converge uniformly to wo(x) and vy (x) in the interval (0,7). Thus, the eigenfunctions
found above form a complete orthogonal basis for this class of initial data.

3.3 Beam

Bernoulli-Euler’s Beam Theory. Under beam we mean a thin elastic body whose
undeformed axis is a straight segment of length /. The thickness & of the beam is
assumed to be much smaller than its length /. Let x be the coordinate along the
beam axis, x € (0,1), and w(x,) the transverse displacement of the beam axis in the
(x,y)-plane (see Fig. 3.8).

%
&

Fig. 3.8 Flexural vibration of beam

According to Bernoulli-Euler’s beam theory the kinetic energy density of the
beam is equal to

1
K(WJ) = 2HW,2m

where  is the mass per unit length. The internal energy density of the beam must
be a quadratic function of the curvature of the deformed beam axis w

Uokﬂ)zzéEJoauf,

with EJ being the bending stiffness. Thus, the action functional reads

t l
UMLMZZ”ALwaﬂwm,
0

where

;EJUKMY. (3.24)

The difference between this Lagrangian and those in the previous Section is the
presence of the second derivative in the internal energy density.
We first consider the case of clamped edges such that

1
LW, wy) = 2,uw?, —

w(0,6) =w(l,t) =0, w(0,1) =w.(L,r) =0. (3.25)

The second condition of (3.25) means the vanishing rotation angle of the beam about
the clamped edge. Hamilton’s variational principle of least action for the beam states
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that among all admissible motions w(x, ) satisfying the initial and end conditions
w(x,to) =wo(x), w(x,t) =wi(x)

and the boundary conditions (3.25) the true motion is the extremal of the action
functional

t 1
Silwix,t)] =6 [ / L(W.xswy)dxdt =0,
0 0

To derive the equation of flexural vibration from this variational principle we calcu-
late the first variation of the action functional

t 1
51 = / ‘ / (Lw, 8w, — EJw e Sw ) dxdt = 0. (3.26)
) 0

Integrating by parts over x and 7 and using the initial and end conditions as well as
the clamped boundary conditions, we obtain

t l
512/1/ (—puw ¢ — EJW xour) Owdxdt = 0.
0 0

Since dw can be chosen arbitrarily inside the region (0,1) x (fo,?;), the variational
equation implies that
1w gy + EJW e = 0. (3.27)

Note that Hamilton’s principle applies to other boundary conditions as well. Prac-
tically, there are three types of boundary conditions at x, (x, = 0 or x, = [) corre-
sponding to:

a) Clamped edge: w(x,,t) = w (x4,1) = 0.
b) Simply supported edge: w(x.,t) = 0, but w x(x,,7) may be varied arbitrarily.
c) Free edge: both w(x,,t) and w (x.,7) may be varied arbitrarily.

Provided equation (3.27) is fulfilled, we reduce equation (3.26) for the variations
not vanishing at the boundaries to

|
6l = / (—EJw 16w+ EJw oo 6W)[S=h dt = 0.
fo

Thus, from the last equation we see that, in case b) the additional boundary condition
obtained from Hamilton’s principle is

Woe(¥s,2) =0,

which means the vanishing bending moment. In case c¢) the boundary conditions
read
W,xx(x*at):()a W,xxx(x*at):()a

which mean the vanishing bending moment and shear force. Contrary to the kine-
matic (or essential) boundary conditions of the type w(x.,7) =0 or w (x,,7) =0, the
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additional boundary conditions derived from Hamilton’s principle are called natural
boundary conditions.

Solution. The method of solution is quite similar to that considered in previous
Section. We first seek a particular solution of the form

w(x,t) = q(x)u(t).
The separation of variables in (3.27) leads to

u« B EJ q////

wooopog
The left-hand side expression depends on ¢ while its right-hand side counterpart
depends only on x, therefore two ordinary differential equations follow

i+ o*u= 0,
q//// _ K4q — 0’
with k* = @w?u/EJ. The solution of the second equation reads
q(x) = Cy sin kx + C; cos Kx + Cs sinh kx + C4 cosh Kx.

Consider, for example, the beam which is simply supported at x =0 and x = /. In
this case the boundary conditions require that

q(0)=4"(0)=0, q(I)=4"(I)=0.

So we get four homogeneous equations for four coefficients Cy, C,, C3, and Cy.
Dividing the equations ¢”(0) = 0 and ¢”(I) = 0 by k? and rewriting them in one
matrix equation, we have

0 1 0 1 C

0 —1 0 1 (653
sinA  cosA sinhA coshA Cs
—sinA —cosA sinhA coshA Cy

(=Rl e)

where A = x/. The non-trivial solution exists if the determinant of the matrix van-
ishes giving
sinAsinhA =0 = A;=jr, j=1,2,.... (3.28)

For A; = jr the above equation implies that C; # 0, C; = C3 = C4 = 0. We fix C;

by the normalization condition

JTT

! 2
2 _ () = -
/Oqj(x)dx—l = qj(x)—\/lsm ;x
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Thus, the eigenfunctions ¢;(x) for the beam with the supported edges remain the
same as the shapes of normal modes of the string.
With A; = j we obtain for the eigenfrequencies

L, |EJ ., |E]
a)jxj\/ul4(]n) e i=12,.... (3.29)

Note that the frequencies are proportional to j2. The first equation for u(t) has the
solution
u(t) =ajcosw;t+b;sinw;t.

Now, the general solution is obtained in form of the Fourier series
2 & . m .
w(x,t) = \/l Y sin ]l x(ajcosw;t +bjsinw;t),
j=1

where the coefficients a; and b; should be determined from the initial data wo(x)
and vy (x) by using the orthogonality condition.

Table 3.1 The frequency equations

Boundary conditions Frequency equation
free-free 1 —cosAcoshA =0
supported-free tanA —tanhA =0
clamped-free 14+cosAcoshA =0
supported-supported sinA =0
clamped-supported tanA —tanhA =0
clamped-clamped 1—cosAcoshA =0

1/coshA COSA
0.5

-0.5

-

Fig. 3.9 Roots of the frequency equation 1/coshA = cos 2

The modal analysis of the beam with other boundary conditions is similar and
the frequency equations are summarized in Table 3.1. Knowing the roots of the fre-
quency equations, one finds the eigenfrequencies in accordance with (3.29). Con-
sider for example the free-free or clamped-clamped edges, for which the frequency
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equation is 1 /coshA = cosA. The roots of this transcendental equation correspond
to the A-coordinates of the intersection points of the curves 1/coshA and cosA
shown in Fig. 3.9, from which it is seen that for j > 3 we have approximately
Aj =~ (2j+ 1)m/2. Note that the beams with the free edges or with one simply
supported edge and one free edge possess also zero frequencies as these types of
boundary conditions admit rigid-body motions.

3.4 Membrane

Differential Equation of Motion. Under membrane we mean a thin pre-stretched
elastic body with negligible bending stiffness whose thickness is much smaller than
other characteristic lengths. The pre-stress is assumed to be large, and the change of
stresses in the membrane during its vibration is negligibly small compared with the
pre-stress. We shall model the membrane by a two-dimensional continuum occupy-
ing the area A in its plane. Let x; and x; be the Cartesian coordinates in this plane,
X = (x1,x2) € A, and w(x,?) the small transverse displacement of the membrane in
the x3-direction. Hamilton’s variational principle of least action states that, among
all admissible motions w(x,) satisfying the initial and end conditions

w(x,19) = wo(x), w(x,t)=wi(x),
as well as the boundary conditions
w(x,1) =0 forx € dA, (3.30)

the true motion is the extremal of the action functional
1
Iw(x,1)] = / / L(w,w.qyw,) ddt.
ty JA

Here and in what follows, Greek indices numerating the coordinates run from 1 to
2, the comma in indices denotes partial derivatives with respect to the correspond-
ing coordinates, and dx = dxdx; is the area element. From Hamilton’s variational
principle we derive Euler-Lagrange’s equation (see Section 3.6)

d JdL d JL JL

ot dw, " Oxq OWg  OW 0. (3.31)

We use for short Einstein’s summation convention according to which all the terms
with repeated indices will be summed up over these indices from 1 to 2. For exam-
ple, the second term in the above equation reads

d JL 9 IL d JL
0xoq OWq  Ox1 0wy dxp dwy’
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The motion of membrane is thus governed by the Lagrangian
Liwywg,wy) =K(w;)—U(w,wg),

where K (w,) is the kinetic and U (w,w ) the internal energy densities. The kinetic
energy density of the membrane is equal to

1
K(WJ) = 2HW,2m

with U being the mass per unit area. The internal energy density (per unit area) must
be a function of the strains £,5: U = U(€,). Without restricting generality we may
regard the strains in the pre-stretched state as € = 0, and expand the energy density
in Taylor’s series near this state:

U(Saﬁ) =U(0)+

Neglecting the unessential constant U (0) as well as terms of higher orders and as-
suming that dU /de,glo = SS,p, With S being the pre-stress, we obtain

U(e) =Sepq.

Since gy describes the increase in area of the membrane, which, for the small
transverse displacement with w o < 1, is equal to

1

Eqo = \/l—l—wﬂw,a— 1~ 5

WaW. o,
the internal energy density does not depend on w, U(w,w ) = ;Swﬂw_ya. Thus, the
Lagrangian reads

1
Liw,wg,wy) = 2,uw?, —  SwaWwg.

2
Plugging this into the equation of motion (3.31), we get finally

‘uVW_’[[ —SAw = 0,

where Aw = w ¢ is Laplace’s operator applied to w. Bringing the second term to
the right-hand side and dividing by u, we reduce the above equation to the standard
form

Wy =cAw, = \/i . (3.32)

Solution. We separate the variables x and ¢ by seeking the particular solution in the
form

w(x,t) = g(x)u(t).
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Substitution in (3.32) together with the standard arguments lead to

Ii+a)2u:O,

(3.33)
Ag+Aqg=0,

where A = ®?/c?. The second equation of (3.33) is subject to the boundary condi-
tion
q(x)=0 atxe€dA.

The solution of this eigenvalue problem in closed analytical form is possible for
rectangular and circular membranes. We consider these special cases.

Rectangular membrane. Let a and b denote the width and the height of the rectangle
so that A = (0,a) x (0,b). We look for the solution of (3.33), in the form

q(x) = X1 (x1)X2(x2).

The standard separation of variables leads to

X// X//
L =_"2 ) =—0o?
Xi Xo
The equation for X; (x1),
X!+ o*X; =0,

together with the boundary conditions
X1(0) =X(a) =0,

yields

X (x1) = Cysinoxy,
where -

o=j1 , jp=L2,....
a
Similarly, the equation for X (x,),
X3 + X, =0,

with B2 = A — o2, together with the boundary conditions

Xz(O) = Xz(b) =0,
implies that

X>(x2) = Cysin By,
where

T

B=iy, =12
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Denoting by j the vector (i, j»), we present the eigenfunctions in the form

JITTX) . J2TTXx2
Si

gj(x) = Csin b Ji,2=12,....

The corresponding eigenvalues belonging to the spectrum of the rectangular mem-

brane are? ) )
0:\2 2o
QL-:( ’) =+ pr=m (L +72 ).
/ c P a>  b?
We may fix the constant C by the normalization condition

2

2
(X)dx=1 = C= .
/Aq,() Jab

One can also easily prove that

/qu(x)qk(x)dxzo for j # k.

Mention that multiple eigenvalues may occur. For rectangles with rational ratios a : b
this is always the case. For instant, if @ = b (the square membrane), then j' = (j2, ji)
gives the same eigenvalue as j = (1, j»). Together with the solution of (3.33),

uj(t) =ajcosw;t+b;sinwjt,
we construct the general solution of (3.32) by the linear superposition principle

= . .

. JITTX L J27TXD
Y sin sin (

2
\/ab J1:.2=1

Taking into account the initial conditions

w(x,t) = ajcos wjt +bjsinw;t).

w(x,0) =wo(x), w,(x,0)=vy(x),

we obtain
2 - . j1717)C1 . j27tx2
Jab 2 ajsin™" "sin =wo(x1,X2),
av j =1
2 < . JITX) . jaTixp
Y 2 w;bjsin sin b =vo(x1,x2).
abj17j2=1 a

The orthogonality property can be used to find the coefficients a; and b; from the
initial data wy(x) and vo(x). In the harmonic analysis [12, 56] it is proved that if

2 Let us mention in this connection one interesting and still not completely solved mathe-
matical problem: are there two distinct shapes of membrane having the same spectrum?
This question was originally posed by Hermann Weyl and rephrased later by Mark Kac in
the following way: "Can one hear the shape of a drum?” (see [22]).
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functions wy(x) and vy (x) are continuous and piecewise continuously differentiable,
then the double Fourier series converge uniformly to wo(x) and vo(x) in the square
(0,a) x (0,b). Thus, the eigenfunctions found above form a complete orthogonal
basis for this class of initial data.

Circular membrane. For the circular membrane we choose the polar coordinates r
and ¥ (see Fig. 3.10) in which equation (3.33), takes the form

1 1
Q,rr‘i' rq,r+ r24,1919 +)~q =0.

Looking for the solution of this equation as the product
q(r,9) =R(r)©(9)
and separating the variables, we obtain

R'+R/r+AR @”_Kz
R/r? e

X2,

Fig. 3.10 Circular membrane and polar coordinates

Consider first the equation for © (1)
0"+ k’0 =0,
which yields the solution
O(¥) = acoskV + Bsinkd.
It is obvious that function © (1) must be periodic with the period 27
0(2n)=06(0), ©O'(2m)=06'(0).

The periodicity implies that Kk = j, where j is a nonnegative integer j =0,1,2,.. ..
Then the equation for R(r) becomes Bessel’s equation [51]



3.4 Membrane 119
1 o® 2
R'+ R+ ( ; ]2>R—0.
r C r
Its solution is expressed in terms of Bessel’s function of order j
R=J;(" ).

c

The boundary condition (3.30) at r = r,,, with r,, being the radius of the membrane,
requires that

Ory
J; =0.
()
Thus, the eigenfrequencies are obtained from the zeros of Bessel’s function J;(x),
which we denote by i, k =1,2,.... The eigenfunctions now read

qjk(r, 19) = Jj((;‘jkr/rm)(ajkcosjﬁ +[3jksinj19).

The constants ot and B, may still be arbitrary, indicating that &;; with j # 0 are at
least double eigenvalues.
Together with the solution of (3.33);

ujk(t) =aj,Cos Wjit + b jisin W,

we construct the general solution of (3.32) by the linear superposition principle

= Y Ji(&r/rm)(@jicos jO + Bjisin jO)(ajxcos it + b sin wjt).
j=0k=1

Then the initial conditions
w(r,®,0) =wo(r,9), w;(r,8,0)=vo(r,0),

yield

oo

2 ajid j(Ejkr/rm)(ajk cos jO + Bjxsin jB) = wo(r, ),
=0k=1

i

oo

z bkl (e ) (0408 79 + Bjesin j9) = vo(r, ).
Jj=0,k=1

One can again prove that if functions wo (r, ©) and vy (r, ¥) are continuous, piecewise
continuously differentiable, and periodic in ¥ with the period 27, then the above
double series converge uniformly to them in the domain (0,7,,) x (0,27). Thus, the
eigenfunctions found above form a complete orthogonal basis for this class of initial
data.
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3.5 Plate

Kirchhoff’s Plate Theory. Under plate we mean a thin elastic body occupying in
its undeformed state a region A X (—h/2,h/2) of the three-dimensional Euclidean
point space, where A is an area in the (x1,x;)-plane. The thickness % of the plate is
assumed to be much smaller than the characteristic sizes of A. We shall model the
plate by a two-dimensional continuum. Let x = (x,x2) € A and w(x,?) be the small
transverse displacement of the middle plane in the x3-direction (see Fig. 3.11).

w(X,1)

Fig. 3.11 A thin plate and transverse displacement of the middle plane

According to Kirchhoff’s plate theory [24] the kinetic energy density of the plate
is equal to

1
K(w,) = zphw?,,

where p is the mass density. The internal energy density of the plate must be a
quadratic function of the curvature of the deformed middle surface w 4
un?

12 (Gw,zoux W oW ap ),

U (W,a[i ) =
witho = , qu’ A and p being the Lamé constants of the elastic material. Thus, the
action functional reads

Iw(x,1)] = /IO " /A L(w.opw,)duxdt,

where

uh?
12

The difference between this action functional and that of the membrane is the

presence of the second partial derivatives in the internal energy density. The deriva-

tion of (3.34) from the three-dimensional elasticity theory based on the variational-

asymptotic method is given in [31].

Since L depends on w 45, the action functional “feels” the change of the deriva-
tive of w at the boundary dA. If the edge of the plate is free, then it is natural to
assume that no constraints are imposed on w at the boundary. If the edge of the plate
is clamped, we let I[w] be defined on the space of admissible displacement fields
w(x,7) satisfying the kinematic boundary conditions

1
L(w gp,wy) = 5 phw’ — (OWoo +W oW ap)- (3.34)
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w(x,t) =0, wave=0 atxecdA, (3.35)

where v, denotes the components of the outward unit vector normal to the curve
JdA. The last condition of (3.35) expresses the fact that the rotation angle of the plate
about the clamped edge vanishes. Finally, if the edge is simply supported, then only
the displacement should vanish

w(x,1) =0 atx € JdA. (3.36)

Hamilton’s variational principle states that, among all admissible motions w(Xx,1)
satisfying the initial and end conditions

w(x,t0) = wo(x), w(x,11)=wi(x),

as well as the kinematic boundary conditions, the true motion is the extremal of the
action functional

61=0.

In order to derive the equations of motion of the plate let us calculate the variation
of the action functional

3
51:/1/(phw_y,5w_y,fmaﬁ5w_aﬁ)dxdt, (3.37)
ty JA )

where

U n
maﬁ = aw’aﬁ =u 6 (GW,’Y’Y(SO(ﬁ +Waﬁ)

From equation (3.37) one can see that mqg “works” on the bending (or change of
the curvature) of the plate. Therefore it is natural to call m,g bending moments.

Integrating (3.37) by parts with the help of Gauss’ theorem, we obtain for the
variations vanishing at the boundary dA

t
312/]/(—phw7t,—maﬁ7aﬁ)5wdxdt:O.
tn JA

Since 0w is arbitrary inside the region A x (fy,#; ), we conclude that

phW,tt +maﬁ7aﬁ =0 or phw,tl‘ +DAAWwW = O, (338)
where 3 3
h Eh
D = 1 =
KO+ 6 = a0y

is the bending stiffness of the plate. This is the two-dimensional equation of flexural
vibration of the thin plate.

Provided the equation (3.38) is fulfilled, we reduce the equation 6/ = 0 for the
variations not vanishing at the boundary to
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1]
/ /3 (maﬁ7,3va5wfmaﬁ8w7avﬁ)dsdt =0, (3.39)
to A

where ds is the length element. Now we need to select independent variations at the
boundary. The gradient dw , may be resolved in the normal and tangential direc-
tions to the boundary as follows:

OW, o = Vo VyOWw y+ Ta Ty 0w 5.

This is due to the identity Opy = Vo Vy + To Ty, With T, being the components of the
vector tangential to the curve dA. Since T,0w , = ddw/ds, we can integrate by parts
that term in (3.39) containing it to get

1 d
/ / [Mmep pVadw+ | (mepTaVg)dw —megVaVpVyOw y|dsdt = 0.
) 0A ’ dS '
For the free edge of the plate the variations dw and v, 0w , are arbitrary at dA; hence

maﬁ7ﬁva+ maﬁTaVB) =0,

o
ds (3.40)
My Va Vg = 0.

These are the free-edge boundary conditions. For the clamped edge, the kinematic
boundary conditions (3.35) should be fulfilled. If the edge is simply supported,
(3.36) and (3.40), are the boundary conditions at dA.

Frequency Spectra of Circular Plate. We investigate the free vibrations of a cir-
cular plate of radius r,,. We look for solutions of the form

w(x,1) = q(x)u(r).
The standard separation of variables x and ¢ leads to
DAAg— pho’q=0, (3.41)

where o is the frequency of vibration. We introduce the dimensionless variables

2.4
X 4 2., 4 6p @1y,
= = h D = .
o T’ P =ophr/ p(o+1)h?
Now we transform (3.41) to the dimensionless form
(AA = Bhg = (A+B*) (A~ B*g=0. (3.42)

Therefore the solution of (3.42) may be written as

q=q1+q2,
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where functions gy, ¢ satisfy respectively
Aql + ﬁ2611 = Oa
Agr—P*q2=0

These equations can be solved again by the separation of variables. In the polar
coordinates r, ¥ (see Fig. 3.10) we have

(3.43)

0’¢ 1dqg 1 9%

Ag = .
1 8r2+r8r r2 91?2

Assuming ¢; = R (r)© (1), from (3.43); we obtain the following differential equa-
tion for O ()

o] = —x%0,.

Since ©; (1) must be periodic with the period 27, we find that x = j, where j is a
nonnegative integer, j = 0,1,2, ..., and

O;(¥) =cosj¥ or O(¥)=sinjd.
Then the equation for Ry (r) reads
2

J

1
R+ rR’] +(B*— - )R =0.

This is Bessel’s equation of order j, which has the following non-singular solution
Rl = an (ﬁ V) .
Combination of R} and O yields

cos j
= J .
q1=a ](ﬁr){sinjﬂ

For g, = Ry(r)©, () the same results are obtained for ©, (1), while for Ry(r) the
modified Bessel’s equation holds true
2
Ry+ LRy (g2 ) =0.

The non-singular solution of this equation is given by

Ry = bI;(Br),

where /;(x) is the modified Bessel’s function of order j. Combining ¢; and ¢», we
get finally
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cos jO

0= [aJ;(Br) + b1, Br) {Sinw . (344

Consider the simplest case of the clamped edge, for which the boundary
conditions

J
qlr=1= arQ|r:] =0 (3.45)

hold true. Substituting (3.44) into (3.45) and equating the determinant to zero, we
obtain the following frequency equation:

Ti(B)I;(B) —1;(B)J;(B) = 0. (3.46)

The three lowest roots f3;; of (3.46) for j = 0, 1,2 are given in the following table:

kj=0 j=1 j=2
13.196 4.611 5.906
2 6.306 7.799 9.197
3.9.439 10.958 12.402

Fig. 3.12 Few normal modes of clamped circular plate

The frequencies of vibrations should be calculated by the formula

2h m
P
RN} \/ 6(1—v)p’

while the corresponding eigenfunctions are given by

cos j¥

a3 = U Br) = 3 1B { g
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A few of the deformed shapes of the plate are shown in Fig. 3.12. Chladni invented
an experimental method of observing the nodal lines of vibrations of a plate by
pouring a thin layer of sand on its upper face: during the vibration the sand-grains
will move to the nodal lines. Such nodal patterns are called Chladni’s figures.?

Let us turn to the case of the free edge. The displacement w should then satisfy
the boundary conditions (3.40). In the polar coordinates r, ¥ we have

Vo = h3(c+1)aA
maﬁ,[} a_u6 ar q,

2%q 1dq
MopToVp = H 6 r(8r819 B r&ﬂ)’
" 9%q
MapVaVp = I (cAg+ 3r2)'
Substituting these into (3.40), we obtain the following conditions at the boundary
r=1:

0 g 9%q _
[(o+1) 5 Aa+ 5 5 00— 5 g2llr1 =0, )
9%q '
(GAq—i— ar2)|r=l =0
With ¢ from (3.44) we transform (3.47) to
a{—B>T}(B) + (1= v)/*;(B) - BI(B)}

3y _ ! —

+b{B°T;(B)+ (1—v)/*[L;(B) — BIi(B)]} =0, (3.48)

a{~B>J;(B)+ (1= V)[/J;(B) — BJ;(B)]}
+b{B1;(B)+ (1= V)[/’1;(B) — BL}(B)]} = 0.

The frequency equation is obtained by the condition of vanishing determinant of
(3.48). When j = 0, the frequency equation can be presented in a simple form

Jo(B)
Jo(B)

The three lowest roots B of the frequency equation for j = 0,1,2 and v = 0.31
have the following values:

2(1-v)+B

kj=0j=1j=2
1 00 0.0 2308
2 3.004 4.526 5.938
3.6.202 7.735 9.185

3 One can see such experiments as well as various Chladni’s figures, for instance, on the
following website: http: //www.youtube.com/watch?v=Qf0t4gIVWF4


http://www.youtube.com/watch?v=Qf0t4qIVWF4
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§=0,k=2 §=2,k=1

Fig. 3.13 Two normal modes of free circular plate

The first two zero frequencies correspond to the translation ¢ = a and small rota-
tion ¢ = arsin® of the plate without deformation. The frequency according to ; is
the lowest one that is positive. Two deformed shapes of the plate for j =0, k =2 and
Jj =2, k=1 are shown in Figure 3.13. If we sum up all these particular solutions,
the obtained Fourier series converges again uniformly to the solution satisfying ar-
bitrary regular initial conditions. The approximate solution for the rectangular plate
can be found in [48].

3.6 General Continuous Oscillators

We present in this Section the variational principles for general continuous oscilla-
tors and the method of solution.

Conservative Systems. We model an arbitrary continuous oscillator by a contin-
uum occupying the region V in the d-dimensional space, where x = (x1,...,x4)
denotes any point of V. We have in all applications d = 1,2,3. Suppose that each
configuration of this continuum is uniquely determined by a set of functions (fields)
up(x),...,uy(x). If uy(x),...,u,(x) can vary independently and arbitrarily at each
point x of the continuum, they are called generalized displacements, and n» a num-
ber of degrees of freedom at that point. Motion of the system is described by the
time dependent fields u;(x,t). We denote by u;; = (uy,,...,un,) the corresponding
velocities.

Hamilton’s variational principle. Hamilton’s variational principle of least action
states that among all admissible motions of the conservative system satisfying the
initial and end conditions

ui(x,10) = uio(x), ui(x,t1) = u;j1 (x),
as well as the boundary conditions
ui(x,1) =0 atxe€dV, (3.49)

the true motion is the extremal of the action functional

1
Tui(x,1)] = /t /V L(%, i, iy i) dxdr.
0
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Here and in what follows, Latin indices numerating the degrees of freedom run from
1 to n, while Greek indices numerating the coordinates run from 1 to d, the comma
in indices denotes partial derivatives with respect to the corresponding coordinates,
and dx = dx; ...dx; is the volume element. Before deriving the equations of mo-
tion let us consider briefly, without detailed derivations, some further examples of
Lagrangian.

EXAMPLE 3.6. Timoshenko’s beam theory.

In this one-dimensional model (d = 1) we have two degrees of freedom at each
point x: the displacement of the beam axis w(x) and function y(x) describing the
first branch of the thickness-shear vibration of the cross-section. The Lagrangian of
the Timoshenko beam is given by

1 1
L= 2,oh2(w?, +ah’y?) - 2“h2 [sh* w3 + B oy +w.)?, (3.50)

with p being the mass density, & the thickness of the cross-section, u the shear
modulus, and ¢, s, and B the constants depending on the geometry of the cross-
section (see the derivation of this formula in [31]).

EXAMPLE 3.7. Reissner-Mindlin’s plate theory.

This is the two-dimensional model (d = 2) of the plate with three degrees of freedom
at each point: w(x) corresponding to the mean transverse displacement of the plate,
v (x) and y,(x) describing the first branches of the thickness-shear vibration. The
Lagrangian of Reissner-Mindlin’s plate theory reads

1
L= zph(W?, + Oth2l[/127, + Oth2l//227,)
1, 5
- Zﬂh[ 6 (OWo ot Viap)Wiap) + o (Vo +wa)(Wa+wa)l,
where

2\ 2
1 1 /rm
W(a,[i) = Z(Wa,ﬁ JF‘VB,a)a o= ) (24)

and all other notations remain the same as for Kirchhoff’s plate theory (see [31] for
the derivation of this theory as well as many other shell and rod theories).

EXAMPLE 3.8. Acoustic vibrations (sound waves).

Small amplitude vibrations of ideal compressible fluids (or ideal gases) are governed
by the equations of motion of these media linearized about their equilibrium state
[8,45]. The velocity potential ¢(x) is regarded as the only generalized displacement,
so in 3-D case we have d = 3 and n = 1. The Lagrangian reads

1 1
L= zpo((P,a(P,a T2 (P%)a
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where py is the equilibrium mass density and ¢ = /dp/dp|p, the speed of sound,
with p being the pressure. The interesting feature of this Lagrangian is that its first
term corresponds to the kinetic energy, while the second term describes the devia-
tion of the internal energy density from that of the equilibrium state. However, the
governing equation does not change if we change the sign of L and interpret the
second term as the kinetic energy, while the first term as the potential energy.

EXAMPLE 3.9. Vibrations of a three-dimensional elastic body.

Vibrations of a three-dimensional elastic body are best described within the 3-D
elasticity theory [33], for which d = n = 3. At each point x of the body we have
three displacements uy(x), o = 1,2,3. The Lagrangian reads

1 1
L= Zp(x)ua,t“mt - 2Eocliy6 (X)gaﬁ Eys)

where p(x) is the mass density,

1
Eap = 5 (”a,B + “B,oc)

are the components of the strain tensor and Ey g5 (x) the elastic moduli. For homo-
geneous bodies p and Ey,5 do not depend on x.

EXAMPLE 3.10. Vibrations of a three-dimensional piezoelectric body.

Piezoelectric crystals and ceramics are widely used as sensors and actuators for
the active vibration control [31,42]. Their vibrations are described within the 3-D
dynamic theory of piezoelectricity, for which d = 3 and n = 4. At each point x of
the body we have three displacements uy(x), ¢ = 1,2,3 and the electric potential
¢(x). The Lagrangian reads

1 I g I g
L= 2pua,,ua_,, — (2Caﬁ758aﬁ8y5 —eupyEapEy — ZelxﬁEaEﬁ)’

where :
Eap = 2(”06,[3 +u[3.,a) and Eq=—0Qq
are the components of the strain tensor and the electric field, respectively.

Let us derive the equations of motion from Hamilton’s variational principle. To
this end we calculate the variation of the action functional

t
3[:/]/ oL ou; + oL Ouio+ oL Su;; | dxdt.
o Jv \Ju; duio duiy

As before we employ Einstein’s summation convention according to which all terms
with repeated indices will be summed up within their ranges. For example, the sec-
ond term in the above equation reads



3.6 General Continuous Oscillators 129

oL 4oL

du; Suiﬂ - 2 2 aui,a

ho i=1a=1

6“1'_’&.

Integrating by parts over x and ¢ with the help of Gauss’ theorem and using the
initial and end conditions as well as the boundary conditions, we obtain

n oL 9 JL 9 IL
! */to J (aui " Oxg i Ot aui,t> Suidxdt = 0.

Since du; can be chosen independently and arbitrarily inside the region V x (19,#1),
the variational equation implies Euler-Lagrange’s equations

Jd dL d JL IJL

— =0, i=1,...,n. 3.51
T T T T T D)

These equations are subject to the kinematic boundary conditions (3.49) for the
fixed boundary. For the free boundary u; may vary arbitrarily at dV, so the natural
boundary conditions

JdL

Vo =0 atdV, i=1,...,n,
aui_’a

must be used instead.
Thus, the motion of any conservative mechanical system is governed by a single
function, the Lagrangian, which is of the form

L(Xvuiaui,a7ui,l) = K(Xvui,l) - U(Xvuiaui,a)a

where K(x,u;,) is the kinetic energy density and U (X, u;, u; o) the internal energy
density. The kinetic energy density K(x,u;;) is a positive definite quadratic form
with respect to u;;

|
K(x,uir) = pij(X)uisije, (3.52)
where p;;(xX) is n x n symmetric matrix called a mass density matrix. Thus,

JdK

8141',1 Ujr = 2K(ui,t),

showing that K is a homogeneous function of order two with respect to u; ;. We
now prove that the conservation of energy follows from equations (3.51). Indeed,
multiplying (3.51) with u;; and integrating over V, we obtain

/aaK{Jra&L‘*&L'dx—O
v \ ot au,-_’,u”’ axa aui,aulJ auiul,t = 0.

Integrating the second term by parts using the boundary conditions and keeping in
mind the property of K, we get
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0 oL oL JL
/V {Bt (2K) — ui,s Uit — It o Ui or — du; uis| dx=0.

The last three terms in the integrand give —dL/dt. Thus,

d

d
E: K =
dt dt/v( +U)dx=0,

and the total energy E is conserved.
For small vibrations we may assume that both #; and u; o are small and present
the internal energy density U as the quadratic form

U(X, Ui, u,'_’a) = ;Eiajﬁ (X)u,’_’aujﬁ + ;A,-j(x) (u,- — Ba(x)um)(uj — BB (X)MJB)
(3.53)
The examples considered above show that the internal energy density U (X, u;, u; o)
must be non-negative definite* with respect to its arguments #; and u; o, but not
necessarily positive definite. The internal energy density may vanish for example at
rigid-body motions if the boundary conditions admit such motions. Concerning the
coefficients of this quadratic form we require the following symmetry properties

Aij(x) =Aji(X),  Eigjp(X) = Ejgia(X)-

Taking these symmetry properties into account, we get for the partial derivatives of
the Lagrangian with respect to #; and u; ¢, the following formulas

JdL U

Jdu; - du; = Ayl = Bpujp),
oL U
i o - Ui o = —Ejqjptujp+AijBa(uj—Bgu;p),

where the argument x of the coefficients is suppressed for short. Substituting these
formulas into Euler-Lagrange’s equations, we obtain the equations of motion

Pijtjn = (Eiojptjp).o+ (AijBo(uj = Bpujp)) o +Aij(uj —Bpujp) = 0.
These equations can be presented also in the operator form as follows
Mu, +Ku=0, (3.54)

where M is the mass density matrix and K the differential operator, called a stiffness
operator, which maps the vector-valued function u(x,?) (having n components) into
the vector-valued function according to

4 Except piezoelectric bodies considered in example 3.10 where U represents the electric
enthalpy. Using Legendre transformation we can obtain the non-negative definite internal
energy in terms of the strain tensor and the electric induction field [31].
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(Kll)i = *(EiajB”j,B).,Ot -+ (A,'jBa (uj - BBujﬁ))ﬂ +Aij(uj - BBujﬁ).
We have to find the solution of (3.54) satisfying the initial conditions
u(x,0) =up(x), u,(x,0)=vp(x). (3.55)

and the boundary conditions (3.49) (or the natural boundary conditions for the free
boundary).

Solution. We seek a particular solution of (3.54) in the form
u(x,r) = q(x)w(t).
Separating the variables x and ¢ as usual, we arrive at the eigenvalue problem
(K—AM)q =0, (3.56)
subject to the boundary condition
q=0 atxedV,

where A = @?, o being the eigenfrequency. It turns out that all eigenvalues are real
and non-negative. Indeed, if A is an eigenvalue and q(x) a corresponding eigenfunc-
tion, then, by taking the scalar product of (3.56) with q(x) we have

(q,Kq) — 1 (q,Mq) =0.

Here and in what follows the scalar product between two vector-valued functions
u(x) and v(x) is defined by

(u,v) = /V wi(%)vi(x) dx.

Thus,
5 — (a.Kq)
(q,Mq)

The numerator can be transformed by the integration by parts using the boundary
conditions giving

(9. Kq) = /V 4il~(Eiajpdjp).o+ (AijBa(aj —Bpdjp)).o +Aij(q; —Bpajp)ldx
= [ oot + Aulai—Batia) (4~ Byap)ldx =2 | U(x.gr i),

so (q,Kq) > 0. Since the denominator (q,Mq) = 2 [, K(X,¢;)dx is positive, the
eigenvalue A is non-negative. The expression for A is Rayleigh’s quotient, for which
extremal properties of eigenfrequencies of a continuous oscillator can be established
(see exercise 3.11).
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Note that the stiffness operator K is self-adjoint in the following sense: for arbi-
trary two functions u(x) and v(x)

(u,Kv) = (v,Ku).

Indeed, integrating the expression on the left-hand side by parts using the boundary
conditions and the symmetry properties of A;;(x) and E;, jg(x), we have

<ll,KV> /uz[ ( za]BV]ﬁ) (Al]Ba( BBVJB)) +A1J( Bﬁvﬁﬁ)}dx
/ iojUi,aVj,p +Aij(ui — Battia) (v _Bﬁvjvﬁ)]dx
B / Vil=(Eiqjpttjp)o + (AijBa(uj — Bgujp)) o +Aij(uj — Bpujp)ldx

and thus (u,Kv) = (v,Ku). The self-adjointness of K implies the following orthog-
onality property: two eigenfunctions q, q, corresponding to two different eigenval-
ues A; # A, are orthogonal in the following sense

(q1,Mq,) =0, (q;,Kq,) =0.

To show this we multiply equation (3.56) for A; with q; to get

(42, Kq1) = 41 (q2,Mqy).

Similar procedure applied to the equation for A, gives

(41, Kq2) = 42(q1,Mq>).

Subtracting these equations from each other and using the symmetry of M and the
self-adjointness of K, we obtain

()‘1 - Az)(‘ll 7MQ2> = Oa

which implies the orthogonality. We choose the following normalization condition
for the eigenfunctions

(q;,Mq;) = 1.

Provided the region V is compact and the operator K is self-adjoint and non-
negative definite, one can show that the problem (3.56) has a countable set of eigen-
values

0<A <A <., limAj= oo,
Jjore
called a spectrum of the continuous oscillator. Based on this result we can now
solve the initial boundary-value problem by combining the eigenfunctions with the
solutions for w; ()
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wj(t) = ajcos @t +bjsin wjt

to present the general solution of (3.54) in form of the series

u(x,t) =

q;(x)(ajcosw;t+bjsinw;t).

™

1

J

The initial conditions (3.55) lead to
2 ajq;(x) =up(x), Y bjw;q;(x) = vo(x).

Multiplying these equations with Mq; and making use of the orthogonality and nor-
malization conditions, we get

1
a; = <u0ani>a bi = o; <V0ani>'

(]

For the compact region V one can prove that the eigenfunctions form an orthogonal
basis in the space of continuous and piecewise continuously differentiable functions
(see, e.g., [12]) and the Fourier series converges uniformly to the solution if its initial
data ug and v belong to this function space.

Dissipative Systems. For dissipative continuous oscillators the following varia-
tional principle holds true: among all admissible motions of an arbitrary dissipative
system constrained by the initial and end conditions

u(x,n) =up(x), u(x,n)=u;(x),

as well as the boundary conditions (3.49), the true motion satisfies the variational
equation

t
1) 1/L(X,u,u_O(,u_,)dxdtf/ / < oD 5u,-_a) dxdr =0. (3.57)
to JV ’ i to auzt aul ot '

Here D(X,u;;,u; o) is the dissipation function. Calculation of variation in exactly
the same manner as in the previous case leads to

/n/ 0 9L 9L D 9 I N\g .o o
A dui  Oxg Mio Ot duiy iy | Ixg duign )

Due to the arbitrariness of du; inside the region V x (19,#;) the following equations
are obtained

d 8L+ d JdL _8L+8D_ d dD
at aui_’t 8)&‘0{ 8”[705 &Mi &MiJ 8)Ca &Mi7at o
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These equations are subject to the kinematic boundary conditions (3.49) for the fixed
boundary. For the free boundary the natural boundary conditions

( JdL aD

aMi.,oz 8Mi,oct

)va:O atdv, i=1,...,n,

must be used instead.

Thus, the motion of continuous dissipative mechanical systems is governed by
two functions, the Lagrangian and the dissipation function. We take the Lagrangian
in the form

L(X, ity o0, uip) = K(X,ui¢) — U (X, i, i o),

where the kinetic and potential energy densities are given by (3.52) and (3.53), re-
spectively. Concerning the dissipation function the most simple assumption is that
of proportional damping, for which

D(Xa ui,ta ui,OCZ‘) - aK(Xa ui,t) + ﬁU(Xa ui,ta Mi,oct),

with o and B being two constants. The first term in the right-hand side of this
equation is thought of as the external damping due to the resistance to motion by
the surrounding medium (say, the air resistance), while its second term is normally
referred to as the internal damping which must be proportional to the relative motion
of parts of the system. In this case, it is easy to show that the equation of motion can
be presented in the form

Mu;; +Cu;+Ku=0, (3.58)

where M is the mass density matrix and K the stiffness operator obtained previously.
The operator C, called a damping operator, is given by

C=oM+ K.

Equation (3.58) is subject to the boundary conditions (3.49) and the initial condi-
tions (3.55).

Solution. We seek a particular solution of (3.58) in the form
u(x,t) = q;(x)w;(t),

where q;(x) is an eigenvector found from the eigenvalue problem (3.56) and w (1)
an unknown scalar function. Substituting this Ansatz into (3.58) and taking into
account the proportionality property, we reduce this equation to

Mg, [0} + (e + B} )w; + ofw;] = 0.
Since Mq; # 0, the expression in the square brackets must vanish giving

Wi+ (o + BO7)W;+ ofw; =0.
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This ordinary differential equation can be solved by the method discussed in Sec-
tion 1.2. The general solution of (3.58) is obtained as the linear superposition of
these particular solutions. Thus, the problem reduces to solving a countable set of
uncoupled differential equations. Since the damping coefficients of these equations
increase with the frequencies, the amplitudes of high frequency modes decay much
faster than those of low-frequency modes. Thus, the truncation of the mass, stiff-
ness, and damping matrices makes sense and its error can be controlled if o and 3
are known.

3.7 Exercises

EXERCISE 3.1. Derive the equations of motion for an infinite chain of atoms, where
each atom interacts with m nearest neighbors on the left as well as m nearest neigh-
bors on the right. Show the transition to the continuum.

Solution. Let u; be the displacements of atoms from their equilibrium positions.
Then the kinetic energy of this chain reads

N .
K(u) = 2m2u§
J

The potential energy of the springs is
Uu) = 5 > N ka(uj—uj—a)’.

Jj a=1
Lagrange’s equations of this chain lead to
m
miij+ 2 ko (0 —uj—a) —ko(ttjro —uj)] = 0.
o=1

We can represent these equations in the equivalent quasi-continuum form by using
the one-to-one correspondence between functions of discrete and continuous argu-
ments

u(x) = b Du(jb)(x— jb),
J

where b is the lattice constant. As shown in Section 3.1, the kinetic energy of the
chain becomes

1
K(ut):/zu'u%dxa

where (1 = m/b. Let us rewrite the potential energy of the discrete chain in the form

1 .
Ul) = , S @i~ D,
Jil
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where @(—j) = @(j) and
D0) =2 ko, P(j)=—k; for0<j<m, @(j)=0 forlj|>m.
o=1

In terms of u(x) the potential energy is given by

U=, [ [ ux)@(—yuty)xay,
where

1

D(x) = -

/ D (k)e™ dk,

and :
oK)=, Y @(j)e U, keB.

jl<m

Thus, the action functional can be presented in terms of the function u(x,¢) as fol-
lows

Tu(x, )] —/t:l dr[; Buui;/zu(x,r)qb(xy)u(y,r)dy dx.

Varying this action functional, we obtain the integral equation
gt [~ @l yutnr)dy=0.

The continuum limit can be obtained by approximating function @(k) in the long
wave range |k| < 1:

2 mo 2
O(k) =, 3 ka1 —cosabk) ~ 3, “[f‘

o=1 o=1

(bk)?.

With this approximation the equation of motion reduces to
Hu g — Su,xx =0,
where S =b3¥"_ ko0’

EXERCISE 3.2. A string of length [ is released from a position shown in Fig. 3.14.
Determine its motion.

Solution. The initial conditions of the string are

"0 x for x < a,

wxm:wmw={%

,0)=0.
o9 (x—1) otherwise, wa(x,0)
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Fig. 3.14 Initial position of string

The solution to the equation of motion w; = czw_, « satisfying the boundary condi-
tions w(0,#) = w(l,t) = 0 reads

2 & in
wix,t) = \/l Y sin Jl x(ajcoswjt +bjsinw;t),
=1

where @; = j”¢. The initial conditions yield
2 & 7T
\/ Zajsin] x=wp(x),
= l
2 7T
\/l 2 a)jbjsin Jl X = V()(x) =0.
j=1

Thus, the coefficients b; vanish. To determine the coefficients a;, we use the orthog-
onality and normalization conditions to get

2 ! j
aj= \/ / wo(x) sin J”xdx
2T ja . .
—\/ / "0 vsin xdx—i—/ ; —l)sm]lﬂxdx]
a—

lwo lsm ”“/) — majcos (”l“/))

2aj2
w1 s s (7)) +mita— s (7))
m2j2(a—1)

\/2 PBwysin (”;”)

I m%j%2a(l—a)

Finally, the solution takes the form

2 . Taj .
w 2] w0s1n< ! ) jr e
sin”,xcosj t

W) = * m2j2a(l—a) l

Jj=
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EXERCISE 3.3. An elastic bar of length / has its free end stretched uniformly so
that its length becomes [ + 1, and then is released from that position (see Fig. 3.15).
Determine its motion.

4 ZJFLI()
A !

Fig. 3.15 Uniformly stretched bar

Solution. Let u(x,) be the longitudinal displacement of the bar. The equation of
longitudinal vibration of the bar reads

U = C2u7xx.
This equation is subject to the boundary conditions
u(0,6) =0, wu(l,1)=0.

The last condition is the traction free boundary condition.
Let us first find the particular solutions by separating the variables with the
Ansatz u(x,t) = g(x)p(¢). It is easy to show that g(x) satisfies the equation

and the boundary conditions

The solution reads o o
q(x)=Acos x+Bsin x.
c c

The first boundary condition implies that A = 0. From the second boundary condi-
tion we get

Tc

0]
[=0 =w;=(2j—1
cosc = 0= (2) )217

i=1.2,....

As the normalization condition we choose again

! 2 (2j-Drm
2 _ (y) — : J
/Oqj(x)dx—l = gqjx) \/l sin

Combining this with the solution for p()
p(t) =ajcoswjt+b;sinwit,

we represent the general solution in form of the Fourier series
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2 2j—1
u(x,r) = \/l Zsin( / )nx(ajcosa)jt+bjsina)jt).

The initial conditions of the bar

u(x,0) = up(x) = "

l X, u,l‘ ()C, 0) = Oa

yield

2 & . (2j-D)r
\/l Zajsm( ]21 ) x = up(x),

(2j-1
\/ Za)}b sin 121 )nx:vo(x):o.

Thus, the coefficients b; vanish. To determine the coefficients a; we use the orthog-
onality and normalization conditions to get

2 fluy . (2j—1)m \/24zu0(—1)f+‘
4 \/z/o R B U P =10 P

Finally, the solution takes the form

= Sup(—1)/* | (2j—-1)=x me
u(x,t) = 24] (2] 1) sin ) xcos(2] -1) 5 1
-

EXERCISE 3.4. An elastic shaft having a rigid disk attached at its free end performs
torsional vibrations. The disk has a moment of inertia Jp (see Fig. 3.16). Derive the
equation of small vibrations and the boundary conditions from Hamilton’s varia-
tional principle. Determine the eigenfrequencies.

/
(A

i

Fig. 3.16 Shaft with rigid disk attached at its end

Solution. We write down the action functional of this system

0ol 1 i
Mot = [ [(Gpipei =, Groddrdi+ [ Iopi(t.0?d.
0 0

The last term corresponds to the action functional of the disk. Varying this action
functional, we have
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11 1 "
ol = / /0 (PJP(P.,ts(P,z - GJp(p7x3(p7x)dxdl‘—|—/ JD(P,z(l,l‘)3(pJ(l,t)dt
0 to
11 1 tl
= . ‘/0 (_pJp(p,ll +GJP(p7xx)6(pdxdt _/t (GJp(px +JD(pJI)3(P|x:l dt — O
0 0

Since 8¢ can be chosen arbitrarily in the interval (0,/) and at the end point x = [,
this equation implies that

Pl — Gl =0 = @n— FPu=0
inside (0,1), with ¢> = G/p, and
Gjp(,o,x +JD(.0,tt =0

at x = [. Together with the boundary condition at x = 0

([)(O,l) =0,

these constitute the eigenvalue problem. To determine the spectrum of this system
we seek for the solution in the form

o(x,1) = q(x)e'™.
Substituting this Ansatz into the equation of motion and the boundary conditions,

we obtain
a)2q+c2q”:0,
and
q(0) =0, GJ,q (1) —Jpw’q(l) = 0.

From the equation for ¢g(x) we find that
0] 0]
q(x)=Acos x+Bsin x.
¢ ¢

The boundary condition ¢(0) = 0 yields A = 0. The other boundary condition at
x = [ leads to the transcendental equation to determine the eigenfrequencies

(0] (0] (0]
GJ, cos [— Jpw*sin [ = 0,
c c c

o GJ, 1
a
tan [= T .
c Jp oc
EXERCISE 3.5. Find the eigenfrequencies of flexural vibrations of a beam with one
clamped edge and one free edge. Plot the shapes of the first three modes of vibra-

tions.

Solution. For the beam with one clamped edge at x = 0 and one free edge at x = [
the boundary conditions read
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w(0,1) =w,(0,1) =0, w(l,r) =wu(l,t) =0.
The standard separation of variables leads to the following eigenvalue problem
q" —x*q=0,
with k* = @w?u /EJ, together with the boundary conditions
q(0)=¢'(0)=0, ¢"(l)=4"(1)=0.
The solution reads

q(x) = Cy sin kx + C; cos Kx + Cs sinh kx + Cy4 cosh Kx.

Substituting this solution into the boundary conditions, we obtain

0 1 0 1 Cy 0

I 0o 1 0 ol o
—sinA —cosA sinhA coshA G|l (o]’
—cosA sinA coshA sinhA Cy 0

where A = k. The non-trivial solution exists if the determinant of the matrix van-
ishes giving
1+cosAcoshAd =0.

The first three roots of this equation are
A =1.8751, A, =4.6941, A;="7.8548.
The roots A; with j > 3 are approximately given by (2j — 1)7/2. The shapes of the

first three modes of vibrations are plotted in Fig. 3.17.

q;(x)

05

o5 Nl S e \

-0k N

Fig. 3.17 Three first eigenfunctions

EXERCISE 3.6. The beam of length / and mass m sketched in Fig. 3.18 is released
and latches upon impact onto the support B. Provided there is no rebound and no
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loss of energy, determine the flexural vibration of the beam after impact. How to
proceed if there is a rebound?

A, B
b3

Fig. 3.18 Falling beam

Solution. Before impact the beam experiences a free falling. The conservation of
energy yields

Ja@y =
2 APy mgza

where ¢ is the angular velocity of the beam immediately before impact, and

2 12 12 12
Ja=Js+m(l/2) mlz—ﬁ—m4 m .
is the moment of inertia of the beam about A. Thus, the angular velocity ¢y is equal
to
3gh
%:¢ﬂ'

Knowing this angular velocity before impact, we find the initial conditions of the
beam upon impact

w(x,0) =wo(x) =0, w,(x,0) = @ox.

The solution to the equation of motion Uw ;; = EJw ., satisfying the simply sup-
ported boundary conditions reads

2 & 7T
wix,t) = \/l Y sin Jl x(ajcoswjt +bjsinwjt),
j=1
where 0; = ( jn)z\/ 5114 The initial conditions yield
2 & U
\/ Zajsinj x=0,
1A !

= .
\/l Y wjbjsin Jlﬂx = vp(x) = @ox.
j=1
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Thus, the coefficients a; vanish. To determine the coefficients b; we use the orthog-
onality and normalization condition to get

1 /2 /! ' 1 /2 gol2(—1)/H!
bj= \/ / (Ppxsin Jﬂxdx: \/ Pol( ) .
C()j / 0 / C()j / Ty

Finally, the solution takes the form

& 2¢l (=17t jm
w(x,1) = 2 9ol ) sin] xsin@;jz.
= o )

In case of rebound the simply supported boundary conditions at x = [ should be
replaced by the free boundary conditions

W (l,1) =wan(l,2) =0,

while the initial conditions are obtained from the previous solution by the continuity
of displacement and velocity.

EXERCISE 3.7. Derive the boundary conditions for a beam connected with a spring
shown in Fig. 3.19. Find the eigenfrequencies.

Fig. 3.19 Beam with spring

Solution. To derive the boundary conditions we write down the action functional
1ol 5 1 5 ] 5
Iw(x,1)] = / / [ uw? — L EJ(w)?) dxdi — / k(w(l,1))2dr,
1o 0 2 ’ 2 ' 0 2
where the last term is associated with the potential energy of the spring. Varying this
action functional, we obtain
1 1 1]
ol = / / (Uw W — EJw 0w ) dxdt — | kw(l,t)dw(l,t)dt.
o JO fo

Integrating the first two terms by parts and using the initial and end conditions as
well as the kinematic boundary conditions at x = 0

w(0,t) =w(0,1) =0,

we reduce the first variation to
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ol 1
81 = / / (—Hw s = EJW o) Swdxdt — | - EJw 8w x| o= dt
o J0 fo
1
+ | (EJW o — kw)Swl|,—; dr.

fo

Thus, the first variation vanishes for arbitrary variations of w when
[L\4/$[[ + lzllj4/7);xxx =0
inside the interval (0,/) and

w=w,=0 atx=0,

Wa=0, E/wo,—kw=0 atx=1[

The last boundary condition means that the resultant force acting on the beam is
equal to the spring force. This condition can also be written in the form

k

Wixx—0Ow=0 atx=1, (x:EJ.

D(\)/coshh

5000

-5000

Fig. 3.20 Function D(1)/coshA

The standard separation of variables leads to the following equation for the shape
function
"

q" —x*q=0,
with ¥* = @?u/EJ. The solution of this equation reads
q(x) = Cy sin kx + C; cos Kx + Cs sinh kx + Cy4 cosh Kx.

Substituting this solution into the boundary condition we get four linear equations
to determine four coefficients C|, Cy, C3, C4. The determinant of this system, D(1),
reads



3.7 Exercises 145

0 1 0 1
1 0 1 0
—sinA —cosA sinh A coshA

—2A3cosA — BsinA A3sinAd — BcosA A3coshA — BsinhA A3sinhA — BcoshA

where A = ki and B = I’k/EJ. Fig. 3.20 shows the plot of function D(1)/cosh A
against A at B = 1. The roots of this function correspond to the dimensionless fre-
quencies.

EXERCISE 3.8. An elastic beam is subjected to a harmonic end load as shown in
Fig. 3.21. Determine its forced vibration.

A
fcoswt

El
El

Fig. 3.21 Beam under harmonic end load

Solution. The vibration of the beam must be the extremal of the following action
functional

Iw(x, )] = /to " /0 l[;uwﬁ—;EJ(wM)ﬂdde " el dr,

fo

where the last term describes the virtual work done by the concentrated load. Vary-
ing this action functional we have

t ) t
51 = / ‘ / (1w, w,; — EJw o 8w o) dxdi+ [ f(1)8w(l,r)de
) 0

T

11 1
= / (—uwy — EJW xuxx) SWdx dt
) 0

1 1]
— | EJwxdw,l._, dt—l—/ (EJW xox + f(2))0W|,_, dt = 0.
fo

fo

This implies the equation of motion
UW g+ EJW j0 = 0,
and the boundary conditions at x =/
War =0, EJwn+ f(1) =0.
Together with the kinematic boundary conditions at x = 0

w(0,1) =0, w,(0,1) =0,
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these constitute the boundary-value problem to determine the forced vibration. For
the harmonic end load f(¢) = — f cos @t we look for the particular solution (describ-
ing the forced vibration) in the form

w(x,t) = q(x)cos wt.
Substituting into the equation of motion and the boundary conditions, we obtain
mo__ 4 0,

q K'q=

with % = a)zu/EJ, and

as well as

Thus, the solution reads
q(x) = Cy sin kx + C; cos Kx + Cs sinh kx + Cy4 cosh Kx.

Substituting this solution into the above boundary conditions, we get four linear
equations to determine four coefficients Cy, C>, C3, C4

0 1 0 1 G 0

1 0 1 0 G| | O
—sinA —cosA sinhA coshA G| 0 |-
—cosA sinA coshA sinhA Cy Efo3

where A = «l.

EXERCISE 3.9. A square membrane is subjected to a harmonic load acting at its
center. Determine the forced vibration.

Solution. Consider first the case of an arbitrarily distributed load f(x,). The equa-
tion of motion of the membrane can be obtained from Hamilton’s variational prin-
ciple and from the following action functional

15 1 1 3
I[w(x,1)] :/1/( uwif Sw_yaw_ya)dxdﬂr/l/f(x,t)wdxdt.
tp JA 2 2 ty JA

The last term in this action functional represents the work done by the external load.
Varying this functional we easily derive the following equation

Uw —SAw = f(x,1).
Dividing this equation by u, we reduce it to the form

Wi — Aw = p(x,1),
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where p = f/u. For the harmonic load p = p(x) cos @t we look for the particular
solution (describing the forced vibration) in the form

w(x,t) = g(x)cos wt.

Substituting this Ansatz into the equation of motion, we obtain the Helmholtz equa-
tion
2 2 A
—0°q—c"Ag = p(x)
Since the eigenfunctions
2 . jmxp . JoTixn
sin sin

’ j:(j]ajZ)a j]aj2:1,2,...,
a a a

q;(x) =

form a complete orthogonal basis in the space of continuously differentiable func-
tions, we expand both p(x) and ¢(x) in the double Fourier series

p(x) =X Pig;(x),  q(x) =X Qjq;(x).
J J

Substituting these series into the equation for g, making use of the properties of
eigenfunctions

2 %) )
; i
Aq]ﬁ’l]q]:(), l]: cé :7[2 <a12+b22)’

and comparing the terms on the right- and left-hand sides with the same g;, we
obtain for the coefficients Q; the formulas

P.

2 2 —_p C— J
(0] —0°)Q;j=P; = Q= co]?—a)z'

For the concentrated load acting in the middle of the membrane p(x) = pod(x —
Xo), with Xo = (a/2,a/2), the coefficients P; are given by

2 17 2T
Py = [ P08 (x—x0)a;(x)dx = pog,(x0) = po__sin”} " sin 2",

Thus, if j; = 2k — 1 and j» = 2k — 1, then P; = 2 (—1)1+%2 otherwise P; = 0.
Consequently, the solution reads

— 4p 1 2k — 1 2k, — 1
w(x,t) = 2 Po (—1)ltRgin (2 = 1)mn sin (22 = Dy cos ot

ol @t of — 0? a a
where j = (2k; — 1,2k, — 1).

EXERCISE 3.10. Determine the eigenfrequencies of a circular plate with a simply
supported boundary.
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Solution. The equation of motion of the plate as well as the boundary conditions are
derived from Hamilton’s variational principle with the following action functional

Iw(x,1)] = ! [l hw? — uh (OWyy + W oW o)) dxdt
) - 2p J 12 oo apW.oB :
tp JA

Computing the first variation of this action functional in exactly the same manner as
in Section 3.5, we derive the equation

phW_’[t +DAAW = 0

Taking into account that w = 0 at A but v,,0w , may be chosen arbitrarily, we derive
from Hamilton’s variational principle the following boundary conditions

w=20, myp Vo VB =0 atodA.

For the circular plate the standard separation of time and of the polar coordinates
rand ¥ leads to

w(r, ®,1) = q(r,9)e'™,
where

cos ju

q = [aJj(Br) +bI;(Br)] {

sin jo
2 4
and [34 = wzphrﬁ, /D= f{; cilr)';'lz. In the polar coordinates r, 1+ we have

n 9?
MapVaVp = H (cAq+ arg) =0

at r = 1. Substituting the solution into these boundary conditions, we obtain
alj(B)+bl;(B) =0,
a{=B;(B) + (1 =Vv)[/7;(B) — BJ;(B)]}
+b{B*1;(B) + (1= v)[/°1;(B) = BI;(B)]} = 0.

The frequency equation is obtained by the condition of vanishing determinant.
When j = 0, the frequency equation can be presented in a simple form

Jo(B)[BIo(B) — (1 = v)Io(B)] + 1o (B)[BJo(B) + (1 — v)Jo(B)] = 0.
The three lowest roots f3; of this frequency equation for v = 0.31 are

P1 =2.5504, B, =5.585, [P3=28.6948.
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EXERCISE 3.11. Prove the extremal properties of eigenfrequencies of a continuous
oscillator based on the minimization of Rayleigh’s quotient.

Solution. Consider the variational problem of minimization of Rayleigh’s quotient

i (4 K@)
a0 (q,Mq)’
where
(@.Ma) = [ aix)py(x)q,(9dx
and

(q,Kq) = /V[Eiajﬁqz‘,aqj,ﬁ +Aij(qi — Bagia)(qj —Bpgjp)ldx.

Obviously, this minimization problem is equivalent to the following problem: find
the minimum of the functional

(q,Kq)

among q satisfying the constraint

(q,Mq) = 1.

To get rid of this constraint we introduce the Lagrange multiplier, A, and consider
the following functional

(q,Kq) — 1 ({q,Mq) —1).

Varying this functional with respect to A and q we obtain the above constraint to-
gether with the following equation

(K—AM)q =0.
Thus, A4 is the eigenvalue. By writing Rayleigh’s quotient in terms of the normal
coordinates we can show that its minimum corresponds to the smallest eigenvalue.

EXERCISE 3.12. Find the spectrum of radial vibrations for an elastic isotropic
sphere of radius a.

Solution. We derive the equation of motion in the spherical coordinates. For the
radial vibrations the non-zero component of displacement, u,, depends only on r. In
this situation the non-zero components of the strain tensor are

ur
Er =Urr, Epo = Epop = P

Then the action functional reduces to

1 a
Iuy (7)) :/z /0 L(ryuty thyy, iy ) drdt,
0
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where

! Aur,+

1 2
P(Mr,z) 2 r B B r

L(ruy,thyy,ttry) =41 5
It is easy to show that the Euler-Lagrange equation

d dL d JL IL

3t duy " Ordwy  duy O

implies
2u
pum—(l +2,LL) (unr“!_ rr> =0.
Ng

The standard Ansatz with u,(r,t) = q(r)e'® reduces this equation to
2
(g,,+ rq) K =0,

where k? = ®? /c3, with c; = v/ (4 +2u) / p being the velocity of dilatational waves.
Let g = ¢ . Then in terms of ¢ we have the equation

20,

r

¢,rr+ +k2¢ = 0

The solution which is regular at » = 0 reads
A .
¢ = sinkr.
;
The boundary condition obtained from the above action functional at r = a is
Uy
Aury+2 . )+2uu,,=0.

Taking into account the equation for ¢, this boundary condition can be written in
the form

g +429 o,
a

where ¢; = \/ W/p denotes the velocity of shear waves. Substituting the solution
into this boundary condition we obtain the transcendental equation

tanka 1
ka — 1—(kacy/2cs)*

whose roots determine the spectrum of the radial vibrations.



Chapter 4
Linear Waves

This chapter studies linear waves propagating in continuous media. For homoge-
neous media the method of solution is Fourier’s transform which is based entirely on
the linear superposition principle. For weakly inhomogeneous media the variational-
asymptotic method has to be used instead.

4.1 Hyperbolic Waves

Differential Equation of Wave Propagation. In contrast to vibrations of continu-
ous systems, waves transport disturbances and energy from one part of the medium
to another with a recognizable velocity of propagation. Thus, we are dealing locally
with transient processes. The equations governing wave propagation remain exactly
the same as the equations of motion for continuous oscillators. In addition, the initial
and boundary conditions have to be specified. If the influence of the boundary can
be neglected, then it is convenient to consider waves propagating in infinite media.
In this case the radiation conditions are required to select the physically meaningful
solution.

1-D Problem. We begin first with the most simple situation, namely, with the prop-
agation of hyperbolic waves in one dimension governed by the equation

2
Uy = C U xx-

As one remembers from Section 3.2, this equation describes flexural vibrations of
a pre-stretched string, or longitudinal vibrations of an elastic bar. Now instead of
vibrations (or standing waves) we want to analyze wave propagation. If the bound-
aries of the medium are far away from the point of interest so that waves do not still
interact with them, we may consider the idealized situation of waves propagating in
an equivalent infinite medium. Introducing the characteristic coordinates o = x — ct,
B = x+ ct, we transform the above equation to
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0%u

daap =~

which yields the general solution obtained first by d’ Alembert

u(x,t) = f(o) +8(B) = fx—ct) + glx+ct).

This formula represents two waves traveling through the medium with the constant
velocity c; f to the right, and g to the left. Note that the observer moving to the right
(or left) with the velocity ¢ does not see any change of wave shape associated with
f (or g). Such waves are called dispersionless.

For the initial value problem

u(x,0) = up(x), wuy(x,0)=vo(x),
we determine f and g from the initial conditions

u(x,0) = f(x) +g(x) =uo(x), u(x,0)=—cf (x)+cg'(x) =vo(x),
giving

u(r) = ;[uo(x — et) + up(x+ct)] + 216 / _t’ vo(&)dE.

We can also solve the signaling problem for the half-axis x > 0 of outgoing waves
with
ux(0,1) = p(t).

In this case the solution reads

u(x,1) = —cq(t —x/c),

where ¢(t) is the integral of p(z).

3-D Problem. According to Hadamard’s idea, waves propagating in three dimen-
sions will be easier to study than those in two dimensions, so we start with the 3-D
case. We first look for particular solutions of the wave equation

Uy = C2Au (41)

in the 3-D space. This equation describes sound waves in fluids and gases, as well
as dilatational or shear waves propagating in infinite elastic solids (see Section 3.6
and exercise 4.2). Since equation (4.1) is linear, its particular solutions always exist
in form of harmonic (also called monochromatic) waves!

M(X,l) _ ei(k~x—wt)

9

' We work directly with the complex form of the solution keeping in mind that the real or
imaginary part should be taken when necessary.
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where K is the wave vector and @ the frequency. Indeed, substituting this Ansatz
into (4.1), we obtain the equation

(7(1)2+62‘k|2)€i(k'x_wt) =0,

with [k| = \/ k% 4 k2 4- k2 being the magnitude of k. As the exponential function is

not identically zero, ® must be related to k by
o = *clKk|.

Thus, for each non-zero wave vector k there are two harmonic waves corresponding
to @ = c|k| or @ = —c|k|. We refer to them as branches.

For the moment let us concentrate
just on one branch since the general so-
lution is simply the linear superposition
of them. Taking the real part, we present
the monochromatic wave as

u(x,t) = cos(k-x —c|k|r).

We call 0(x,t) = k-x — c[k|r phase; it
determines the position on the cycle be-
tween a crest, where u has a maximum,
and a trough, where u achieves a min-
imum. This particular solution is called
a plane wave because the phase surfaces
0 = const are parallel planes as shownin Fig. 4.1 Plot of cos(x+y)

Fig. 4.1 1in 2-D case. The gradient of 0 in

the space is the wave vector k, whose di-

rection is normal to the phase planes and whose magnitude x = |Kk| is the average
number of crests per 27 units of distance in that direction. In Fig. 4.1 the wave
vector is k = (1, 1) in the (x,y)-plane. Similarly, —6, is the frequency m = cx, the
average number of crests per 27t units of time. The wavelength is A = 27/ and the
period is T = 27/ @. The wave motion is recognized from the phase. Any particular
phase surface moves in the space with the normal velocity @/k = ¢ in the direction
of k. Thus, for the wave equation u, = c*Au the phase velocity agrees with the
usual propagation speed.

The monochromatic plane waves play a key role in the theory of linear waves
propagating in homogeneous media because the general solution can be obtained
by the linear superposition of these waves with various wave vectors. This leads
to Fourier’s integrals, where the contribution of each monochromatic plane wave
is Fourier’s component of the wave packet. We postpone the derivation of general
solution based on this Fourier’s analysis to the next Section 4.2. However, in what
follows we want to use the monochromatic plane waves to study reflection and re-
fraction of waves.
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Reflection and refraction of waves. When a monochromatic plane wave is incident
on the boundary between two different media, it undergoes reflection and refraction.
The motion in the first medium is a combination of the incident and reflected waves,
whereas in the second medium there is only one, the refracted wave. All three waves
have the same frequency ; the relations between their amplitudes and wave vectors
are determined by the boundary conditions. Consider for definiteness the reflection
and refraction of sound wave at a plane surface separating two media, say air and
water, which we take as the (x,y)-plane. Because of the translational invariance in
the x- and y-directions, all three waves have the same components ky, k, of the wave
vector, but not the same component k.

For simplicity let us consider wave propagating
in the (x,z)-plane. Then k, = 0 in all three waves, so
they are coplanar. Let ¥ be the angle between the
direction of wave propagation and the z-axis (see
Fig. 4.2). From the equality of k, = (®@/c)sin®
for the incident and reflected waves, it follows that
% = v, i.e. the angle of incidence ¥ is equal to

ZA

ON/6: > that of reflection . The similar equality of k, for
Q. X . . . ,
2 the incident and refracted waves implies Snell’s law
sindy ¢y
sinth ¢’

where c¢; and ¢; are the velocities of sound in these
Fig. 4.2 Reflection and refrac- (w0 media.

tion of waves In order to obtain the relation between the in-

tensities of these three waves, we write the velocity
potentials as
) o o
o1 = A £i0l(z/c1)cos V1 +(x/cr)sin t],
(pi — 14/1 eiw[(fz/cl )cos ¥ +(x/01 ) sint 71] ,

0 :A2eiw[(z/cz)cosz?zir(x/cz)sinﬂzft]7

where A, A}, and A; are the complex amplitudes of waves. At the boundary z = 0
the pressure p = —p ¢, and the normal velocities v, = ¢, in the two media must be
equal; these conditions lead to the relations

cos

(A=Al = 02,

p1(A1 +A7) = p2Aa,
)

The reflection coefficient R is defined as the ratio of the average energy flux in the
reflected and incident waves. Since the energy flux of sound wave is cpv? (see the
general derivation in Section 4.4), we have R = v}?/v? = |A]|>/|A;|?, where bar
denotes the time average. A simple calculation gives
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R— patanth — pytan 2
-\ patand, +prtandyy )

The angles ¥ and ¥, are related by Snell’s law; expressing ¥, in terms of ¥, we
can put this formula in the form

2C2 COSU| — P11/ C7 — C sin 1
0 2~ c3sin? ¥

2 Cp COS U1 14/C7 —C sin 1
O+ ?—c}sin? 9

For normal incident (% = 0), this formula gives simply
2
R— (chz —picy >
p2ca2+pici

Solution as a Superposition of Spherical Waves. There is a simple way to obtain
the solution of the wave equation in 3-D case as a superposition of spherical waves.
We start by assuming first the spherical symmetry of a particular solution about
the origin: u = u(r,t), where r is the distance from the origin. The wave equation
reduces to

> Uy = Uyr + upy.
c r
This equation can be rewritten as

1
2 (ru) oo = (ru)

which is exactly the 1-D wave equation for ru. Thus, the particular solution reads

f(rfct).

u(r,t): ;

Here we select only the outgoing wave. This selection is equivalent to posing the
radiation condition which requires that waves can only propagate from sources to
infinity. If the source generating waves is found at point €, then the particular solu-
tion takes the form

f(x=8&l—cr)

x—&]
Now the particular solution of (4.1) can be constructed as a linear superposition of
spherical waves

S(x—&|-er) ,

ot = &) "7 5 Pag, @)

where d& = d&1d&,d&;. In the integrand we take Dirac’s delta function representing
the unit source, while function y(&) accounts for the fact that waves coming from
different points will have in general different intensities. The form (4.2) suggests
the introduction of spherical coordinates (p, ¥, @) with the origin at x yielding

u(x,t) =
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oo T 21
¢(x,t):/ / / y(x+pho(p —ct)psinddodddp
o Jo Jo
n 2n
— et / / w(x +cl)sind dpdo, 4.3)
0 Jo

where 1 is the unit vector from x to &€ having the cartesian components
1= (sin ¥ cos @, sin ¥sin @, cos V).

As t — 0 the right-hand side of (4.3) tends to zero. For a continuously differentiable
function w(x) we may differentiate this expression with respect to 7 and find the
limitast — 0

0+(x,0) =4mcy(x).
Thus, the integral

t T r2n
o(x,1) = / / vo(x + ctl)sind do dd
4 Jo Jo
solves equation (4.1) with the initial conditions
u(x,0) =0, u;(x,0)=vo(x).

Note that this solution can also be represented as a surface integral

B 1
 Amct

o (x,1) /S(t) vo(x+ctl)da,

where S(r) is the spherical surface with center at x and radius ct.

To satisfy the remaining initial condition u(x,0) = uo(x) we use the following
property: if ¢ is a solution of (4.1), then its time derivative ¢, is also the solution.
Consider the solution of the form

%(Xat) = ¢.,Ia

where ¢ is given by (4.3). In this case it is easy to check that, as t — 0,
x(x,0) =4ncy(x), x(x,0)=0,=c*Ap =0.

Therefore we choose now y(x) = ug(x)/4mc and get for y
=21 ! [ wox-+and
X,1) = x+ctl)dal .
X% ot | 4rc’t Jsq) o

The complete solution reads

d 1 1
u(x,r) = Y [4”0% /S([) uo(x+ctl)da} + At /S(t) vo(x+ ctl)da. (4.4)
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Equation (4.4), called Poisson’s formula, represents the total contribution of the
instantaneous sources which send spherical waves to point x at time #; they are all
exactly a distance ct away and their contributions traveling with speed c arrive at x
just at time 7. Notice that sources inside S(¢) do not contribute to the solution at x.
Thus, there is no “tail” for spherical waves. This is no longer so in 2-D case as will
be seen in the next paragraph.

2-D Problem. The solution to the 2-D problem can be obtained from the 3-D solu-
tion by assuming uy(x) and vo(x) to be independent of x3. Suppose now that nonzero
values of ug(x1,x2), vo(x1,x2) are specified in a finite domain Cy of the (x1,x2)-
plane. From the 3-D point of view, the non-zero initial data occupy the cylinder C
with generators parallel to the x3-axis based on the cross section Cy. Thus, the do-
main of initial disturbances is no longer compact in the space. For a point outside
the cylinder C, the construction of wavefront is as before, but the spheres with the
center at x will intersect C at all time after the first time of intersection (see Fig. 4.3).
This accounts for the “tail” in the 2-D case and shows clearly the difference between
2-D and 3-D cases.

XA
/\ 7E2’E3
G| o
XXy [ELE, =
S(1) C

Fig. 4.3 Reduction of wavefront from three to two dimensions

Let us consider now the integrals in (4.4) at some fixed point (x;,x,0). At point
(&1,&2,&3) on S(2) (see Fig. 4.3) the value of ug is up(&;, ;). The outward normal
to the sphere has a component n3 given by

& _ V(-8 (n-&)?*

n =
} ct ct

The surface element da is equal to d&;d&;/|n3|, where d&d&, is its projection in
the (x,x2)-plane. Therefore, taking into account the two equal contributions from
above and below the (x1,x;)-plane, we have

1 B uo(81,82)d&1ds,
sm i 00T = s [ g e e
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where o (1) is the interior of the projection of S(¢) onto the (x;,x2)-plane:

o(t) ={(&1,&) | (x1 = &)+ (n—&)* < 7).

Thus, the solution of 2-D problem reads

o[ 1 uo(&1,82)dE1d¢
u(xy,x,t) = lznc/ ek — ’ 1_ 2 )21—()622—52)2

1 Vo(él,éz)d&d@z
+ 21c /(;'(t) \/C2l‘2 — ()C] — 61)2 - ()Cz — 52)2.

Since the integrals are taken over the whole domain inside the circle (x; — &) +
(x2 — &)? = ¢*2, not just its boundary, the disturbance continues even after this
circle completely surrounds the initial domain Cy.

Geometrical Optics. Although the exact solution to the wave equation has been
found, the computation of Poisson’s integrals is not always easy, even if we do it
numerically. A simplification is possible if the wave packet may be regarded as
plane in any small region of the medium. For this to be so it is necessary that the
amplitude and the direction of propagation vary only slightly in one wavelength. If
this condition holds, we can introduce the idea of rays as lines whose tangent at any
point coincides with the direction of wave propagation. Then, to find the wavefront
we need just to find the rays while ignoring the nature of wave propagation. This
task will be done within the so-called geometrical optics which turns out to be valid
in the high frequency (short wave) approximation.

We derive the equations of geometrical optics by assuming the periodic solution
with a given frequency @: u(x,t) = w(x)e '®". Then the wave equation reduces to

Helmbholtz’s equation
2

(0]
Aw+ w=0.

c2

For large value of ®/c, a standard method of finding the asymptotic solutions? is to
take

w = N[0 (x) + i) wi(x)+ ..., (4.5)

where functions o(x) and w;(x) are to be determined. Substituting (4.5) into
Helmholtz’s equation and keeping the asymptotically leading terms only, we obtain

ia)c(x)[

1 1
e 0*(—0 404+ 2ot wi) +io(Aow+20awoe) + .. ] =0.

The exponential function can be dropped in this equation. Then, equating the asymp-
totically leading terms at > and @ to zero, we obtain

2 Which is called WKB-method [6].
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Cada= 2 4.6)

AGW() + 20-7aW0’a = O.

The first equation is called eikonal equation which determines o (x). The second
equation, called transport equation, can be used to find wy(x).

The eikonal equation (4.6);, as a nonlinear partial differential equation of first
order, may be solved by the method of characteristic curves [12]. If we introduce
Pa = O, and write this equation as

1 1,

H= 2CPocPa* 2C =0,

the characteristic curves are defined by the equation

dxg

ds P

Parameter s is the arc-length along the characteristic curve, because c>pypy = 1.
The full set of characteristic equations reads

dxg, dpq 0 do 1
=C =0, = .

ds Par s ds ¢

Looking at the asymptotic solution (4.5), one may

recognize that 0 = o(o(x) —¢) is the phase of the

wave packet. Let us choose the initial phase such that >
0 = 0 corresponds to the wave front. Thus, the equa- Si
tion of the wave front is o(x) = . Since the vector So

. . s=ct
p = Vo is normal to the wavefront, the first equation

for the characteristics tells us that the rays are also
normal to it. The second equation shows that p is
constant on the ray, so the rays must be straight lines.
The new wavefront at time ¢ + #; (with small #;) can
be constructed by drawing the family of straightlines  Fig, 4.4 Wavefront and rays
normal to the wavefront at time #, and by the third
equation, 6 = s/c, so t = s/c, and the new wave-
front is a distance ct; out along the rays (see Fig. 4.4). This is Huygens’ principle
which agrees also with Poisson’s exact solution (4.4) found previously.

It remains to solve the transport equation which is the linear equation for wy. Its
characteristics are the same rays, so we can write this equation as

1 dwy 1

— Ao.
wo ds 2

The integration is straightforward once o (x) has been determined. But due to the
implicit form of o (x) we proceed a little differently. First we note that (4.6), takes
the divergence form



160 4 Linear Waves

(GT(XW%)#X =0.

Let us consider a tube formed by rays going from the initial wavefront Sy to the
current wavefront S; as shown in Fig. 4.4. We integrate this equation over the volume
of the tube. The use of Gauss’ theorem gives

/nao-7aW(2) da = O,

where n is the outward normal and the surface integral must be taken over the sides
Y and ends Sy, S; of the ray tube. As the rays are orthogonal to the wavefronts
0 =1,nq04=0o0nZX. On S, the normal n and Vo are in the same direction, so
ng0.o = |Vo|=1/c. Similarly, nq06, = —|Vo| = —1/c on Sy. Thus,

/w(z)da:/ wida.
St So

This equation expresses the conservation of energy flux along the ray tube.

The geometrical optics can also be developed for anisotropic and inhomogeneous
media [53]. However, one should be cautious near the point where ¢ = 0 (called the
turning point) as well as near the caustics, where this type of approximation needs
to be modified.

4.2 Dispersive Waves

Differential Equation and Dispersion Relation. Typically, the differential equa-
tion governing the propagation of dispersive waves in a homogeneous medium can
be written as

P(0;,0¢)u=0. 4.7)

Here P(r,sy) is a polynomial of the variables r and s, with constant coefficients,
o, and d,, are the partial derivatives with respect to ¢ and x4, respectively. Some
examples in 1-D case which will be used as illustration are

M_’n“i’ng*Czu’xx :O, P(a,,&x) = 8,2+603fC28X2,
Ugt + VPt yoe =0, P(0;,0) = F +ydy, (4.8)
U+ 0ttt + Bty =0,  P(r,0y) = 9, + 00y + B5.

The first equation describes free vibrations of a string with an additional restoring
force proportional to u, or thickness vibrations of a rod [31]. It is also the Klein-
Gordon equation of quantum mechanics. The second equation of (4.8) corresponds
to Bernoulli-Euler’s beam theory (3.27) with vy = \/ EI/u. The last equation is the
linearized version of Korteweg-de Vries equation describing small amplitude long
water waves and various other dispersive waves.

Since (4.7) is a linear differential equation with constant coefficients, its particu-
lar solutions always exist in form of harmonic waves
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M(X,l) _ ei(k~xfwt)’
where K is the wave vector and @ the frequency. Indeed, substituting this Ansatz
into (4.7) and using the property of exponential function, we see that k and @ have
to be related by the equation

P(—iw, ikg) = 0.

This is the so called dispersion relation which contains all the information about the
differential equation. Knowing this dispersion relation we can restore the governing
equation by using the correspondence: d; <> —i®, dy > iky. Note that the above
derivation can easily be generalized for the situation when u is a vector. In this case
P becomes a matrix, whose elements are polynomials of » and s,. The harmonic
wave form of particular solutions remains, with a small modification that a constant
vector a as a factor has to be included. Nontrivial solutions exist for the vanishing
determinant of the matrix, whose elements are polynomials of —i® and ik, yielding
the dispersion relation (see exercise 4.4).
We assume that the dispersion relation may be solved with respect to @ giving
real roots
o =Q(Kk). (4.9)

In general there will be a number of such solutions, with different functions Q (k).
We refer to them as branches. For example, if u satisfies Bernoulli-Euler’s beam
equation (4.8),, then the dispersion relation reads

—0?+ 7k =0.
Solving this with respect to @, we obtain two branches
o=y o=—yk.

In contrary, the linearized Korteweg-de Vries equation (4.8)3 yields only one branch
given by
o = ak— k.

For the present we study just one branch since the general solution is simply the
linear superposition of them. The monochromatic plane wave corresponding to this
branch is

u=-cos(k-x—Q(Kk)r).

We call as before 6 =k -x — Q(k)r phase which determines the wave motion. Any
particular phase surface moves in the space with the normal velocity Q(k)/k in the
direction of k, where x = |k|. We define the phase velocity as

Q(k)
K

)
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where n is the unit vector in the k-direction. For the hyperbolic waves governed
by the equation u, = c2Au considered in the previous Section the phase velocity
is constant and agrees with the propagation speed c. In general ¢ depends on «x, so
different waves propagate with different velocities causing the change of shape. This
explains the adjective “dispersive” for such waves. We classify waves as dispersive

if Q(Kk) is real and the determinant of the matrix agjg{ﬁ is not identically zero
(see [53]). This definition excludes hyperbolic waves.

Solution. The general solution of (4.7) can be obtained by the linear superposition
of particular solutions using Fourier’s integral

u(x0) = [y i@0ag,

where dk = dk;dkydks. Function y(k) accounts for the intensity of waves with
different k and may be chosen to satisfy arbitrary initial data, provided these data are
described by regular functions admitting the Fourier transform. For illustration let us
consider the first two equations in (4.8). Each of them has two branches @ = £Q (k),
and since we are in 1-D situation,

M%ﬂ:i/mwﬂméh4QHWk+/mwakk”m“%M. (4.10)

As there are two branches, u(x,#) must satisfy two initial conditions

u(x,0) =up(x), us(x,0) =vp(x).

This leads to
[ w6+ el dic = o).
[ —i2®lv® - va)edk = vo(v).
Applying the Fourier transform to these equations, we obtain
vi (k) + ya(k) 2/u0 Ve ®dx = Uy (k),
—iQ (k) [y (k) —yr (k)] = - /_w vo(x)e” ®dx = Vy (k).

Solving the above equations with respect to y; (k) and yn (k) gives

)+t |« et = ) [ -]

)
Since up(x) and vo(x) are real, their Fourier images Uy(k) and Vp(k) satisfy the
properties

1

v (k) = )
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UO(fk) = Ug(k)v VO(fk) = VO*(k)v
where asterisks denote complex conjugates. Thus, if Q(k) is odd function, then
vi(—k) = yi(k), wa(—k)=v;5(k).

If Q(k) is even function, we have

vi(—=k) =y (k), ya(—k)=yi(k).
It is easy to check that the solution is real in both cases as expected.

Large Time Asymptotics. Although Fourier’s integrals give the exact solution, its
behavior is still difficult to analyze. For wave propagation it is important to know
the behavior of solution in the limits # — co and x — oo while x/¢ is held fixed. Let
us analyze first the typical integral

umo:[:wmﬁmmwﬂ
in 1-D case. In the limit # — oo at fixed x/f we can write this integral as
u(x,t) / y(k 1 g, (4.11)
where y (k) is the following function

1) =20 K.

Here x/1 is regarded as a fixed parameter. The asymptotic behavior of integral (4.11)
as t — oo can be studied by the method of stationary phase [6], according to which
the main contribution to the integral comes from the neighborhood of stationary
points of x (k) such that

x'(k)=Q'(k)—" =0. (4.12)

Otherwise, the integrand oscillates rapidly and makes little net contribution to

u(x,t).
Assume first that y (k) has one stationary point at k = k. To find the leading
contribution we expand y(k) and (k) in Taylor’s series near k = ks

W = y(k), ()~ (k) + )2 (k) (k— k).

provided x” (ks) # 0. Substitution of these formulas in (4.11) leads to

U, ) = (ke H /°° k2 ()t g

—o0

The remaining integral can be reduced to the standard integral
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<2 b4
/ eazdzz\/
oo o

by rotating the path of integration through £ /4; the sign should be chosen to be
the same as that of y” (k). Thus,

27T ikox—i. _insi ny! X
u(x,t) o~ W(kS)\/IUC”(k ) oikox—iQ (ks )i— T signy” (k;)

If there are several stationary points, the contributions from their neighborhoods
have to be summed up to get the final result.

For the case of two branches with @ = +Q(k), the solution is given by (4.10).
Assuming further that Q'(k) is monotonic and positive for k > 0, we analyze the
asymptotic behavior of (4.10) for x > 0. If Q(k) is even, then €’(k) is odd and
there is only one positive stationary point for the first branch denoted by k;(x,):
Q'(k) = x/t for x/t > 0. The second branch has also one stationary point equal to
—ks(x,t). Combining two contributions of the branches, we get

2 ; ; im : "
u(x,t) ~ 2Re q/](ks)\/ T giko—i@k)i—Fsigny" (k) forx/t >0. (4.13)

12" (ks)|

It is easy to see that the case of odd function Q (k) leads to the same result.

Group Velocity. At any point (x,7) formula (4.13) determines a local wave number
kg(x,t) and the corresponding local frequency @ (x,1) = Q (ks(x,?)). By introducing
a phase

0(x,1) = ks(x,1)x — w5 (x,2)t,

we may present (4.13) in the form
u(x,t) ~ RelA(x,1)e )], (4.14)
where the complex amplitude is

21

—Figny” (ks)
11" (ks)|

A(x,t) =2y (ks)\/

The difference between (4.14) and the monochromatic waves is that A, k, and @
are no longer constants. However, this asymptotic formula still represents a nonuni-
form wave packet, with a phase 6 describing the oscillations between crests and
troughs. It is natural to define the local wave number and frequency as 6 and —0,,
respectively. In our nonuniform case we have

0y = ks xx+ ks — Q' (ks ks xt = ky(x,1),
671 = ks_’,x - Q/(ks)ks,tt - Q(ks) = 7605()C,t),
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so the local wave number and frequency introduced above agree with these defini-
tions. Moreover, the local wave number and frequency satisfy the dispersion relation
even in the nonuniform wave packet. Mention that the relative changes of the local
wave number k; in one period and in one wavelength are small. Indeed, from (4.12)
we see that the quantities

ks x Q1 ky 11

Dy

ke kQ'x  ky  kQ't

are small for large x and 7. Thus, k;(x,7) is a slowly changing function in one period
and one wavelength. The same is true of the frequency @, and amplitude A.

Iy

>
:

X

Fig. 4.5 Group (solid) and phase (dashed) lines for waves in beam

Let us have a closer look at the equation (4.12) determining k;(x,7). According to
that equation an observer moving with the velocity Q' (k;) will see the wave number
ks and the frequency wy. Therefore we call the velocity

group velocity, or the velocity for a group of waves. To illustrate the distinction be-
tween the phase and the group velocities we consider equation (4.8), for Bernoulli-
Euler’s beam. The dispersion relation for the branch of waves propagating to the
right is

Q(k) = yk*.
Therefore the equation determining k becomes x/r = Q'(k) = 2yk. Thus,
2 2
x x x
k= 0= 0 =kx— ot =
2yt’ 4y’ * 4yt

The group lines of constant k and @ are the straight lines 2);1 = const. The lines of

2 oqe .
constant phase 6 = const are the parabola XW = const. These two families of lines

are shown in Fig. 4.5. We see that the group velocity Q' (k) = 2yk is twice the phase
velocity w/k = yk for waves propagating in Bernoulli-Euler’s beam.
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Fig. 4.6 Comparison of exact and approximate solutions

To compare the solution obtained by the numerical integration of Fourier’s in-
tegrals with the asymptotic solution (4.14) let us set ¥ = 1 and assume the initial
conditions as follows

u(x,0) = uo(x) = 2me ™", u,(x,0) = vo(x) =0.

Then vy (k) = e/ /+/2 and the asymptotic solution takes the form

2o

u(x,t) ~ wl(;)\/fcos(m‘ — 4).

Fig. 4.6 plots the exact solution in terms of Fourier’s integrals computed numerically
at time = 100 and the above asymptotic solution at the same time, where the results
are nearly identical.

The other important role of the group velocity appears in studying the distribution
of amplitude A(x,?). It turns out that |A|?> propagates with the group velocity. To
show this let us compute the integral of |A|> between two points x, > x; > 0. From
the above formula for A we have

2y (k) Wy (ks)

dx.
L Q7 (k)|

X2
o) = / AA* dx =870
X1 X
In this integral ks is the root of (4.12). Using the transformation x = Q' (k)t as a
change of variable x — k, we rewrite Q(¢) in the form
ky
0(0) = [ “wiwi (V.
1

provided Q" (k) > 0, where k; and k; are defined by
X1 = Q/(kl)t, Xy = Q/(kg)l‘.

If Q" (k) < 0, the order of the limits must be reversed. Now, if k; and k; are held
fixed as ¢ varies, Q(¢) remains constant. But for the fixed k; and k, the points x;
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and x, are moving with the group velocities. Thus, the total amount of |A|?> between
any pairs of group lines remains constant, and in this sense, |A|> propagates with the
group velocity. Moreover, we will show in Section 4.4 that the energy also propa-
gates with the group velocity. This puts the question to the radiation conditions for
the dispersive waves.

Kinematic Derivation of Group Velocity. We see from the previous paragraph that
the concept of group velocity is quite crucial in understanding the phenomenon of
wave propagation. This concept must appear and be equally important for inhomo-
geneous media as well as for non-linear problems, where Fourier’s analysis are not
directly applicable. Therefore we try to develop below the direct kinematic approach
based on the more intuitive arguments rather than using Fourier’s integrals and the
method of stationary phase. We assume that a wave packet under consideration pos-
sesses a phase function 6(x,?), and that the wave number and frequency defined by

k=0, =—0;, (4.15)

are slowly changing functions of x and ¢. If, further, we know or can derive for them
a dispersion relation
o =Q(k), (4.16)

then we have an equation for 6 and we could proceed to solve it to determine the
geometry of the wave pattern. The convenient way is to use the kinematic relation

k_’[ + (1)7)5 == O7

which follows from (4.15). This equation can be regarded as the conservation of
waves, with k being the density of waves and @ the flux of waves. Combining it
with (4.16), we get a non-linear partial differential equation to determine k(x, )

ki +C(kkey=0, C(k)=Q' (k). 4.17)

We see that the group velocity C(k) is the propagation velocity for the wave num-
ber k. This equation can be solved by the method of characteristics. For an initial
distribution k = f(x) at r = O the solution is

k=f(5), x=¢+v(S),

where vg(&) = C(f(§)). Thus, the observer moving with the group velocity sees
always the same local wave number k. It is interesting that the above equation for k is
non-linear and hyperbolic, even though the original problem is linear and in general
non-hyperbolic as in example (4.8),. In this sense one can preserve the association
of wave propagation with hyperbolic equations, but there is a considerable non-
hyperbolic background.

Extensions to 2- and 3-D Cases. It is not difficult to extend the obtained results to 2-
or 3-D problems. Since the exact solution is expressed in terms of multiple Fourier’s
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integrals, the asymptotically leading terms in the limit # — o with x/¢ being held
fixed can be obtained by the method of stationary phase. For d-dimensional space
we can show that

u(x) = [yl 0a

~ (k) (zf)m (det

where K; satisfies the equation

a0 |\ kX iRkl
gka &kﬁ ’

0Q2(k) xq

kg t’

and { depends on the number of factors i /4 arising from the path rotation. We
could use this asymptotic solution to study the group velocity in 2- or 3-D cases.
However, it is simpler to develop the direct kinematic approach which may also be
applied to weakly inhomogeneous media.

We consider the slowly varying wave packet in the form

u(x,t) =acos0,

where the amplitude a and the phase 0 are functions of x and . We define the wave
vector k and frequency w by

kaze_’a, COZ*Q,. (418)
We assume that a dispersion relation is known and can be written as
o = Q(x,K). (4.19)

For homogeneous media the dispersion relation does not depend on x and can be
obtained from the monochromatic plane waves. For weakly inhomogeneous media it
would appear reasonable to find the dispersion relations first for constant parameters
of the media and then reinsert their dependence on x. This will be justified by the
variational-asymptotic method in Section 4.4.

Now, by eliminating 6 from (4.18), we have

ka_’[“rw’a :O7 ka_’ﬁ _kﬁ7a :O

Then, if ® = Q(x,k) is inserted into the first of these equations,

0Q
8k,3 kﬁ’a -

2Q

k .
o T 9x

Since ko g = kg o, this may be modified to
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2Q
ka,t+Cﬁka,ﬁ:_8x , (4.20)
o
where 90
Cg = .
P kg

The group velocity C defined in this way is the propagation velocity in (4.20) for
the determination of k. Equation (4.20) may be written in the characteristic form as

dka:_8!2 on dxa:8£2. @21
drt dxg, dt kg

Note that k is constant on each characteristic when the medium is homogeneous in
x, and then the characteristics are straight lines in the (x,7)-space. Each value of
k propagates with the corresponding constant group velocity C(k). For inhomoge-
neous media this is no longer valid: the values of k change as they propagate along
the characteristics and the characteristics themselves become curves. However, since
the medium is time-independent

20
or 0,

the frequency remains constant along the characteristics.

It is interesting that equations (4.21) are identical with Hamilton’s equations in
mechanics if x and k are interpreted as coordinates and impulses while Q(x,k) is
taken to be the Hamilton function (cf. Section 7.1). If instead of eliminating 6, we
substitute for @ and k in the dispersion relation —d6/dt and 90 /0Jx, respectively,
then the following equation holds true

(0]
=w;+Cgwg =
g = QT Cp@p

20 20
ot +Qx, ox

This is nothing else but the Hamilton-Jacobi equation, with 6 being regarded as the
action [5] (see also exercise 7.2).

) =0.

4.3 Elastic Waveguide

In signal processing it is often necessary to delay signals by sending them through
an elastic waveguide which serves as the delay line. Due to the interaction of waves
with the free boundaries, this device exhibits dispersive waves with infinite number
of branches. The other interesting property of elastic waveguides is that the phase
and group velocities may have different signs for some high-frequency thickness
branches. Such waves are called “backward waves”. Their presence plays a decisive
role in posing the radiation conditions. Guided wave propagation is used intensively
also in nondestructive testing as well as in seismology.
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h @ """"""""""""""""""" @a

Fig. 4.7 Strip of thickness &

Equation of Motion. For simplicity, let us consider the most simple example of
waveguide, namely an elastic strip of thickness /4, as shown in Figure 4.7. The carte-
sian coordinate system is selected, with (x,y)-plane coinciding with the middle sur-
face of the strip. The face surfaces of the strip are given by z = +4/2. Assuming
that the strip is made of a homogeneous isotropic elastic material, we write down
the three-dimensional equations of its motion in terms of the displacements

pug = (A JF“)“B,IM + Hug ggs

where A and u are Lamé constants. The traction-free boundary conditions on the
face surfaces z = +h/2 read

606Z|z=:th/2 = [/1“[3,[35& + U (Ug s+ uza)] \z:ih/z =0.
We non-dimensionalize these equations by introducing the following variables
tes 1

t_: (xayaz): h

iy (x,,2),

where ¢; = \/ W/ p is the speed of shear wave in an infinite solid. The equations of
motion and the boundary conditions then take the dimensionless form

Ug s = (1 +7)M[3,[3a+ua,[3[37

(4.22)
[vup g oz + (toz+ tza)ll =412 =0,

where y= A /u and the bars are dropped for short.

Rayleigh-Lamb Dispersion Relation. Let us look for particular solutions of the
boundary-value problem (4.22) in the form

Uy = fo (z)ei<kx_wt>.

Substituting this into the equations (4.22), we obtain two uncoupled systems.
For the shear waves (SH-waves)? with

Uy = fy(z)ei(k)ﬁwt)v uy=u, =0,

3 This terminology arose in seismology where the boundary surface is usually horizontal.
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we have

f:‘/'/ +p%f} = Oa

(4.23)
f}/v‘z:i]/Z = Oa
where the prime denotes the derivative with respect to z and
p% =0’ — k.
The eigenvalue problem (4.23) yields the following eigenfunctions:
=acos2nnz, =2mn, for SS-waves,
Vi b2 (4.24)

fy=asinw(2n+1)z, pr=mn(2n+1), for AS-waves,

where SS stands for the symmetric shear waves, while AS for the antisymmetric
shear waves.
We turn now to the second case, for which

e = (2w = f(2)e B, uy =0,
Substitution of these formulas into equations (4.22); gives

fl+ (1 +p)ikfl+ (@ —n %K) £ =0,

- ’ (4.25)
N7 A+ (L y)ikfi+ (0 =) f. =0,
where
N A+2u u \/1 —2v
2
= 2 = = =
n Y+ u o n \/?L ou 29y’
with v being Poisson’s ratio. The boundary conditions (4.22), become
-2 o .
kfc =0,
nf +vikfi 4.26)

fi+ikf,=0.

The eigenvalue problem (4.25) and (4.26) admits the symmetric and antisymmetric
solutions of the type

fe(z) —even, f.(z) —odd (L-waves),
fi(z)—odd, f;(z) —even (F-waves).

The characteristic equation of the system (4.25)

s+ -n72> (1+7y)iks

(14 7p)iks 1725+ 0* — k> =0

det

has four roots given by
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s12 ==xip1, p1= \/7120)2 — k2,
$34=%ips, p2= Vor—i.

Therefore the symmetric solutions corresponding to longitudinal waves (L-waves)
read

fx =i(Akcos p1z+ Bpacos prz),

) ) 4.27)
f. = —Apisinpiz+ Bksin pyz,

where A and B are still unknown constants. The four boundary conditions on z =
+1/2 reduce to two equations in A and B

p

(K> — p3) cos 1721 A+ 2kpacos 223 =0,

(4.28)
—2kp; sin 1721A + (k* — p3)sin 17223 =0.

Equating the determinant to zero, we obtain from (4.28) the dispersion relation

(k2 —p%)zsin(pz/Z) cos(pi/2) +4k2p1p2 sin(p1/2)cos(pz/2) =0. (4.29)

This is the Rayleigh-Lamb dispersion relation for the propagation of the L-waves in
this waveguide. From (4.28) we also obtain the amplitude ratio

A 2kpycos(pr/2) (k2*P%)Sin(Pz/2).

B (K—pdcos(pi/2)  2kpisin(pi/2)

Next, we consider the antisymmetric solutions corresponding to flexural waves
(F-waves), which are given by

fe=1i(Cksinpiz— Dpssinp,z),

(4.30)
f. =Cpicospiz+ Dkcos p»z,

where C and D are unknown constants. The traction-free boundary conditions at

z==1/2 reduce also in this case to two equations for C and D

p

(k* — p3)sin 1721 C —2kpysin 22D =0,

2kp; cos 1721 C + (K> — p3) cos PzzD =0.

Since the determinant should vanish to guarantee nontrivial solutions, we derive
from here the following dispersion relation for the F-waves:

(k> — p3)*cos(pa/2)sin(py /2) + 4k>pi pacos(p1/2) sin(pa/2) =0.  (4.31)

This is the Rayleigh-Lamb dispersion relation for F-waves. We also obtain the equa-
tion for the ratio C/D
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C  2kpysin(p2/2) (k2fp%)cos(p2/2).

D (K —pd)sin(pi1/2)  2kpicos(pi/2)

Mention that both equations (4.29) and (4.31) can be combined in a single equation

(4.32)

tan(p2/2) 4p1pak? ! + for L-waves,
tan(p1/2) (K2—p2)2] —  for F-waves.

Dispersion Curves. The dispersion relations (4.24), (4.29) and (4.31) were obtained
independently by Rayleigh and Lamb [28, 44]. However, due to their complexity,
the full analysis of branches of the dispersion curves in the (k, )-plane, as well as
branches with imaginary and complex wave number k, was completed much later
(see, for instance, [31]). We provide here the detailed asymptotic analysis and nu-
merical simulations of these equations.

i Im(k)

Fig. 4.8 Dispersion curves of shear waves

For SH-waves the dispersion relation (4.24) shows that for each number n =
0,1,2,... there are two branches

0= :|:\/7T2(2n)2 + k%, for SS(n)-waves,
0= :i:\/rcz(Zn +1)2+k2, for AS(n)-waves.

The plus or minus sign indicates the direction of wave propagation. All SS- and
AS-waves, except SS(0), are dispersive. At some real and fixed wave number k
the eigenfunctions (4.24) form a complete orthogonal basis in the space of regu-
lar functions of z. Thus, the series of Fourier’s integrals over all branches solves
the initial value problem for the infinite strip with arbitrary regular initial displace-
ment uy0(x,z) and velocity vyo(x,z). The solvability of signaling problem for a semi-
infinite strip requires the inclusion of solutions with imaginary k. We observe that
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the wave number k becomes imaginary for ® < @, where ®, = 2nx for SS(n) and
. = (2n+ 1)1 for AS(n). The frequency . at which the group velocity becomes
zero is called a cutoff frequency. Thus, the free propagation of the correspond-
ing branch does not occur at frequencies lower than the cutoff frequency. Several
branches of the dispersion curves are plotted in Fig. 4.8. Since the dispersion curves
for real k are symmetrical about the w-axis, the (k, ®)-half-plane with negative real
k can be replaced by the (k, )-half-plane with positive imaginary k. Looking at the
dispersion curves we recognize that at a given fixed frequency there are only a finite
number of real k for SH-waves. Thus, we have only a finite number of propagating
waves. To satisfy arbitrary boundary conditions for a semi-infinite strip at x = 0 in
the signaling problem, we have to combine these propagating waves with an infi-
nite number of solutions having imaginary k and corresponding to non-propagating
modes. These modes describe vibrations which are localized near the edge of the
strip.

We turn now to the longitudinal and flexural waves characterized by the disper-
sion relation (4.32) and consider the case of real k. Depending on whether (k, ) is
found in the regions I, II, or III, as shown in Figure 4.9, we may have p;, p, being
both imaginary, one imaginary and one real, or both real, respectively. The disper-
sion relations will alter their forms accordingly. In the region I p; = ig1, p» = iqo,
where g1 = \/k> — 1202, ¢ = V/k* — ®2. The dispersion relations take the form

tanh(q>/2) 4412k ! + for L-waves,
tanh(q;/2) ( 2 ’

et a3) —  for F-waves.

To find the asymptote of the first F-branch for small k£ and @ we expand the hyper-
bolic tangent
1
tanhx = x(1 — 3x2 +...).

Retaining the first two terms, we reduce the dispersion relation for F-waves to

2(1-3(a2/2)%) (K +g3)>
1
3

a(1-3(q1/2?) 4k
We put this in the form

1

Sk -

1
~(K —g3)? 141 +a3)*.
Expanding this and keeping the terms according to Newton’s rule, we obtain the

asymptotic formula

1
2 _ 4 6
0] _6(17v)k +O0(k°).

which agrees with that of the plate theory.
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Fig. 4.9 Three regions of the (k, ®)-plane

In the region II p; = iq;, and equation (4.32) becomes

tan(p>/2) N [ 4q, pok? Tﬂ + for L-waves,
tanh(q;/2) ~ [(k2—p3)2] ' |- for F-waves.

The lowest F-branch has no roots in this region. For the lowest L-branch we replace
tanx ~ x and tanhx ~ x giving

P2 A4qipak?
¢ = (kz_pQ)za or (k27p%)2 :4k2q%
2

Keeping the main terms in this equation we find that

2 2 5 4
0= 17\/1{ +O0(k%),
which agrees again with the plate theory [31].

Let us consider now the high-frequency branches of L- and F-waves. We are
interested in the asymptotic behavior of the dispersion curves near the cutoff fre-
quencies in the long-wave range k < 1. Since the dispersion curves are in the range
o ~ 1 and k < 1, we have to analyze (4.29) and (4.31) in the region III of the (k, )-
plane (see Figure 4.9). Setting k = 0 in (4.29), we see that the cutoff frequencies .
of L-waves are the roots of the equation

W now.

It implies that
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The first family of roots corresponds to the cutoff frequencies of the series L, the
second one to the cutoff frequencies of the series L .

We turn to the branch L (n). To study the asymptotics of the dispersion curve
near the cutoff frequency w. = 27n we introduce the notation

o’ =0l+y, K=x

with x and y being small quantities. Expanding the left-hand side of equation (4.29)
in the Taylor series of x and y and keeping only the principal terms in accordance
with Newton’s rule, we obtain

@, @, @,
o2 cos ZC 4, (y —x)cos n2 ‘ +4xn @] sin n2 “ cos 2C =0.
Solving this with respect to y we get finally
16nt /2
o? = a)02+ (1- ntan(no./ ))kz.

0%

For the branch L (n) with @, = m(2n+ 1)/1 we obtain after performing the same
operations
) 2 1 n 16cot(m./2)
n @
Analogously, the asymptotic analysis of the Rayleigh-Lamb equation for F-waves
leads to the following cutoff frequencies

VK2

W, = , or w.=mn2n+1).

The first family of roots corresponds to the cutoff frequencies of the series F |, the
second one to the cutoff frequencies of the series F). Similar asymptotic formulas
for the corresponding dispersion curves in the long-wave range can also be obtained
(see exercise 4.9).

In the above consideration we implicitly assume the value of 1 such that
cos(nzn) # 0. In the opposite case the coefficient at y in the approximate disper-
sion equation vanishes, and the above equation fails to provide the true asymptotics
for long waves. Consider, for definiteness, the branch LH(n) and introduce the new
variables

o=w+y, kK=x
Expanding (4.29) in x and y and keeping their principal terms, we arrive at

W . N
e gin 191

2 2 4

0.
y? 4+ 4xnw?sin 112 “cos =0,

4
—m, cos
2

yielding
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0=0w0.=x 4 k.
(4
One can see from the last equation that the group velocity v, = d@/dk of L(1) does
not vanish at k = 0, but is equal to +2 /7, and consequently, the wave packet moves
without deformation in the long-wave range. It is also interesting to observe that, for
v = 1/3, the cutoff frequency of the branch L (1) coincides with that of the branch
L, (0).

L,(0) 5 m s k}

Fig. 4.10 Dispersion curves of L-waves

Figs. 4.10 and 4.11 show the dispersion curves of L- and F-waves, respectively,
for v = 0.25. Since the dispersion curves are symmetrical about the w-axis, it is
enough to show them in the first quadrant £k > 0, @ > 0. The lowest branches of
these waves, L(0) and F, (0), begin from the origin and approach asymptotically
the straight line @ = v,k as k — oo, where v, = ¢, /¢; is the dimensionless Rayleigh’s
wave speed which may be obtained as the positive real root of the equation

Vo —8vt 4 (24— 16m* W2+ 16(n% —1) = 0.

All other branches are high-frequency thickness branches which begin at the cor-
responding cutoff frequencies and approach the straight line @ = k as k — oo. This
means that the wave speed of these branches approaches that of the shear waves in
an infinite solid, ¢; = \/ U/p,as k — oo, It is interesting that the dispersion curves of
some branches, say L (0) or F”(l), have negative curvatures and slopes near k = 0.
We can recognize this also from the asymptotic formulas in the long-wave range de-
rived previously for these branches. Indeed, let us consider, for example, the branch
L, (0) for which &, = 7/n and

1 N 16cot(w,/2)

n? o s

o’ = (m/n)* +(
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F,(0)

F. (0) ‘ ‘ ‘

Fig. 4.11 Dispersion curves of F-waves

for small k. If v = 0.25, then the coefficient at k? is negative and equal to

1 n 16cot(w./2)

, = —3.56865.
n o

Consequently, the phase and group velocities have different signs in the long-wave
range. Such waves carry energy in one direction but their phase surfaces appear to
propagate in the opposite direction. Because of this property they are called “back-
ward waves”.

Now let us consider the solvability of the initial value problem for an infinite
waveguide and for arbitrary initial conditions. This solvability is guaranteed if the
eigenfunctions found in (4.27) and (4.30) form a complete orthonormal basis in
the space of vector-valued functions of z. To show that this is the case we rewrite
the equations (4.25) in the operator form

Lf = Af,

where L = ©? and

f— (fx(z)) Lf = (_fx,zz —(1+ '}/)ikfz,z + n_2k2fx>
fz(z) ’ *n_zfz,zz - (1 - ’}/)ikfx,z Jrkzﬂ .

It is easy to check the following property: if & is real, then the operator L is Hermi-
tian in the sense that

1/2
L)~ (Lef)= [ | &' LI Lga:=0
—1
for arbitrary two vector-valued functions f(z) and g(z) satisfying the boundary con-
ditions (4.26). Therefore, the eigenvalue problem (4.25) and (4.26) has a discrete
spectrum and the eigenfunctions form a complete orthonormal basis in this function
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space [23]. Thus, the series of Fourier’s integrals over all branches solves the ini-
tial value problem for the infinite strip with arbitrary regular initial displacements
ug(x,z) and velocities vy (x,z).

The signaling problem is much more

challenging, where many questions remain A

still open.4 Similar to the SH-waves, we ¢
have at a given fixed frequency only a finite
number of real k for L- or F-waves as seen T
from Figs. 4.10 and 4.11. But in contrast to
the SH-waves, the number of solutions with
A B C

imaginary k is also finite. It can be shown,
however, that there exists a countable num-
ber of solutions with the complex conjugate sa
k. To satisfy arbitrary boundary conditions
for a semi-infinite strip at x = 0 in the signal-
ing problem, we have to combine the prop- - - 1 s N
agating waves with those solutions having
imaginary and complex conjugate k. These
modes describe vibrations which are local-
ized near the edge of the strip. The other is-
sue is the radiation conditions. Since the backward waves are present, we propose
to select among propagating waves only those with positive group velocities which
transport the energy from the edge of the strip to infinity. In Fig. 4.12 presenting the
dispersion curves of branches Ly (0) and L (0) near the cutoff frequency w. = /0
the only waves corresponding to points A, B, C are selected if the frequency of the
sent signal is fixed at the level indicated by the horizontal line.

Fig. 4.12 Selected waves

4.4 Energy Method

Energy Balance Equation. Since waves transport energy from one part of the
medium to another, the energy balance of its fixed part must involve energy flux
entering the boundary. We want to derive the energy balance equation from Euler-
Lagrange’s equations of motion (3.51) in the general case. Multiplying equations
(3.51) with u;; and summing up over i yields

d JL n d JdL JdL 0
u; Uj —U; =0.
Yot duiy Y Oxe i o Y Ou;
This equation can be transformed to
8( &L)+ d ( 8L) JdL JdL JdL 0
u; u; —U; —U; —U; =0.
ot duiy dxg " i o it duiy Lot i o Y Ou;

4 For instance, the generalization of Saint-Venant’s principle to dynamics [15].
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Since u;; enter only the kinetic energy density which is quadratic with respect to
u;y, the first term gives

9, 9L 9, IK._ 0
P dui,s )= gy i dui,s )= 5, K)-

It is easy to see that the last three underlined terms lead to

JdL JdL JdL d

—y: —u: . - _ L).
Ui 1t aui,t Ui ot aui,a Uiyt au,- at( )

So, we obtain the energy balance equation in the form

d d JdL

o (K+U)+ e (i )=0. (4.33)

aui_’a

The first term of (4.33) corresponds to the local change of the total energy density
E = K+ U, while its gradient term describes the energy transported by the wave
motion. We therefore call Jo, = u;, a‘ffﬂ an energy flux.

Energy Propagation. To see how the energy is transported by the traveling waves
let us first consider the 1-D Klein-Gordon equation (4.8); which can be obtained
from the following Lagrangian

1 1
L= u?,—

5 2( 22).

a)§ W+ Uy
According to the energy balance equation (4.33) we have the energy density

1 1
E = u?,—&— 2(a)3u2+czu§),
and the energy flux

J= —cquu_,x.

As we know, the asymptotically leading term of solution can be written in form of
wave packet ‘
u~Re(Ae'®) = acos(0+ ¢),

where a = |A|, ¢ = argA. The wave number k = 6, the frequency @ = —6,, the
initial phase ¢, and the amplitude a are slowly changing functions of x and 7. We
use this asymptotic formula to compute the energy density and energy flux.

First we compute the term éuz, in the kinetic energy density
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together with terms involving a; and ¢,. Since a and ¢ are slowly changing func-
tions of 7, these terms can be neglected in the first approximation. Treating the other
terms in the same way, we obtain for the energy density

1 1
E = 2(a)2+c2k2)a2sin2(6+¢)+ 2w§a20052(6+¢).

Similarly, the energy flux becomes
J = P wka*sin®(6 + ¢).

Now let us take the average of these quantities over one period. Since the average
values of cos?(6 + ¢) and sin’(6 + ¢) over one period are equal to 1/2, we get

_ 1 -
E= 4(a)z+c2k2+co§)a2, J=_c wka”,

where bars over quantities denote their averaged values over one period. For Klein-
Gordon equation the dispersion relation of waves propagating to the right reads

o= \/wg+c2k2.

Therefore

_ 1 -1
E= 2(c2k2—|—a)§)a27 J= 2c2k\/a)§—|—c2k2a2.

As we remember, the group velocity is

_dQ(k) 2k

C(k) = )
dk \/ g + k2

so we get the following relation
J=C(k)E.

This relation turns out to be general.
Based on the above relation we are going to derive now the average energy bal-
ance equation
E;+(CE) =0, (4.34)

which can be interpreted as follows: the total average energy between any two group
lines remains constant, or, in other words, energy propagates with the group velocity.
For, if we consider the energy
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between two points x () and x»(¢) moving with the group velocities C(k; ), C(kz),
respectively, then
dE (2 JE
dt — Jy, Ot

if (4.34) is valid. Conversely, (4.34) is just the limit of the last equation as
X2 —x1 — 0.

To prove (4.34) we use the above formula for the average energy E = f(k)a>.
Substituting it into the left-hand side of (4.34), we obtain

dX+C2E2 7C]El =0

E; 4 (CE) .= f(k)[(a®), + (Ca®) x] + £ (k)a® (k, + Ck ).

The last term on the right-hand side vanishes due to (4.17). By the same arguments
given for E, the first term must vanish too since the expression in the square brackets
is the differential form of the result found in Section 4.2 that

IO
o) :/ a“dx
xp (1)

remains constant between any two group lines.

The established equations of energy propagation can easily be extended to the
cases involving more unknown functions and to higher dimension. Consider, for
example, the scalar Klein-Gordon equation in 3-D case corresponding to the La-
grangian

1 1
L= 2“721‘ — ) (wguz + C2u7au_’a).
From (4.33) follows the energy balance equation
E;+Jouo=0,
where

1 1 1
E = 2u2t + 2(1)3LL2+ 2C2u7au7a, Ja == 7C2M_’tu_’a.

For a slowly varying wave packet u = acos(6 + ¢) the average values of E and Jy,
over one period are

_ 1 - 1
E = 4(602+C2kaka+0)§)(12, Ja - 2C2wkaa2,

with k = V0 being the wave vector and w = — 6, the frequency. Since the dispersion

relation for the first branch reads @ = Q (k) = \/ @ + c2|K|?, we see that
Ja == CaE’

where Cy, is the group velocity
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Q kg,
ke [@+ kP2

The average energy balance equation becomes

Ca:

E;+(CoE) ¢ =0. (4.35)
Equivalently, the total energy in any volume V(r) moving with the group lines re-
mains constant

d/ de:/ E_,der/ ECyngda =0,
dt Jv) Vi) ()

where S(t) is the boundary of V (¢), n is the outward normal vector to S(), and Cyhg
is its normal velocity. The last equation is obtained from (4.35) by integrating it over
V(¢) and applying Gauss’ theorem. Note that equation (4.35) can be presented in the
characteristic form

dE _ dx
it ——352E on dta =Cqy (k).
So, the energy decays due to the divergence C o of the group lines. This effect is
due lonely to the dispersion as there is no energy loss in this case.

It seems clear that these results should be established once and for all by general
arguments without pursuing the detailed derivation each time. Such arguments are
provided by the variational-asymptotic method.

Variational-Asymptotic Method. In this paragraph we are going to apply the
variational-asymptotic method to quadratic functionals only. The generalization to
non-linear problems will be given in Chapter 8.

Consider the variational problem in form of Hamilton’s variational principle: find
the extremal of the action functional

Hui(x,0) = [[ L) dxa, 436
R

where R =V X (fo,1) is any finite and fixed region in (d + 1)-dimensional space-
time. We assume that u; are prescribed at the boundary dR. We look for the extremal
of this variational problem in form of a slowly varying wave packet’

ui:llli(eaxat)a (437)

where 6 is a function of x and ¢, y; are periodic functions (with the period 27) with
respect to 6. Function @ plays the role of the phase, while 8, and —8, correspond
to the wave vector k, and the frequency ®, respectively. We assume that the char-
acteristic scales A and 7' of changes of the functions 6 o, 6, and y;(0,X,)|g—const

3 The amplitudes a; appear later.
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are considerably larger than the characteristic wavelength A and period 7. The latter
are defined as the best constants in the inequalities

2r 2r

0al< 5 6=, (4.38)

while the former are the best constants in the inequalities

2r 21 2r 2r
|9’aﬁ‘§l/\’ |9’w‘§lT’ 9,at|§ ‘L'A’ |9,tt|§ ‘L'T’
Gavil < ¥ Al < T vl < (439)

where dy Wi = dy;/dxy with 6 = const, and J,;y; = dy;/dt with 6 = const. In
other words, the wave vector k, = 0, the frequency @ = —80;, and functions y;
change little in one wavelength and one period. Therefore it makes sense to call 6
“fast” variable as opposed to the “slow” variables x,, and . Thus, in this variational
problem we have two small parameters A /A and 7/T.

We now calculate the derivatives u; o and u;;. According to (4.37) we have

Ui = 0o Wi+ VioOo, Uig =0 Wi+ We0;.
Because of (4.38) and (4.39) they can be approximately replaced by

Ui = Yi90a, Uiz =Y;e0;.

Keeping in the action functional (4.36) the asymptotically principal terms, we obtain
in the first approximation

Io[wi] = //L(l/f,-, Vio8.0s Vo8, ) dxdr.
R

Let us decompose the domain R into the (d + 1)-dimensional strips bounded by the
d-dimensional phase surfaces 8 = 27n, n =0,£1,42,.... The integral over R can
then be replaced by the sum of the integrals over the strips

//dedt = z//L(qf,-, VioOa,Wip0,)kd0d(, (4.40)

R

where  are the coordinates along the phase surface 6 = const, and « is the Jaco-
bian of transformation from x,7 to 8, {y. In the first approximation we may regard
K, 04 and 0, in each strip as independent from 6. Therefore we obtain the same
problem in each strip at the first step of the variational-asymptotic procedure: find
the extremal of the functional

_ 27
Tolwi) = /0 L(Yi, Vi 06,0, Vi 60,) O (4.41)
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among periodic functions y;(0) with the period 27. Since the quantities ko = 60 o
and — = 0, change little within one strip, they are regarded as constants in the
functional (4.41). The Euler-Lagrange’s equation of this functional is a system of n
second-order ordinary differential equations. Its solutions contain 2n arbitrary con-
stants: n of them are determined from the conditions that y;(0) are 2z-periodic
functions, the other n conditions can be chosen by fixing the amplitudes a; as fol-
lows: max y; = |a;|, where a; are arbitrary real constants. We call this variational
problem strip problem.

Let us denote by 27L the value of the functional (4.41) at its extremal. The quan-
tity L is a function of a;, 0 o and 6,. The sum (4.40), as A /A — 0 and T/T — 0, can
again be replaced by the integral

//I:(ai, 0.q,0;)dxdt. (4.42)
R
Euler-Lagrange’s equations of the average functional (4.42) read
oL 0 oL 0 JL
=0 =0. 4.43
dai " 9190, " 9xe 90, (443

We will see that equations (4.43); express the solvability condition for the strip
problem leading to the dispersion relation, while (4.43), is equivalent to the equation
of energy propagation.

Notice that the variational approach described here was initiated by Whitham
[53]. His arguments were based on some heuristic reasoning. The variational-
asymptotic method in its most general formulation was proposed a little later by
Berdichevsky [7]. It has then been applied to a wide class of variational problems
having small parameters, including the homogenization of periodic and random
structures leading to the cell problems, as well as approximate theories of shells and
rods resulting in the thickness and cross-section problems (see [8,31]). In all prob-
lems the variational-asymptotic method yielded the same results as the traditional
asymptotic analysis of differential equations. But the former has some advantages
compared with the latter. First, as we have to deal only with the variational equation,
neglecting a small term in this equation means neglecting terms in several differen-
tial equations which are not always easy to be recognized as small ones. Second,
no ad hoc assumptions about the order of smallness are needed. The order of small-
ness of terms in the asymptotic expansion is determined exclusively by minimizing
the action functional. Thus, the more degrees of freedom and the more complicated
the energy and dissipation we have to deal with, the more effective we may expect
from the variational-asymptotic method compared with other traditional asymptotic
methods as will be seen in the subsequent chapters.

Applications. Let us investigate the strip problem and the average variational prob-
lem on some concrete examples. As the first example we consider 1-D Klein-Gordon
equation (4.8); corresponding to the Lagrangian
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Lo 1 5oy 29
L= 2u7t—2(a)0u +cu).

Then the strip problem becomes: find the extremal of the functional

- 1 1
hivl = [, (@ =R - ody?las

o 2 K 2
among 27-periodic functions y(6) satisfying the constraint max y = a. The quan-
tities @ = —0, and k = 0, are regarded as constants in this variational problem.
Lagrange’s equation implies that the 27-periodic extremal can only be of the form

¥(6) = acos(6 + ).

provided ®? — c?k* = 603. The latter is the solvability condition for the strip problem.
Substituting this back to Iy, we obtain the average Lagrangian

_ 1
L(a,6,,0,) = A (67 — wf —c?0%)a>.

Thus, the average Lagrangian does not depend on the initial phase ¢. Let us ana-
lyze now Euler-Lagrange’s equations of the average variational problem. Once these
equations have been obtained, it is convenient to work with them in terms of a, k,
: _ _ _
oL dJdL JIJL _

90 =% 900 oxaor =% (444
where

1
4((1)2 — g — 2K,

We see that the equation L , = 0 is nothing else but the solvability condition for the
strip problem which leads to the dispersion relation G(®,k) = 0. We can solve this

L=G(o,k)d®, G(wk) =

relation with respect to @ to have the explicit form @ = +Q (k) = i\/ F + k2.
The second equation of (4.44) can be written as

d ) n
ot Bx(G’ka )=0.

Since G(Q(k),k) = 0, we have

(G,waz) -

and consequently,

If we denote G (€2, k) by g(k), then (4.44), takes the form

(g(k)a?) ; + (g(k)C(k)a?) = 0.



4.4 Energy Method 187

It follows from the consistency condition k; + @ = 0 that
k;+Ck,=0.
By using this kinematic relation, the factor g(k) can be removed so that
(@®) + (Ca®) » = 0.

This is nothing else but the equation of amplitude modulations. The equation gov-
erning energy propagation can easily be derived from here. We can also obtain the
energy equation directly from balance equation (4.33) for the average variational
problem.

Let us turn now to waves propagating in Timoshenko’s beam with the Lagrangian
given by (3.50). Introducing the unknown function u and the dimensionless variables
according to

u=nhy, f=tcy/h, X=x/h,

we present the Lagrangian in the form (the bar is dropped for short)

1
L:

o s o))

2 2
wi+ au’,) ~5
The strip problem becomes: find the extremal of the functional

21

_ 1 1
Io[y1, v :/0 [20)2(%2,9 +ays,) - 25kzll/22,9 - 2/3205(‘l/2+kv/1,9)2}d9

among 27-periodic functions W (0), W, (0) satisfying the constraints max y; = |a;|.
In this functional @ = — 0, and k = 0, are treated as constants. Lagrange’s equations
of this problem imply that the 27z-periodic extremal can only be of the form

yi(0) =ajcos(0+¢), vr(0)=azsin(6+¢).

The average Lagrangian becomes

- 1 1 1
L(ay,az,0,,0;) = 97%(a% + aa%) — 4s9_§a% — 4ﬁ2a(a2 — Oﬁxal)z.

4

The Euler-Lagrange’s equations dL/da; = 0 yield the system of two linear equa-
tions

(0* — B2ok?)a; + B*akay =0,
B2otka; + (w*o — sk> — B2ot)ay =0,

which has non-trivial solutions only if the determinant vanishes. This is the solv-
ability condition for the strip problem which leads also to the dispersion relation

(0% — B*ak®)(w* o — sk*> — B o) — B*a®k? = 0.
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One can check that this equation coincides with the dispersion relation obtained by
assuming the harmonic wave form. One can also find the amplitude ratio a; /a; from
this system. Finally, one can verify that the other Euler-Lagrange’s equation implies
the equation of energy propagation in this Timoshenko’s beam (see exercise (4.10)).

It is not difficult now to rederive the geometrical optics considered in Section
4.1 from the variational-asymptotic method. The same can be said about weakly
inhomogeneous media. This would be the case, for example, if the parameters wy
and c in the Klein-Gordon equation were functions of x. The derivation of the strip
problem remains unchanged. If the characteristic length of change of material pa-
rameters is much larger than the characteristic wavelength, then we can again regard
them as constant in this strip problem. After finding the average Lagrangian the slow
dependence of the material parameters on x can be reinserted. The method can also
be applied for the case of external forces which change slowly in time. In this case
the Lagrangian depends explicitly on time, but this dependence can be ignored in
the strip problem. However, the energy is no longer conserved. But notice that wave
action is conserved in all cases.

4.5 Exercises

EXERCISE 4.1. Solve the 1-D wave equation with ¢ = 1 and with the following
initial conditions

x+1 forxe (—1,0),
u(x,0)=0, u,;(x,00=¢1—x forxe(0,1),
0 otherwise.

Plot the solution at = 0.5 and at t = 10.
Solution. According to the d’ Alembert solution with ¢ = 1
u(x,t) = f(x—1)+g(x+1).
Functions f(x) and g(x) should be found from the initial conditions
u(x,0) = f(x) +8(x) =0, u;(x,0)=—f(x) +8'(x) = vo().
Thus, f(x) = —g(x), while g(x) satisfies the equation

. (x+1)/2 forxe (—1,0),
g’(x)zzvo(x): (I1—-x)/2 forxe (0,1),
0 otherwise.

Integrating this equation, we obtain for g(x)
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0 forx < —1,
) L+ 1)? forx € (—1,0),
X)) =
§ —2x=1)2+) forxe(0,1),
1/2 forx > 1.

The plot of this function is shown in Fig. 4.13.
gx)

05
04

03+

. . . .
2 B 1 2 X

Fig. 4.13 Function g(x)

Substituting g(x) and f(x) = —g(x) into the d’ Alembert solution, we can evaluate
u(x,t) and plot it at different instants of time. Figs. 4.14 and 4.15 show the solution
atr=0.5and t = 10, respectively. We observe that, at large ¢, the solution is constant
and equal to 1/2 inside the interval x € (— + 1,7 — 1). Besides, there are two wave
fronts of the width 2 propagating to the left and to the right with the velocity 1.

x,1)

. . . .
2 -1 1 2 X

Fig. 4.14 Solution u(x,t) atr =0.5

EXERCISE 4.2. For waves propagating in an infinite elastic material which is ho-
mogeneous and isotropic we seek particular solutions in form of plane waves
u = ae'(k*~9)  Show that there are two velocities of propagation given by
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u(x,f)

04+

031

02+

0.1+

I I I I X
-10 -5 5 10

Fig. 4.15 Solution u(x,#) atz = 10

A+2u \/u
Cqd = y Cs = s
P P

corresponding to dilatational waves (a is parallel to k) and shear waves (a is orthog-
onal to k). Generalize this to homogeneous anisotropic materials.

Solution. Consider first the general case of infinite elastic material which is ho-
mogeneous and anisotropic. Then it is easy to show that the extremal of the action
functional of this elastic material (see example 3.9) satisfies the Euler-Lagrange’s
equations
Pl — Eaﬁyéuy,éﬁ =0.
We look for the particular solutions of these equations in form of the plane wave
kyxy —ot)

Uy = aael( ,

where a and k are constant vectors. Substituting this formula into the equations of
motion and removing the non-zero factor e/ =®) we get the eigenvalue problem

(—pa)28ay+EaBy5k5kﬁ )ay =0,

with Koy = Eqpgy5kskpg being called the acoustic tensor.
We solve this eigenvalue problem for the case of isotropic material, for which

Eaﬁy& = ),305[3375 +.u(6ocy6ﬁ5 + 30553[3}/)~
The acoustic tensor becomes
Koy = A+ .U-)kaky + P—k25ay,

where k is the magnitude of vector k, that is, k = |k|. Without limiting generality we
may choose the x;-axis to be in the direction of vector k, i.e., k = (k,0,0). Then the
eigenvalue problem can be written in the matrix form
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—p+A+2u 0 0 aj 0
0 —pl4u 0 al|l=(0],
0 0 —pl+u) \a; 0

with ¢? = ©? / k? being the phase velocity of wave propagation. There are one single
eigenvalue and one double eigenvalue

Cl =Cq = l+2ua C2—C3—CS_\/H,
p p

corresponding to three eigenvectors
1 0
ai=(0], a=|1|, a3=|0
0 1

Thus, the first eigenvector a; points in the direction of k and describes dilatational
waves propagating with the velocity c¢;. Two other eigenvectors a; and a3 are or-
thogonal to k and correspond to shear waves propagating with the velocity c; which
is the double eigenvalue.

EXERCISE 4.3. Consider the “balloon problem” in acoustics: the pressure inside a
sphere of radius Ry is po + P while the pressure outside is pg. The gas is initially at
rest, and the balloon is burst at # = 0. The initial conditions for the velocity potential
read

7P/p0 0<r <Ry,

,0) =0, 0)=
¢(x,0) :(x,0) {0 Ry < r.

Find the change of pressure with time.

Solution. Due to the spherical symmetry, the velocity potential depends only on r

and ¢, so

o(r1) = f(r;ct) N g(r—&-ct).

r
Substituting this into the initial conditions, we have

P

0 Ro,
1)+ 8(r) =0, f’(r)g’<r>—{g°” o

These conditions determine f and g for positive values of their arguments. However,
itis also necessary to evaluate function f with negative argument in the solution. The
condition for that is obtained by requiring the absence of source at the origin

lim r° 99 =

0
=0 dr ’
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which implies
f(=ct)+g(ct)=0 fort>0.

The last condition determines f for negative argument in terms of g for positive
argument.
Solving the equations for f and g, we obtain

1P (2 p2
iy = (AR <o
0 otherwise,

and

4 pPoc

~1 P (x>~R}) 0<x<Ry,
0 Ry < x.

With these functions we find the pressure difference

P
P—Dpo=—PoQP; = or [(r—ct)F(r—ct)+ (r+ct)G(r+ct)],
where

F(x)=

1 —Rp<x<Ry,
0 otherwise,

and

1 0 R
G(x): < x < Ky,
0 Ryp<unx.

EXERCISE 4.4. Search for particular solutions in form of plane waves and derive
the dispersion relation for 1-D waves propagating in Timoshenko’s beam, the di-
mensionless Lagrangian of which is

1
5 [suzx + ﬁza(u + w,x)z].

1
L=

5 (wzt + au?,) —

Plot the dispersion curves and study their asymptotic behavior as k — 0 and k — oo.

Solution. Let u; = w and uy = u. From the Euler-Lagrange’s equations

d dL d JL JL

_ 9% 0, i=12,
ot duiy | Oxduix  ow

we derive

Wit —ﬁ2a(u+w_,x)_,x = 0,
oy — suw—l—ﬁz(x(u—kw’x) =0.

We look for the particular solutions of these equations in form of plane waves

()= ()
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where a; and a are constants. Substituting this Ansatz into the equations of motion
and removing the common non-zero factor k=01 e obtain

—0*+ B*ak? —B2aik a\ (0
B*aik  —aw®+sk>+B2o) \ay) \0)"
Nontrivial solutions exist if the determinant of the matrix vanishes yielding the dis-
persion relation

(—w* 4 B2ok*)(—ow?® + sk* + B*a) — B*a’k* = 0.

Thus, for each real k there are two real and positive roots of this dispersion rela-
tions corresponding to two different branches of the dispersion curves. To plot the
dispersion curves we use the following parameters

! 2\’ Bon 5o |
“aolaa) 0 PTT T ey

with v being Poisson’s ratio (see [31]). The plot of the dispersion curves for v =0.31
(dashed lines) are shown in Fig. 4.16. We also plot the dispersion curves of the two
first branches of F-waves according to Rayleigh-Lamb dispersion relation (solid
lines). The comparison shows quite good agreement in the long-wave range.

Im k- 1 2 3 4 5 Rek

Fig. 4.16 Dispersion curves of flexural waves propagating in a beam: a) 1-D Timoshenko
beam theory: dashed line and b) 3-D theory: solid line

In the long-wave range (k < 1) the asymptotic analysis of dispersion relation
yields the following formula
w* = sk* + 0(k®)

for the low-frequency branch, and

o* =B+ (af*+ ;)k2+0(k4)
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for the high-frequency thickness vibrations.
In the short-wave range (k — oo) the dispersion curves approach the asymptotes

o= Bvok and a):\/;k,

respectively.

EXERCISE 4.5. Solve the linearized Korteweg-de Vries equation with ¢ =0, f = 1
and with the initial condition u(x,0) = e Compute Fourier’s integral numeri-
cally® and plot the solution at r = 1.

Solution. Using the Fourier transform, we find that
u(x, 1) = /_ " Wkt g
where, for the linearized KdV equation with o =0, § =1,
Qk) = -k’

Function (k) should be determined from the initial condition

/ v (k) dk = u(x,0) = e .
Applying the Fourier transform to both sides, we obtain

1 /= 2 . 1 2
k) = —Xx 7lkxd _ —k /4.
v(k) 2n [me ¢ * 2\/716

Thus, the problem reduces to computing the integral
U s ik
u(x,t) = e e dk.
(e.1) /,m 2V/m

This can be done numerically by using the Fourier series package in Mathematica.
Due to the highly oscillatory integrand, we choose the maximum number of recur-
sive subdivisions to be 100 to achieve the required accuracy. The plot of u(x,t) at
t = 1 is shown in Fig. 4.17. We see the dispersive waves propagating in the negative
direction of the x-axis. For x > 0 the solution decays quickly and does not have the
oscillatory character. This behavior remains valid also for the later instants of time.

EXERCISE 4.6. Use the method of stationary phase to find the asymptotically lead-
ing term of the solution obtained in the previous exercise as 1 — oo at fixed x/r.
Compare this asymptotic solution with the exact one at r = 10.

6 Since the integrand is highly oscillatory, the accuracy is achieved only by increasing the
maximum number of recursive subdivisions.
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.1ov\yk\/.lv v 5 0 X

Fig. 4.17 Solution u(x,t) atr =1

u(x,f)

A A
WATRIRTRN

02+

=3

Fig. 4.18 Asymptotic solution u(x,7) atz = 10

Solution. For the large time asymptotics the method of stationary phase can be used
instead of numerical integration. In our case we rewrite the solution in the form

u(x,t) / v(k W g,

where

As we know, the main contributions to the integral come from the neighborhoods of

stationary points of x (k)

¥ (k) = —3%2 —f —0.

Thus, for x > 0 there is no stationary point, and the solution at fixed x/¢ and large ¢
must be nearly zero. For x < O there are two stationary points given by

—X

ky(x,1) = \/;f and  ky(x,1) = —kj (x,1) = \/ .-
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At these stationary points

1
ks — X/121‘.
wik) =, st

Taking into account that y” (ks) = —6k;, we find that

1 2 i3 in 1 2 i in
£) ~ x/12t\/ ikyxtiky e+ x/12t\/ —ikyx—ikit—"}
Ut = 6tk ¢ Toun’ 61k €

1
~ e)c/12t\/3tk1 cos(kix+ kit +m/4).

Fig. 4.18 plots the exact solution in terms of Fourier’s integrals computed numeri-
cally at time # = 10 and the above asymptotic solution at the same time, where the
results are nearly identical in the region x < 0.

EXERCISE 4.7. Show that the lowest branches of the dispersion curves of F- and
L-waves in an elastic waveguide approach the straight line @ = v,k as k — oo.

Solution. Consider first the lowest branch of L-waves which must be determined by
the dispersion relation

tanh(g2/2)  4q1q2k>

tanh(q1/2) (kK> +4¢3)*’

where

1-2
g =V -n20?, ¢ =Vk-0? 772\/ g \/ Y

A+2u Vo—2v

Introducing the dimensionless phase velocity v = @ /k, we can represent the above
equation in the form

tanh(kv/1 —12/2)  /1—-n22y/1 -2

tanh(ky/1—n22/2) (1—v2/2)?

As k — oo the left-hand side must go to 1 for any finite and fixed v € (0,1). Thus, v
must be determined from the equation

V1=n22yV1 -2 .
(I-v2/22

This equation has a unique solution v, = ¢, /¢, in the range v € (0, 1), where ¢, is
the Rayleigh wave speed (see exercise 4.9).

For the lowest branch of F-waves the dispersion relation is obtained from the
above equation by inverting the right-hand side, so @/k — v, also in the limit k — eo.

EXERCISE 4.8. Prove that all high-frequency thickness branches of F- and L-waves
in an elastic waveguide approach the line @ = k from above as k — oo.
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Solution. As seen from the Rayleigh-Lamb equation for L-waves, when v = 1/7
there is an infinite number of roots given by

r— 2nm ’
Vi/n?-1

This means that there is an infinite number of branches of the dispersion curves
crossing the straight line @ = k/7n and entering the region II as k becomes large.
The dispersion relation for L-waves in this region read

tan(kvv2—1/2)  /1-n22VA2—1

tanh(kv/1 — nv2/2) (1—-v2/2)?

n=1,2,....

For large k function tanh(k+/1 — n2v2/2) is close to 1, so the above equation can be

replaced by \/ y
[ (R AVA RS |
tan(kyv/v2 —1/2) = (—v2j22

This equation has an infinite number of roots for each fixed v € (1,1/1). From
this observation it follows that any straight line @ = vk, with v > 1, cannot be an
asymptote to any of the branches. Indeed, if the n-th branch would have v as the
limiting speed, the straight line @ = vk would intersect at most n — 1 branches (the
dispersion curves cannot intersect each other), but this contradicts the fact that there
are infinitely many dispersion curves intersecting this line. Thus, v must approach
1. In this limit the above equation can further be simplified to take the form

tan(kv/v2 — 1/2) = 4y/1—n2/v2 — 1.
Lete = V2 —1. Solving this equation, we find that, to the first order of €

2 2
kL o =  ©*—k*=(2mm)

e Jor/k-1

These equations of hyperbolas describe the asymptotic behavior of the dispersion
curves as k goes to infinity. The proof for F-waves can be done in a similar manner.

EXERCISE 4.9. Rayleigh surface wave. Determine the velocity of wave propagating
near the free surface of an isotropic elastic half-space.

Solution. Let us choose the coordinate system such that the elastic medium oc-
cupies the domain z < 0 with the plane z = 0 as its free boundary. We write the
dimensionless equations of motion

Ut = (1+ '}/)”ﬁ,ﬁa + U pp
and the traction free boundary conditions

[yug pOaz + (to s+ Uza)][z=0 = 0
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as in (4.22), where & is an arbitrary length. We look for the solution in form of the
surface wave propagating in the x-direction

7 sz i(kx—ot _ _ 7 sz ilkx—ot
ux:fxeze( ), uy =0, uszzeze( ),

with f; and f. being constants. Since the solution must decay exponentially as z —
—oo, we choose s to be real and positive. Substituting this Ansatz into the equations
of motion, we obtain the system

S+ —n7U (1+7)iks £\ (0
(1+7p)iks n2?+0*>—k*)\f) \0)°

The condition of vanishing determinant yields two real positive roots

S1= \/k2*772602a $2 = \/k27(1)2,

corresponding to two eigenvectors

(7)-() (G)-(%)
Ve s1)’ Ve k)’
provided (k, ®) is found in the region I. Thus, the general solution reads

uy = i(Ake®* + Bszeszz)ei(k"*wﬁ,
u; = (Asye’? —I—Bkeszz)ei(kx*w’).

The traction-free boundary conditions at z = 0 yield two equations for A and B

(n725i —Yk)A+ks2(n > —y)B=0,
2ksiA+ (s3+k*)B=0.

Equating the determinant to zero, we obtain from here the relation
(2K — )2 — 42\ /K2 — 202/ k2 — 02 = 0.

Introducing the dimensionless velocity of wave propagation v = @/k, we bring this
relation to the form

2—v)2—4y/1-n22/1 -2 =0,
or, equivalently,
Vo —8v* 4+ (24 — 16n* )W +16(n*—1) =0.

It is easy to see that this cubic equation with respect to v> has a unique root in the
range v € (0,1). The plot of v = ¢, /¢, versus Poisson’s ratio is shown in Fig. 4.19.
As the Poisson ratio changes from zero to 1/2, ¢, /cs changes from 0.874 to 0.955.
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Fig. 4.19 The dimensionless velocity of Rayleigh surface wave ¢, /cs versus Poisson’s ratio

EXERCISE 4.10. Derive the equation of energy propagation for Timoshenko’s beam
using the variational-asymptotic method and compare it with the similar equation
obtained via averaging the energy balance equation.

Solution. The Euler-Lagrange’s equation of the average variational problem

9oL oL
g do  dxdk

implies the equation of energy propagation

0

(wLy—L);+(—oLy) =0,

Wy

where ®L ,, — L is the average total energy density and — L is the average energy
flux (see exercise 4.12). For the Timoshenko beam we have

1 1 1
*(a? + oa3) — 4sk2a% - 4[3205(112 — kay)>.

L(al>a2akaw) - 4

Thus, the average total energy density reads

- 1

_ - 1 1
E=o0Ly—L= 4co2(a%+oca§)+4sk2a§+4l32a(asza])2,

while the average energy flux equals

1 1
saskw — 2[3206((12 —kay)a) 0.

J=—-owL;=
k 2
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Let us show that the same equation can also be derived by averaging the exact
energy balance equation (4.33). For Timoshenko’s beam theory the total energy
density is

1 1
E:K+U:2(w§+au§)+

S s+ Broutw )],

while the energy flux equals

JdL
8ui7x

J=u;; = fﬁz(xw_,,(u + W) — Sull .

The asymptotically leading terms of solution can be written in form of wave packet
we~ajcos(0+¢), u=~asin(6+¢),

where a; and a, are amplitudes of w and u, respectively. The wave number k = 0,
the frequency @ = —0,, the initial phase ¢, and the amplitudes a; and a; are slowly
changing functions of x and ¢. We use these formulas to compute the asymptotically
leading terms of the total energy density and the energy flux.

First we compute the kinetic energy density

1
[@%a}sin (0 + ¢) + ocw’a3 cos® (0 + ¢)]

1
(w?, + Om?t) ~,

2

together with terms involving a; and ¢,. Since a; and ¢ are slowly changing func-
tions of 7, these terms can be neglected in the first approximation. Treating the other
terms in the same way, we obtain for the total energy density

1
E=, [w?a}sin?(0 + ¢) + cw*a3 cos* (0 + ¢)]

1
+, [sk?a3 cos*(0 + ¢) + B2 a(az — ark)? sin> (0 + ¢)].
Similarly, the energy flux becomes
J = —B*awaj (ay — kay)sin®(0 + ¢) + swka3 cos> (6 + ¢).

Now let us take the average of these quantities over one period. Since the average
values of cos?(8 + ¢) and sin?(6 + ¢) over one period are equal to 1/2, we get

_ 1 1 1
E= 4a)2(a% + aad) + 4sk2a% + 4[3206(612 —kay)?,

and

-1 1
J= 2sa%ka)— zﬁza(az —kay)a o,

which coincide with the above equations obtained from the variational-asymptotic
method.
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EXERCISE 4.11. Solve the strip problem for 3-D Klein-Gordon equation
U+ cogu =c?Au

to find the average Lagrangian, the dispersion relation, and the equation of energy
propagation.
Solution. For 3-D Klein-Gordon equation corresponding to the Lagrangian
L=t ! (@Fu* + Pu g g),
2 St 2 ’ ’

the strip problem becomes: find the extremal of the functional

- 2 1
Bl = [ 1, (@ = Chaka) v — , @3y?]d6

among 27-periodic functions y(0) satisfying the constraint max ¥ = a. The quan-
tities @ = —6, and k = V0 are regarded as constants in this variational problem.
Lagrange’s equation implies that the 27-periodic extremal can only be of the form

¥(0) = acos(6 +¢),

provided w? — c?|k|?> = g, where |k|? = kykq. The latter is the solvability condition
for the strip problem. Using this solution, we compute the average Lagrangian

_ 1
L(a,04,6,) = A (07 — @) — c*0,00,4)a’.

Euler-Lagrange’s equations of the average variational problem, in terms of a, k, and
o, read B _ B
JL 0 d JdL Jd JL
da ' 0tdw Oxg dkg
Let us write L = G(®,k)a?, where G(0,k) = ; (0* — ©f — c*[k[?). We see that the
equation L, = 0 is nothing else but the solvability condition G(®,k) = 0 for the
strip problem which is equivalent to the dispersion relation

0.

0* = of + 2|k

We can solve this relation with respect to @ to have the explicit form o = +Q (k) =

+ \/ @3 + 2|k|2. The second equation can be written as
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and consequently,

If we denote G (£ (k),k) by g(k), then the second equation takes the form

(3(k)a?); + (3(K)Coa?) o = 0.
It follows from the consistency condition k¢ ; 4+ ®,o = O that
ko i 4 Cpkg, = 0.
By using this kinematic relation, the factor g(k) can be removed so that
(%) +(Cat®) o = 0.

This is nothing else but the equation of amplitude modulations. The equation gov-
erning energy propagation reads (see the next exercise)

(wLo—L);+(—oLg,).o =0.
With L = G(w,k)a® we get
E=wLy—L=(0Gy—G)d?,
and
Jo =—0L;, = —0G,a* = 0G oCod*.

Substituting these formulas into the equation of energy propagation and taking into
account the dispersion relation G(2(k),k) = 0, we easily see that it is equivalent to
the equation of amplitude modulations.

EXERCISE 4.12. Derive the following equations
(COZ;Q) - Z‘)J + (7(1)z47ka)_’a = O,
(kaLw) s+ (—kaI:_’kﬂ +Ldyp) g =0,
for homogeneous media, which can be interpreted as the energy and “wave momen-

tum” equations, respectively. What happens if L depends on the slow variables x,
and ¢?

Solution. The derivation of the energy equation is quite similar to that given at the
beginning of Section 4.4. Starting from the average Euler-Lagrange’s equation

2L 9 oL _,
I 00 Ixg Ok

and multiplying it with @, we obtain

O(Lw);—o(Lg,)a=0.
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Rearrange terms to get

(U)L_’w)_’t — (COZ/_’ka)ﬁx — (l)_’tL_’w + (l)_’aZz_’ka =0.

Replacing @ ¢ in the last term by —k, ; in accordance with the consistency condition
and taking into account the dispersion relations L, = 0, we see that the last two
terms give —ZJ since, according to the chain rule of differentiation,

JdL oL oL
= 00 9t1+aea9at+8

ll

aiy = 0L o+ koL,

Thus,
(COLw - L)J + (70)L7ka)_’a = 0.

Since ®L , is the average kinetic energy density K, the expression in the square
brackets of the first term is the average total energy density, while —@L,, is the
average energy flux. So, this equation is the equation of energy propagation.

The “wave momentum” equation can be derived by multiplying the average
Euler-Lagrange’s equation with kg,

kq (L,w),t — ko (Z«,kﬁ ),B =0
Rearranging terms to get
(kaLw):— (lc,),l_47;<[s ) —kaiLo+ kaﬁi_’kﬂ =0.

Replacing ks by —® ¢ and keeping in mind the dispersion relations, we reduce the
last two terms to L 4, s0

(kal_z7a)).,t + (*kazz,k[s + z‘aaﬁ)ﬁ =0

If the average Lagrangian depends on the slow variables x, (weakly inhomoge-
neous media) and ¢ (slowly changing external forces), the energy and wave momen-
tum equations change. In the case of slow dependence on ¢, the energy equation
becomes

(WLo—L);+(—wLy,) o0 =—0L,

where 0;L denotes the partial time derivative of L at fixed @ and k. In case of slow
dependence on x,, the wave momentum equation reads

(kaL.o)s + (~kaL gy +L8yg) 5 = oL,

where d, L denotes the partial derivative of L with respect to x4, at fixed @ and k.
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Nonlinear Theory



Chapter 5
Autonomous Single Oscillator

This chapter studies finite amplitude vibrations of the autonomous mechanical sys-
tems having one degree of freedom. The character of solutions depends strongly on
the type of the system. The solution methods may range from phase portrait and
Lindstedt-Poincaré method for conservative systems up to Bogoliubov-Mitropolsky
method for systems with weak dissipation.

5.1 Conservative Oscillator

Differential Equation of Motion. As before, Hamilton’s variational principle with
the Lagrange function (g, ¢), g and ¢ being the generalized coordinate and velocity,
is our tool for deriving the equation of motion of conservative systems. However,
in contrast to the linear theory, we will see that the kinetic energy may now depend
on ¢ as well, and the potential energy is no longer quadratic with respect to g. We
consider three simple examples.

EXAMPLE 5.1. Mass-spring oscillator. A point-mass m moves horizontally under
the action of a non-linear spring (see Fig. 5.1). Derive the equation of motion for
this oscillator.

Like the oscillator considered in example 1.1
the kinetic energy is given by K = ;mxz. )
Concerning the potential energy of the non- J-ernovroverno—ei 1= 4‘_(,] )
linear spring we first consider the most gen- v

eral case, for which U(x) is an arbitrary

smooth function. Then Lagrange’s equation Fig. 5.1 Mass-spring oscillator

reads

X

du

mi—flx)=0, flx)=- .
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The spring force f(x) is called a restoring force. However, it is quite reasonable to
assume that the potential energy of the spring deviates only slightly from that of the
linear spring, i.e.,

1 1 k
Ux) = 2kx2+4a12x4,
0

where [ is the original length of the spring and & a small parameter. If o > 0, the
spring is called hardening; on the contrary if & < 0 itis called softening. Lagrange’s
equation becomes

k
mx + kx + Ocl2x3 =0.
0

Dividing this equation by kly and rewriting it in terms of the dimensionless function
% = x/lp and the dimensionless time 7 = /k/mt, we obtain'

itx+ox’ =0. (5.1)
Equation (5.1) is known as Duffing’s equation.

EXAMPLE 5.2. Derive the equation of motion of the mathematical pendulum con-
sidered in example 1.2.

As has been shown already in that example, the Lagrange function is

Ry
L(g,¢) = ,ml*$* —mgl(1 - cosg),

but now ¢ is no longer small. Thus, the finite amplitude vibrations of this pendulum
are described by the equation

¢+co§sin<p =0, wy= \/f
By expanding sin ¢ in the Taylor series about ¢ = 0 and keeping the terms up to ¢

we obtain the approximate equation

3

p+aip—" ) =0,

which can be transformed to (5.1) with o« = —1/6.

EXAMPLE 5.3. A point-mass m is constrained to move along a frictionless path
represented by a smooth curve y = y(x) in the (x,y)-plane under the action of gravity
(see Fig. 5.2). Derive the equation of motion.

! The bar is dropped for short.
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This is the typical example of systems with

holonomic constraints. Any holonomic con- Y
straint like that of the curve y = y(x) canbe g l m
realized by a strong potential energy U (x,y)

which forces the point-mass to move along y=y(x)
the path. In the limit when the potential en-
ergy goes to infinity in the neighborhood of
the path, one gets the Lagrange function eval- b
uated under this constraint [5]. Using in our

example x (or, equivalently, the arc-length Fig. 5.2 Motion of point-mass along a
s along the curve) as the coordinate of the Path

point-mass, we find its constrained velocity

along the path

v=s=1/1+y2
Thus, the kinetic energy of the point-mass equals

1

K(x,%) = 5

1
m? = 2m(\/l +y2%)%

Observe that the kinetic energy depends not only on X, but also on x through the
function y(x). Choosing the zero level at y = 0, the potential energy is given by

U(x) = mgh = mgy(x).
Therefore, Lagrange’s equation yields

d /125 yl
dt(m\/1+y X) +mg =0

V1+y?

Phase Portrait. As we know from Section 2.4, for conservative oscillators the total
energy remains constant during the motion

K(x,5)+U(x) = Eo.

This first integral describes the level curves (phase curves) in the phase plane (x,y),
where y = x. Consider for instance example 5.1 for which

1
2mx2+U(x) = Ey.

Solving this equation with respect to X, we find explicitly

x—:l:\/li\/EgU(x). (5.2)

The plus or minus sign depends on whether we are in the upper half or lower half of
the phase plane.
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Fig. 5.3 Potential energy and phase portrait of conservative oscillator

Fig. 5.3 shows in its upper part a prototype potential energy as function of x, while
in the lower part, with exactly the same x-scale, the corresponding phase portrait.
From (5.2) we see that the phase portrait is symmetric with respect to the x-axis and
that the phase curves must run from left to right in the upper half-plane and from
right to left in the lower half-plane as time increases. The horizontal lines 1,2,3, and
4 in the upper graph label different energy levels Ey of the oscillator for different
types of motions. Since the kinetic energy is non-negative, the potential energy of
a particular motion must lie below the corresponding energy level. The intersection
points of any Ey-line with the potential energy correspond to the intersection points
of the phase curve with the x-axis. For levels 1,2 the phase curves are closed orbits
which look like ellipses intersecting the x-axis in two turning points at right angles.
These closed orbits describe periodic vibrations of the point-mass about the equi-
librium position C. The latter corresponds to the local minimum of the potential
energy, so C is the stable center. For level 3 the phase curve is quite special. This
curve passes through a saddle point S (corresponding to the local maximum of the
potential energy), and consists of four branches, called separatrices” which do not
intersect the x-axis at right angles. In our case the separatrices separate closed orbits
from open phase curves like that of level 4, which describe aperiodic motions of
the point-mass. The motion along any separatrix requires infinite amount of time to
reach the unstable equilibrium position S. Such motions are called limit motions.

Using equation (5.2), we can now compute the time required to go from the initial
point xg to point x along a fixed phase curve

2 The given name originates from the fact that these branches separate regions filled with
phase curves of different types.
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Y
t mil?¢ﬁm—u@n

Again, the plus or minus sign depends on whether we are in the upper half or lower
half of the phase plane. Taking into account the symmetry with respect to the x-axis,
we obtain the period of vibration along any closed orbit

IR |
' %@ V2B —UE) o

where x;, and xjs are the minimum and maximum of x corresponding to the turning
points. We see that the period of vibration (and therefore the related frequency)
in the nonlinear theory depends on the initial energy, or, in other words, on the
amplitude of vibration, in contrast to the linear theory.

Variational-Asymptotic Method. If the action functional contains some small pa-
rameter in the nonlinear term, then it is possible to find the correction to the solution
and to the frequency without computing complicated integral (5.3). Let us consider
for instance Duffing’s equation (5.1) which can be obtained as Lagrange’s equation
of the functional

Ix(t)] = /T(lxt Lo Tewyar

o 2 2 4 ’

with T being the period of vibration. We assume simply & = € as a small parameter.
We know that the extremal of this functional depends on €. On the other hand, the
results of the previous paragraph show that the period (and the related frequency
® =27 /T) of vibration depends on the amplitude, and thus, on € too. We want to
make w enter the action functional explicitly by stretching the time T = ¢ so that
the functional now takes the form

1 2 1 2.2 1 2 1 4
Ix(7)] = w/o (M2 - 2= ext)dr,

with prime denoting the derivative with respect to 7. Since the constant factor 1/®
does not influence the extremal, instead of the obtained functional we consider the

following one
2

2p 1o 1 4
Ix(7)] = /0 (M2 - 2= ext)dr. (5.4)
We try to find the periodic extremal of this functional. As x(7) is periodic with
respect to T with the period 27, we call T phase (or angular time). Since the func-
tional contains a small parameter €, we shall use the variational-asymptotic method
to study this variational problem (see [8,31]). At the first step we put simply € =0
to get from (5.4)

Tolx(7)] = /0 2”(;(92)6’2 _ ;xz)dr.

As we know from the linear theory, the 2z-periodic extremal of this functional is
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x0(T) = acosTt. (5.5)

Here a is the amplitude of vibration, the frequency  is equal to 1 as expected, and
we have chosen the initial phase ¢ = 0 which is possible because functional (5.4)
does not depend explicitly on time.

At the second step we seek the periodic extremal and the corresponding fre-
quency in the form

x(t) =xp(7) +x1(1), ©=1+ 0w, (5.6)

where x;(7) is smaller than xo(7) in the asymptotic sense and ®; < 1. We may
assume that x (7) and @; are of the order € of smallness although this is even not
necessary. The order of smallness of x1(7) and @, will automatically be determined
in this step. Substituting (5.6) into (5.4) and keeping the asymptotically principal
terms containing x; and the principal cross terms between xo and x|, we obtain’

1
x? — xox; — exgx; ) dT.

2t 1
Bba(e)] = [ (R 4ot + 201, —

Integrating the second and the third terms by parts taking into account the periodicity
of x1(1), we see that the underlined terms are canceled out. Besides, the cubic of
Xo = acos T can be transformed into the sum of harmonic cosine functions like that

3 1
xg=a’cos’t :a3(4cos7:—|— 4cos3r).

Finally we have

m q 1 3 1
L[x(7)] :/0 (Zx’lz— 2x%+(2w]a784a3)cosrx] - 48a300531x1)d‘c.

This functional is reminiscent of that of forced linear oscillator, where the two last
terms play the role of the work done by the external forces. The underlined term
would lead then to resonance causing non-periodic x; with the amplitude tending to
infinity as T — co. However, it is obvious that such resonance cannot appear! Thus,
for the consistency of our asymptotic expansion we require the coefficient of cost
in the functional /; to vanish.* This consistency condition implies

3 3
2a)1a—84a3 =0, thatis, :£8a2. (5.7)
Substituting the result into (5.6),, we get the correction for the frequency-amplitude
relation

3
o= 1+88a2+0(82). (5.8)

3 The terms containing only xq are dropped because x is not subject to variation at this step.
4 Allowing some strong expression, we would say that the resonant or secular terms must
be “killed”.
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The period T = 27/ ® may then be written as

2n 3, 2
T = =2rn|l—¢€_a "+ 0(e")|. 59
1+£§a2—|—0(82) 8 (&%) (59)

With the underlined resonant term being “killed” we find the extremal of

functional I
3

x1(7) :Szz(cos}cfcosr). (5.10)

Here we have chosen the initial condition such that x(0) = a which is consistent
with our choice ¢ = 0.
Then at the next step we seek the corrections to the extremal and the frequency
in the form
x(7) = x0(7) +x1(7) +x2(7), @ =140+,

where x,(7) and @, are smaller than x;(7) and ; in the asymptotic sense, and
repeat the same procedure as before (see exercise 5.2).

Notice that the similar procedure applied to the differential equations containing
a small parameter has first been proposed by Lindstedt and Poincaré (see [32,40]).

Comparison with the Exact Solution. It turns out that Duffing’s equation can be
solved exactly in terms of Jacobian elliptic functions [3]. In this paragraph we want
to get the frequency from this exact solution and compare it with the result obtained
by the variational-asymptotic method.

First of all, let us collect some well known facts about Jacobian elliptic functions.
There are three such functions: sn, cn, and dn. They depend on two variables, u and
m, where u is called an argument and m = k> a modulus. In working with Jacobian
elliptic functions the modulus m is often dropped, so we write sn(u,m) = sn(u). Two
of them, sn and cn, are quite similar to trigonometric sine and cosine. For example
there are several identities resembling the well-known trigonometric formulas like

sn(u) +cn’(u) = 1,

sn’(u) = cn(u)dn(u), cn’(u) = —sn(u)dn(u),

where prime denotes the derivative with respect to u. The elliptic function dn satis-
fies the equations

dn’(u) = —msn(u)en(u), and  msn?(u)+dn’(u) = 1.

The period of sn and cn in their argument u is 4K which is the complete elliptic

integral of the first kind. The period of dn is 2K. The asymptotic expansion of K ()

is given by

=Tl (1)2m+ (1'3)2m2+...
2 2.4

K(m) =7

. (5.11)
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We look for the solution of Duffing’s equation (5.1) in the form
x(t) =acn(u), whereu=bt+c, (5.12)

and a, b, ¢, and m are still unknown constants. Only two of them may be determined
from the initial conditions. Let us fix the initial phase ¢ = 0. Thus, there must be two
relations for the remaining constants. To find these relations we compute the time
derivative of x(r)

% =aben' (1) = —absn(u)dn(u).

Differentiating once again to get
. 2 2 2
X = —ab”[cn(u)dn” (u) — msn”(u)cn(u)].
Using the above identities, this becomes
% = —ab*en(u)[1 — 2m+ 2men® (u)).

Substituting the last equation into Duffing’s equation (5.1) (where o = €) and equat-
ing to zero the coefficients of cn and cn® gives two equations relating a, b, and m

a(2b’m —b*+1)

—a(2b*m — ea?)

:0’
=0.

Solving for b and m in terms of a, we obtain finally

b =1+ ed ea’ (5.13)
= a m = . .
’ 2(1+4¢ea?)
x(7)
1.0
0.5F
1 2 3 jt 5 f

-05

1.0+

Fig. 5.4 Solution of Duffing’s equation for € = 0.5: i) Bold line: exact solution, ii) Dashed
line: approximate solution

Formulas (5.12) and (5.13) give the exact solution of Duffing’s equation. Its am-
plitude a corresponds to the amplitude of the approximate solution (5.5) and (5.10).
The period T of the exact solution is 4K /b which may be written, using asymptotic
formula (5.11),
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4K (m 2

1 .
b b + m+ _ m"+0(m )}

4 64

Substituting (5.13) into this equation and expanding for small €, we obtain
3
T=2n [1 - £8a2 + 0(82)]

which agrees with formula (5.9). Fig. 5.4 shows the comparison between the exact
solution and the approximate one found in the previous paragraph for € = 0.5. One
can find for example in [6,20] the rigorous mathematical proof of convergence of the
approximate solution to the exact one as € — 0 in any finite time interval. However,
it is intuitively clear that for any small but finite € the errors in period and in solution
accumulate with the time and become of the order 1 for the time greater than 7'/ €.

5.2 Dissipative Oscillator

Differential Equation of Motion. For dissipative oscillators there are three types of
nonlinearity: i) Non-quadratic energy and quadratic dissipation, ii) Quadratic energy
and non-quadratic dissipation, iii) Both energy and dissipation are non-quadratic.
The common feature of all dissipative oscillators is the positive definiteness of the
dissipation causing the decrease of the energy. Therefore periodic motions in au-
tonomous dissipative systems are clearly impossible. We consider three examples.

EXAMPLE 5.4. Mathematical pendulum with viscous damping. Derive the equation
of motion of the mathematical pendulum considered in example 1.2 taking into
account the air resistance through viscous damping.

As before the Lagrange function is given by

Ny
L, ) = 2m12¢2 —mgl(1 —cosQ).

For the viscous damping we may assume that the dissipation function is quadratic
with respect to the velocity v = [¢

1
D= 2c(1<p)2.
Thus, generalized Lagrange’s equation (2.31) yields
.. 2 . c .
(P+a)081n(p+m(p:0. (5.14)

This pendulum belongs to the first type of dissipative oscillator with the nonlinear
restoring force and the linear damping force.
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EXAMPLE 5.5. Mass-spring oscillator with Coulomb’s friction. A mass m moves on
the rough solid foundation under the action of a linear spring (see Fig. 5.5). Derive
the equation of motion for this oscillator.

Up to now we have analyzed dissipative oscillators with

quadratic dissipation leading to the velocity proportional

damping force. However, we are often confronted in re-
ality with another type of damping, namely with the fric-
tion between solids with rough and unlubricated surfaces,
called Coulomb’s (or “dry”) friction. The most important
features of Coulomb’s friction are the existence of a thresh-
old value fy for the zero velocity and the constant friction
force for nonzero velocities. The force-velocity diagram for
Coulomb’s friction is shown schematically in Fig. 5.6. We see that this “constant”
friction force is constant in magnitude but not in direction since its direction is al-
ways opposite to the direction of velocity.

X

Fig. 5.5 Dry friction

frx
Jo

Fig. 5.6 Coulomb’s friction force

Looking at the force-velocity diagram we find that Coulomb’s friction force can
be described by the equation

N ) fo for x < 0,
fr(x)_{fo forx > 0.

For x = 0 the friction force may take an arbitrary value in between. Since f, =
—dD/dx, we have
D(¥) = folx. (5.15)

Thus, the dissipation function D(x) of Coulomb’s friction is a positive definite ho-
mogeneous function of the first order. Its graph is shown schematically in Fig. 5.7.
Mention that D(%) is non-smooth at x = 0, but we can still use the constitutive equa-
tion f, = —dD/dx for % = 0 if dD/dx is understood in the sense of sub-differential.
In this case f, can take any value between — f; and fj.

Now, the equation of motion of this oscillator reads

mi = —kx+ f,(%). (5.16)
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tano=f,

=y

Fig. 5.7 Dissipation function of Coulomb’s friction

As the consequence, we see that as long as the magnitude of spring force |kx| is less
than fp, the mass, being released with the zero velocity, cannot move: it is “sticked”
to the surface. So we have the “sticky” zone — fy/k < x < fy/k in which all positions
of the oscillator are the equilibrium positions. Released motions are possible only
outside of this “sticky” zone. This is the example of oscillators of the second type.

EXAMPLE 5.6. Nonlinear oscillator with a quadratic damping.

If a small mass connected with a non-linear spring moves very fast in a gas or a
fluid with a small viscosity, vorticities may occur around it. The resistance from
these vorticities on the moving body may sometimes be approximated as propor-
tional to the square of velocity of the point-mass. Such kind of damping is called a
“turbulent” damping. Since the damping force acts in the opposite direction to the
direction of motion, it must be equal to f, = —c|x%|t. The corresponding dissipation
function is

1
D(x) = _ clx.
(3) = el
Now the equation of motion reads

mi+ el — f(x) =0, f(x) = Jj;; (5.17)

As the spring force f(x) is also non-linear, this oscillator belongs to the third type.

Phase Portrait. Since the energy decreases with time, it is for sure that the ampli-
tude of vibration decays also. There are different methods to determine the evolution
to equilibrium for dissipative systems with one degree of freedom. The most general
and at the same time most descriptive method remains still that of phase portrait [4].
For all types of dissipative oscillators we may combine the restoring and damping
forces in one and present the equation of motion in the form

X:f(xvx)a

where f(x,x) is the resultant force (divided by m) acting on the point-mass. With
y = X we may reduce this differential equation of second order to the system of
equations of first order
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xX=y, (5.18)
y=fxy).

Thus, at each point (x,y) of the phase plane there is one vector (y, f(x,y)) tangent
to the phase curve. One can plot this vector field and construct the phase curves by
integrating numerically equations (5.18) using for example Euler’s or Runge-Kutta’s

algorithm.
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Fig. 5.8 Phase portrait of damped pendulum

Consider for instance the pendulum with viscous damping in example 5.4. The
equation of motion (5.14) can be written in the dimensionless form as follows

0" +28¢ +sinp =0,

where prime denotes the derivative with respect to T = wyt, and 6 = Zmao is Lehr’s

damping ratio. Reducing this equation to

/

¢ =0,
o = —sing — 28w,

we show the plot of the vector field (@, —sin @ — 28 ®) and the phase curves in the
phase plane in Fig. 5.8. By wrapping the phase plane onto the cylinder along the
lines ¢ = £ 7 we obtain the phase portrait of the damped pendulum on the cylinder.
We see that there are no periodic motions and that almost all phase curves tend to

the stable equilibrium position ¢ = 0.
Oscillator with Coulomb Friction. For this type of oscillator the solution can

directly be found from the energy balance equation. Let us first mention that
the energy balance equation (2.32) derived in Section 2.4 should be modified for
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Coulomb’s friction. Since the dissipation function (5.15) is homogeneous function
of the first order, we have merely

¢ = D(x).
g5 =P
Thus, instead of (2.32) the energy balance equation for the Coulomb’s friction reads

t
K+U—Eo—— / D(i(s))ds,
fo
so that the factor 2 disappears here. With D(x) from (5.15) we obtain
,mi +2kx =Eo — folx—xol, (5.19)

as long as xy is found outside of the “sticky” zone, where E is the initial energy at
point xg. It is interesting to note that the dissipation is rate-independent: it depends
only on the initial and end coordinates of the point-mass.

UGop

»

Xo X2 Xa X3 X X

Fig. 5.9 Total energy and turning points of oscillator with Coulomb’s friction

Energy balance equation (5.19) gives a clear geometric method for determining
the amplitude decay and the turning points of this oscillator. Fig. 5.9 shows the
potential energy of the oscillator as well as the total energy during the process of
motion. Assume that the point-mass is released from x( with the zero initial velocity
and then moves to the right. According to (5.19) the total energy at x is Ey — fp(x —
Xp) since x > xo. This is the straight line with the negative slope — f describing
the decay rate of the energy. The kinetic energy is the height between the total
energy and the potential energy. It becomes zero at the turning point x; which is the
intersection point between the parabola U (x) and the straight line. Using this point
x1 and the corresponding energy Ey; as the initial data, we find that the total energy
of the motion thereafter must be Ey; + fo(x — x1), since the point mass moves now
to the left with x < xj. This is the straight line with the positive slope fy which
intersects the parabola at the turning point x;. We can then repeat this geometric
construction until |x,| < fo/k where the point mass will be sticked there.
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=y

X0 X2 Co 1

Fig. 5.10 Phase portrait of oscillator with Coulomb’s friction

We can also use the energy balance equation (5.19) to plot the phase curves.
Indeed, for x > 0 we have

1 1
2m)€2—|— 2kx2 =Eo— fo(x—xp).

Bringing term — fyx to the left-hand side and forming there the square of x+ c( (with
co = fo/k), we obtain

lm)'c2+ lk(x+C0)2 = Eo+ foxo+ f02
2 2 2k’
or with y = X/ (where a)g =k/m)
2 2_ 2 2_ 2 f
VA xte) =r, r :k(Eo+foxo+2k)~

We see that the phase curves in the upper half of the phase plane are half-circles with
the center at point —cq on the x-axis. In the lower half-plane they are also half-circles
but with the center at point ¢y on the x-axis. The sticky zone lies between these
centers. As long as the phase curve does not hit the sticky zone, its continuation in
the other half-plane is possible. The sticky zone is the “dead” zone for the phase
curves (see Fig. 5.10).

Oscillator with “Turbulent” Damping. The equation of motion for the oscillator
considered in example 5.6 can be integrated separately for X > 0 and x < 0. Indeed,
consider first the case x > 0 and denote x = v. Since

dv_dvdx_vdv_ 1 dv?
dt  dxdt dx 2dx’

_)E:
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we can rewrite equation (5.17) in the form
dv?

2
2— =
I +av mf(x) 0,

where oo = 2¢/m. This inhomogeneous differential equation of first order can be
integrated by the standard method of variation of coefficients [11] yielding

Vi(x) =e ™ (Cl + ’i /Oxf(ﬁ)eaé dé) :

Similarly, for x < 0 we have

2= (e [ ae).

The constants C; and C, are determined from the initial conditions. Let

m/f £)e* dE = /U £)e% dé,
=2 [ e tag =" [v'geae.

Assume that the point-mass is released from xg with the zero velocity vy = 0 and
that it moves afterward in the positive direction. Then C; = U4 (x() and

V(x) = e U, (xo) — Uy (x)], forx > 0.

The first turning point x; can then be found as the root of the equation U, (x;) =
U, (xp). Choosing now x; as the initial coordinate from which the point-mass is
released and moves in the negative direction, we find that C; = U_(x;) and that

V2 (x) = e™U_(x)) —U_(x)], forx<O0.

Therefore, the second turning point, x,, must be the root of the equation U_(x;) =
U_(x1). Then we can choose x; as the initial coordinate from which the point-mass
is released and repeat the procedure. So, if functions U, (x) and U_(x) are known,
then the solution and the turning points can successively be determined.

For illustration let us consider the case of the quadratic potential energy (linear
spring) with U(x) = Jkx?. In this case functions U, (x) and U_(x) can easily be
computed

U = - [hgertag == 21— an) 1)

U_(x) = i/oxkge*ai dE = *niiz e (1 4+ oux) — 1].
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o0 X Xo X

L

Fig. 5.11 Functions U} (x) and U* (x) and sequence of turning points

2k and the subtrahend —1 in the square brackets do not ob-

The constant factor -~
viously influence the determination of the turning points. So, instead of U (x) and

U_(x) we can take the following functions
Ui(x) =—e*(1—ax) and U’(x)=—e *(1+ox)

for this purpose. Besides, U (x) = U*(—x), so it is enough to plot them for x > 0.
Fig. 5.11 shows the plot of these functions and the geometric method of determining
the sequence of turning points. As function U7 (x) cuts the x-axis at point 1/c,
whatever we take for the initial coordinate xj, the amplitude x; is always less than
1/a.

5.3 Self-excited Oscillator

This Section analyzes self-excited oscillators with one degree of freedom having
sustained vibrations. The key features of such oscillators are the presence of an
energy source and of a switcher, which switches the energy supply regime to the
energy dissipation regime when the amplitude (or velocity) of vibrations becomes
large.

Differential Equations of Motion. It was shown in the previous Section that free
vibrations of any dissipative system about an equilibrium position decay with time,
and in the limit # — oo the system approaches equilibrium. Since in reality there are
always some sources of small energy dissipation (viscosity, friction, drag force etc.),
one might think that permanent vibrations of autonomous mechanical systems are
not possible at all. However, the opposite is the case: one can observe everywhere
in nature and technique permanent vibrations of living organisms, machines, and
constructions. Examples may range from the beating of our hearts to pendulum
clocks or flutter of bridges and airplane wings. Let us consider here some simple
cases.
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EXAMPLE 5.7. Stick-slip oscillator. A mass m connected with a linear spring of
stiffness k moves on the rough band of a treadmill that rolls with a constant velocity
vo (see Fig. 5.12). Derive the equation of motion for this oscillator taking into ac-
count Coulomb’s friction between the mass and the rolling band. Plot the power of
the friction force against the velocity of the mass.

Fig. 5.12 Stick-slip oscillator

This example represents a primitive model of vibrations of a violin string. In terms
of the displacement x and velocity x the Lagrange function reads

1

1
2m)'c2f 2kx2.

L(x,x) =
The dissipation function due to Coulomb’s friction between the rolling band and the
mass must depend on their relative velocity X — vy, SO

D(%) = folx—vol.
Thus, generalized Lagrange’s equation is
mi+ kx = f(x —vo),

where

= vo) = {fo for X < vy,

—fo forx>vyg.

For x = v the friction force f, must be equal to the spring force taken with minus
sign.

The most interesting property of this oscillator is that the power of the friction
force may have both plus and minus sign. Indeed, doing the same calculations as in
Section 2.4 for dissipative systems we obtain the balance of energy in the form

d D).
g KU == TF

The expression on the right-hand side is the power of the friction force f,. For the
oscillator vibrating about the equilibrium position with vog = 0 we have shown pre-
viously that this is equal to —D(%), and thus, the energy dissipation rate is positive.
In our case, the power may have both signs as one can see in Fig. 5.13.
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Fig. 5.13 Power of Coulomb’s friction force

The positive power of the fric-
I N tion force means that energy is sup-
T Jo plied to the oscillator amplifying the
vibrations. In contrary, the negative
power of the friction force (or, equiv-
alently, the positive dissipation rate)
v,  means the energy loss which slows
down the vibrations. We see that for
our oscillator there is the possibil-
L ity of amplifying the vibration in the
region 0 < X < vp. This does not
still guarantee the self-excitation of
small vibrations since we have also
the energy loss for X < 0 plus the air
resistance through viscous damping
which is always present. It should be
mentioned however that the more accurate experiments show a slight dependence
of the friction force on the relative velocity as sketched in Fig. 5.14. This, as well as
the air resistance through viscous damping in the system may have some influence
on the stability of the equilibrium state. We will show later that, under some favor-
able conditions, the oscillator may develop self-sustained vibrations. From Fig. 5.13
we see also that the two different regimes of energy supply and energy dissipation is
switched at the velocities X = 0 and X = v¢. Thus, in this case the switcher is velocity
sensitive.

Fig. 5.14 Friction force f, versus relative veloc-
ity v, =X—vgp

EXAMPLE 5.8. Froude’s pendulum. A compound pendulum that is rigidly fasten to
a sleeve in form of a ring mounted on a shaft rotating with a constant angular veloc-
ity Vo (see Fig. 5.15). Derive the equation of motion of this pendulum taking into
account the air resistance as well as Coulomb’s friction between the rotating shaft
and the sleeve. Plot the power of the friction moment against the angular velocity.



5.3 Self-excited Oscillator 225

This example is quite similar to the previous one,
except for non-quadratic potential energy. The La-
grange function of the pendulum is

) |
L(p,p) = 2J(pzfmgl(l —cosQ),

where J is the moment of inertia of the pendulum
about the center O of the rotating shaft, and / the dis-
tance from the center of mass S to O. The dissipation
function includes the dissipation due to the air resis-  Fig, 5.15 Froude’s pendulum
tance and the dissipation due to Coulomb’s friction

between the sleeve of the pendulum and the rotating

shaft. The latter must be a function of the relative

angular velocity. Thus,

D(9) = el*$" + De(p o).
and the generalized Lagrange’s equation reads
J§+mglsing + cl>¢ — My (¢ — vy) = 0.
Here M, (¢ — vp) is the friction moment acting on the pendulum

gy =20

If we take D (¢ — Vo) = for|@ — Vo| as in the previous case, with r being the
radius of the shaft (which is equal to the inner radius of the sleeve), then the plot of
the power of the friction moment, M, ¢, is exactly the same as that of the stick-slip
oscillator. There exists the energy supply regime for the angular velocity ¢ € (0, vp).
This does not still guarantee the self-excitation of small vibrations since we have
also the energy loss for ¢ < 0O plus that due to the air resistance. However, for the
more realistic response curve of friction moment versus relative angular velocity
similar to that shown in Fig. 5.14, the Froude’s pendulum may also develop self-
sustained vibrations (see exercise 5.7).

EXAMPLE 5.9. van der Pol’s and similar oscillators.

If the mass-spring oscillator is connected with some energy source through a
switcher, which switches from the energy dissipation to the energy supply regime
when a certain combination of amplitude and velocity is less than 1, then the dissi-
pation function may be proposed for example in the form
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1 1
D(x,x) = 2c(ax2 + 2[3)&2 — 1),

where ¢, o, and B are positive constants. This formula does not contradict the second
law of thermodynamics as the system under consideration is open and is connected
with the energy source (or, equivalently, with an external force producing a positive
power).> Generalized Lagrange’s equation takes the form

mi+ kx + c(o® + Bi* — 1)x = 0.

If B = 0, the oscillator is called van der Pol’s oscillator.® In this case the
switcher is amplitude sensitive. On the contrary, for the case o = 0 corresponding
to Rayleigh’s equation, the switcher is velocity sensitive like that of the stick-slip
oscillator. In the general case (both o and 3 are non-zero), the switcher is of the
mixed type. Mention that Rayleigh’s equation can be transformed to van der Pol’s
equation as well (see exercise 5.9).

In what follows we shall study mainly van der Pol’s oscillator as the prototype of
self-excited oscillators. It is therefore convenient to bring its governing equation to
the dimensionless form. For this purpose let us introduce the dimensionless quanti-
ties f = \/ k/mt and ¥ = v/oux. In their terms van der Pol’s equation can be written
as follow

K+x4p(—1)%=0, (5.20)

where y = c/+/km, and the bar is dropped for short. Introducing y = %, we can
rewrite van der Pol’s equation as the system of first order differential equations

=y, (5.21)
y = —X+H(1 _x2)y’

which has one fixed point at (x,y) = (0,0).

Energy Household and the Existence of Limit Cycles. To recognize, whether
van der Pol’s oscillator has a limit cycle in the phase plane or not, all we need is
Poincaré-Bendixson theorem proved in the theory of ordinary differential equations
(see [11]). Roughly speaking, this theorem states that if there exists a phase curve C
of the 2-D continuous dynamical system that is “confined” to stay in some compact
ring-shape region R of the phase plane not containing any fixed point, then either C
is a limit cycle, or it spirals toward a limit cycle as ¢ goes to infinity (see Fig. 5.16).

3 Of course, the dissipation function in this model can no longer be interpreted as the pure
dissipative potential leading to the energy loss only.

6 Historically, this equation was deduced by van der Pol in 1920 to describe the self-excited
oscillations of an electrical circuit used in the first radios (see [50]). Later on, this type of
equation has been widely used in other physical systems as well, i.e., in laser, plasma, or
flutter of airplane wings.
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The finding of this “trapping” region for
van der Pol’s oscillator is based on the analy-
sis of energy change as the angle in the phase
plane changes on one period 27. Indeed, let
us write down the energy balance equation for
van der Pol’s oscillator

1d

0 P+ =u(l-x)i?. (522

Fig. 5.16 “Trapping” region R
Consider some phase curve starting at point
(x,y) = (aop,0) in the phase plane. As the an-
gle changes on 27 the phase curve cuts the
x-axis again at another point (a;,0). Integrating equation (5.22) over the time inter-
val spent by the phase curve between these two points and taking into account that
y = x = 0 at the end-points, we obtain

15
;(a%fag) = 1;1(1 —x?)i?dt = AE. (5.23)
fo
The integral standing on the right-hand side is the energy change AE in one angular
period 27. Thus, if the energy is gained in one angular period (AE > 0), then |a;| >
|ao|. In contrary, if the energy is lost in one angular period (AE < 0), then |a;| < |ag.
Now, let p be small. Then for the phase curve starting near the origin with
small ap > 0 we expect that the solution remains small in one angular period. Then
|x(¢)| < 1 fort € (fo,1) and the integrand on the right-hand side of (5.23) is positive.
Thus, in one angular period we have the energy gain (AE > 0), so a; > ag and the
phase curve must be repelled from the origin. For the phase curve with a large initial
amplitude a( > 1 the situation is more subtle. Since in one angular period the oscil-
lator may dissipate energy as well as gain it when x(¢) comes close to zero, we must
compute the energy change precisely. For pt = 0 equation (5.20) is the equation of
the harmonic oscillator having the solution x(¢) = ag cost. It is natural to expect that
for small u the solution of (5.20) is close to agcos? in one angular period. Since u
stands also in the integral (5.23), we may use this approximate solution to estimate
the energy change in one angular period

2 T
AE:u/ (1—a(z)cos2t)a(2)Sin2tdt:*ll4a(2)(“(2)*4)'
0

Thus, if ag > 2 then the energy change AE is negative, and the phase curve must
be attracted to the origin. So, in the polar coordinates the ring-shape region trapping
the phase curve is r € (01, 0,), with &; a small positive number and &, > 2. We see
also that the amplitude of a limit cycle must be close to 2 for small p.

Up to now we do not know how many limit cycles van der Pol’s oscillator may
have. This information can be obtained from Liénard’s theorem which is applied to
all differential equations of the form
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i+ f(x)x+gx)=0. (5.24)

Equation (5.24) describes the motion of a unit mass subject to a nonlinear damping
force — f(x)x and a nonlinear restoring force —g(x). The formulation of Liénard’s
theorem is as follows: If

f(x) and g(x) are continuously differentiable;

g(x) is an odd function and g(x) > 0 for x > 0;

f(x) is an even function;

the odd function F(x) = [y f(&)d& has exactly one positive zero at x = b, is
negative for 0 < x < b, is positive and nondecreasing for x > b, and F(x) — oo as
X — o0}

then equation (5.24) has one stable limit cycle surrounding the origin of the phase
plane. Since this limit cycle attracts phase curves to it, it is called an attractor. Now,
for van der Pol’s oscillator we have

g)=x, fx)=pn@"-1).

Integrating f(x) we obtain F(x) = px(3x* — 1). Thus, all conditions required in
Liénard’s theorem are satisfied (for the last condition we have b = v/3). Conse-
quently, van der Pol’s equation has only one stable limit cycle.

Fig. 5.17 Phase curves and limit cycle of van der Pol’s equation with 4 = 0.1

Numerical Solutions. Now we know that all phase curves of van der Pol’s oscilla-
tor are attracted to the limit cycle. But how do they approach this cycle and what
does the limit cycle look like? These questions can only be answered by integrating
equation (5.20), or equivalently, system (5.21). Unfortunately, analytical solutions
are not available. So, let us try to integrate (5.21) numerically by using for instance
Mathematica. We open a notebook in Mathematica and simply write the following
commands



5.3 Self-excited Oscillator 229

sol = NDSolve[{x'[t] ==y[t], ¥y'[t] = -x[t] +0.1 (1-x[t]*2) y[t],
x[0] =4, y[0] = 0}, {x, ¥}, {t, 30}]
ParametricPlot [Evaluate[{x[t], y[t]} /. sol], {t, 0, 30}]

In this case we took p = 0.1 and assumed the initial conditions x(0) = 4, y(0) = 0.
The result of computations is shown in Fig. 5.17, and we see that the phase curve
is really attracted to the limit cycle drawn by the thick line which is close in form
to the circle of radius 2. If we take a starting point inside the cycle, the phase curve
also spirals to the limit cycle from inside.

If we want to know how the solution changes in time, we add a command

Plot [Evaluate[x[t] /. sol], {t, 0, 30}]

and the computer gives us the curve x(r) shown in Fig. 5.18. The behavior of this
solution is quite similar to that of damped oscillator discussed in Section 1.2 except
that the amplitude of vibration does not tend to zero but to some value close to 2.
As one can observe, there are two characteristic time scales: i) one describing the
period of fast oscillation of x(z), ii) the other associated with the monotonic and
slow change of amplitude of vibration toward that of the limit cycle shown by the
envelopes.

Fig. 5.18 Solution x(¢) of van der Pol’s equation for y = 0.1: i) bold line: x(¢), ii) dashed
lines: envelopes

If we enlarge the parameter u, the limit cycle deviates more and more from the
circle. The motion deviates also from the harmonic motion. For very large t van
der Pol’s oscillator exhibits quite interesting type of vibrations called relaxation
oscillations. The limit cycle and the corresponding plot of x(¢) for 4 = 10 are shown
in Fig. 5.19. One can see a sequence of slow motions which are quickly switched to
other slow motions. This phenomenon will be explained in the next Section.

Limit Cycle of Stick-Slip Oscillator. Poincaré-Bendixson’s or Liénard’s theorem
cannot be applied to oscillators with Coulomb’s friction because of the discontinuity
of the friction force. So this type of oscillators requires always a special treatment.
Let us analyze the stick-slip oscillator considered in example 5.7. Taking also the
air resistance into account, we write down the equation of motion
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Fig. 5.19 Limit cycle (left) and solution x(¢) (right) of van der Pol’s equation with = 10

mi+cx+kx = fr(x—vp).
Dividing this equation by k and introducing the notation

k 2 c Vo
- b - 3’ - v b
m = N 2 km w

we rewrite it in the form (compare with (1.15))
X +26x +x=r(x' —v),

where ,
fr(a@o(x' = w))
k b
and prime denotes the derivative with respect to T = @yt. This second order differ-
ential equation is equivalent to the system of equations

r(x —wv) =

X =y, (5.25)
Y =r(y—wv)—28y—x,
which has one fixed point S on the x-axis with the coordinate xo = r(—Vp). The
slope of the phase curve at point (x,y) is equal to

dy r(y—w)—28y—x

2
e ; (5.26)

The first interesting thing to know is whether the fixed point S of this dynamical
system is a stable equilibrium position or not. To do the stability analysis near the
fixed point we seek the neighboring solution of (5.25) in the form

X=xptu y=yv,
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where u < 1 and v < 1 and linearize the system (5.25) with respect to # and v. Since

’
rv=vo) =r(=vo)+ , | v+0(s),
v
we obtain
d
W=v, V= " —28 |v—u,
dvi_y,
what is equivalent to the equation
u” — dr —28 |u'+u=0.
dv v
Thus, if
d
4 > 26,
dv v

then the fixed point is an unstable focus, and the phase curves starting near this fixed
point are repelled from it.

To be able to simulate the phase curves numerically let us assume that the dy-
namic friction force is described by a function r(v) of the form

—31=2(v—1)%* forv>0.

v) = {;+ lv4+1)2 forv<o,

The threshold friction force is rp = 1 in this case, and for v = 0 function r(v) can
take any value between —r( and ry. The constant velocity is vy = 0.5, while Lehr’s
damping ratio is chosen to be 6 = 0.01. It is easy to check that 7/ (—0.5) = 0.5 > 24.
The vector field and some phase curves of
this oscillator are plotted in Fig. 5.20. The

y
phase curves hitting the horizontal line y = # -~ ~7= >0 »
. Yy —A\ NN B
Vo must change their slopes abruptly when g
e . ! Pftt
crossing this line. By this reason the line y = ; ot
Vp is called a jump line. According to equa- { 1 : : :
tion (5.26) the jump of the slopes must be 1 § foalh
equal to —2ro/vo. Besides, there is a “sticky” } 1 1 1
. IR
zone —rg —20Vy < x < rg — 20Vy on this TR
jump line (the segment AC), where the mass X Y Y % \ »
is sticked to the band and move together with § § ; ; ; Q 2 \
it with the constant velocity vy. When the \ RIS N SN
phase curves hit this sticky zone, they have \ L N R s

to move along the horizontal line up to point
C with coordinates (ro — 28 vy, Vo), where the
mass is detached from the band and the slip
begins. The phase curve starting from point

Fig. 5.20 Limit cycle of stick-slip os-
cillator
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C is a spiral, which hit the segment AC at point B if the damping ratio § is small.
This phase curve together with the segment BC correspond to the limit cycle of the
stick-slip oscillator. Indeed, the phase curves starting inside this cycle are repelled
from S and will hit the jump line at some point between B and C and merge with the
limit cycle afterwards. The phase curves starting outside of this cycle will sooner or
later hit the segment AC and after a while merge with the limit cycle. The specific
feature of the stick-slip oscillator is that the limit cycle is established after a finite

jRANANAND

VY

Fig. 5.21 Plot of x(¢) at the limit cycle

It is interesting to plot the velocity x at the limit cycle as function of time. This
plotis shown in Fig. 5.21. We can see clearly the sequence of stick and slip regimes,
where x = vg in the stick regime.

5.4 Oscillator with Weak or Strong Dissipation

Mathematical Formulation. The results of previous two Sections show that the
phase curves of dissipative systems may approach some attractor in the phase plane
as time goes to infinity. If the energy dissipation rate is positive definite, then the
attractor corresponds just to the equilibrium states. In contrary, if the energy dissi-
pation rate is no longer positive definite, the attractor may become a limit cycle. In
both cases the amplitude and phase of vibration change slowly with time. It turns out
that if the dissipation function of the system is small in the sense that the governing
equation is obtained from the following variational equation

— — = 2
S/to (2x . )dt A €y Oxdt =0, (5.27)

with eD(x, x) being the dissipation function and € a small parameter, then the evolu-
tion of the system to the attractor can be determined analytically in the limit € — 0.
It is easy to see that the governing equation of this system reads

Kt x=ef(xx),
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where 9D
f(xax) = - a .

X
We need to find the asymptotic behavior of solution in the limit € — 0.

Variational-Asymptotic Method. We have seen from the numerical simulations of
van der Pol’s oscillator in the previous Section that, if € is not equal to zero, the am-
plitude of vibration will change slowly with time due to the energy dissipation. The
same can happen also to the period T as well as to the related frequency w as they
are in general amplitude-dependent. Similar to the asymptotic analysis provided for
Duffing’s equation in Section 5.1 we want to make @ enter the variational equation
(5.27) explicitly. For this purpose we multiply (5.27) with @ and rewrite it in terms
of the stretched angular time T = w? for one fixed period 27

T+27 | 2 1 5 To+27
5 / G- 2yany / ef(x, 0x')8xdT =0, (5.28)
7 2 2 7

where prime denotes the derivative with respect to the angular time 7, and 7y is an
arbitrary time instant. For short we set 75 = 0.

At the first step of the variational-asymptotic procedure we put simply € =0 to
get from (5.28)

2ﬂ1 2.2 12
5/ (o™~ 2)de =0,
0

This leads to the eigenvalue problem yielding the following 27-periodic extremal
x0(T) =acost.

Here a is the amplitude of vibration, the frequency  is equal to 1 as expected, and
we have chosen the initial phase ¢ = 0, which is possible because the governing
equation does not depend explicitly on time.

Taking into account that the amplitude a and the frequency @ are becoming
slightly dependent on time for € # 0, we introduce the slow time n = £7 and seek
the corrections to the extremal and to the frequency at the second step in the form’

x(1) =a(n)cost+xi(7,m), ®=1+0w(n), (5.29)

where x| (7,1) is a 27-periodic function with respect to the fast time 7 and is much
smaller than xo(7,7) in the asymptotic sense, and @; (1) is much smaller than 1.
To make the asymptotic analysis of small terms easier we may assume that x; and
; are of the order € although this is even not necessary. The order of smallness of
x1 and @; will automatically be determined in this step. Since the angular time 7 is
present also in 17, the time derivative of x(7) becomes

X' (t) = —a(t)sinT+€aycosT+x) 1+ €xy p,

7 This is the crucial idea of two-timing or multi-scaling.
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where the comma before an index denotes the partial derivative with respect to the
corresponding variable. Let us substitute (5.29) into (5.28) and keep the asymptot-
ically principal terms containing x; and the principal cross terms between xp and
x1. Because the small parameter € is already present in the last term of (5.28), it is
accurate at this step to replace f(x, ®x") by f(acost,—asin 7). Now the variational
equation becomes

21 1
5/ [2x%_1 —asinTx| ;+€ayCcosTx| ; —2@asinTxy ¢
o :

1
- 2x% —acostx; +ef(acost,—asint)x;]dt =0.

Integrating the underlined terms by parts using the periodicity of x; in T we obtain
finally

27 1 1
5/ X} — _x}+2(eaysinT+ wjacost)x; +ef (acos T, —asint)x;]dt = 0.
0 ,

[2 2
(5.30)
Aside from the negligibly small change of amplitude a in one period we may regard
function f(acos T, —asin 1) as 27m-periodic with respect to 7. Let us expand it in the
Fourier series on the interval (0,27)

oo

flacost,—asint) = go(a)+ Y. [gn(a)cosnT + hy(a)sinnt).

n=1

Substituting this expansion into equation (5.30) we see that there are two resonant
terms in this functional, namely

€2an+hi(a)lsintx; and [2mia+ €gi(a)]cosTx;.

From the linear theory we know that such resonant (or secular) terms would lead to
nonperiodic x; contradicting our asymptotic expansion. To be consistent, we have
to remove them. These consistency conditions yield two equations for the amplitude
a(n) and for the correction of the frequency o,

1 1 2n
an= 72h](a) = o)y flacost,—asint)sintdr,
) (5.31)
€ € i .
W = _Zagl(a) = _27ra/o f(acosr,—asmr)cos TdT.

Since the change of a(1) in one period is of the order €, we may regard it as “frozen”
in the integrals on the right-hand sides.

With the resonant terms being “killed” we can find in principle the extremal
x1(t,n) in the above variational problem. It has to satisfy the following equation

oo

x1ee+x1 = €{go(a) + Y [gn(a) cosnt + hy(a) sinnt]}.
n=2
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Then at the next step we seek the corrections to the extremal and to the frequency
in the form

x(7) =xo(7,n) +x1(7,n) +x2(7,M), @=1+w1(n)+w(n),

where x, and @, are much smaller than x; and @, in the asymptotic sense, and repeat
the same procedure as before.

Notice that the similar procedure applied to the differential equations containing
a small parameter has first been proposed by Bogoliubov and Mitropolsky [9].

Applications. Since the developed variational-asymptotic method does not put any
constraint on the dissipation function, we can apply it to both dissipative and self-
excited oscillators.

We illustrate how the method works first on the simple example of the linear
damped oscillator whose solution is given by formula (1.18). In this case f(x,%) =
—x and € = 20. Computing the integrals on the right-hand sides of (5.31) we obtain

two equations
a
a7n = — 2, ] = 0.

According to the second equation there is no correction to the frequency and the
period of vibration within the first approximation. Concerning the amplitude of
vibration we obtain the law of its change by integrating the first equation giving
a = age "% = age%7, with ag being the initial amplitude. Combining this formula
for a with (5.29) we get in the first approximation

&

x(7) = ape °"cos .

In comparison with the exact solution x(7) = age %7 cos v (which is obtained from
(1.18) when ¢ = 0), we see only a slight difference in the frequency of vibration:
the exact conditional frequency v = v/1 — 82 ~ 1 4 O(¢?). The evolution of the
amplitude coincides with that of the exact solution.

Next, let us apply the method to van der Pol’s oscillator, for which no analytical
solution is available. In this case f(x,%) = (1 —x?)x and & = u. Similar calculations
of integrals in (5.31) give

an="(4-d%, o =0. (5.32)

' 8
As in the previous example there is no correction to the frequency and the period
of vibration. In contrast to the exact van der Pol equation, equation (5.32) for a can
be integrated analytically. Indeed, multiplying this equation with a and noting that
aay = }(a*) n we transform it to the following equation

1
yn = 4y(4 —),
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where y = a. The above equation can be integrated by separating the variables

giving

I
4—y

The constant of integration can be obtained from the initial condition y(0) = yo:

C=In " Oyo . Substituting this constant in the last equation and solving it with respect

to y we obtain

1 —n+C.

B 4ypel
YT 4 yglen — 1)

or, in terms of the original amplitude a and time 7

2(10687/2

a= . (5.33)
\/4 +a3(efT—1)

In order to compare with the numerical solution we plot a(7) from (5.33) and show

it together with x(¢) in Fig. 5.18 (the dashed envelope). The agreement is striking,

although € = 0.1 is not quite small. We can also check that a approaches 2 as T — co.

Limit Cycle of Relaxation Oscillations. We have seen that for small u the limit
cycle of van der Pol’s oscillator is nearly a circle of radius 2, and its frequency
is nearly equal to 1. Consider now the opposite case of van der Pol’s oscillator
with a large parameter (. As our numerical simulations have shown, the solution
corresponding to the limit cycle spends most of time in a slow motion, and then
quickly jumps to another slow motion. We analyze this motion by applying the
variational-asymptotic method to the variational equation

1 3
5/1(1)&2* 1x2)dt+ lu(lfxz)x&cdt:O. (5.34)
0] 2 2 fo

Let us first concentrate on the slow motion. Introducing the slow time n =1/,
we have X = x , /u, with x ; being the derivative with respect to 1. Thus, equation
(5.34), multiplied by u, becomes

mo1 o, 1

Uil
0 2 — x2)dn+ 1 —x*)xn8xdn = 0.
Mo (2“2 2 ) Mo ( ) "

Neglecting the first term in this equation® as small in accordance with the variational-
asymptotic method, we arrive at the equation

X

—x+(1—=xHxy =0, or = o
' —x

8 This means neglecting the kinetic energy as small compared with the potential energy and
dissipation. Thus, the slow motion can be regarded as the motion without inertia.
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This differential equation can be solved by separation of variables yielding

2

ln\x\—x

)T 1 -+ const.

The slow motion proceeds according to this equation until it reaches x = -1 where
the speed x j is infinite. At this point the assumption of slow motion is violated,
so we need to change to another time scale. Introducing now the fast time 7 = ut,
X = Ux ¢, we rewrite (5.34), divided by u, in the form

o] 1 Tl
5 / (L — )+ / P2(1 — P)x28xdT = 0.
To 2 2 To

Neglecting the second term as small compared with other terms, we arrive at the
differential equation
Xzr—(1 —xz)x_rf =0.

This equation possesses the first integral
X7 —x+x°/3 = const,

representing the fast motion (jump). We choose the constant of integration so that
this fast motion starting at x = 1 as an equilibrium point (with x ; = 0) will end at
another equilibrium point with x ; = 0. It is easy to see that the constant is equal to
—2/3 giving the second equilibrium point at x = —2. Similarly, the jump starting at
x=—lendsupatx=2.

Knowing the solution, we can now easily compute the period of this relaxation
oscillation. Since the time spent for jumps is negligible compared to the time spent
at slow motions, we compute just the half-period of slow motion as

x=1 3
T/2=p (Infx| —2/2)[ 2 = u(

5 —1n2).

Thus, the period T = (3 —21n2) tends to infinity as g — eo.

5.5 Exercises

EXERCISE 5.1. A point-mass m moves under the action of gravity along a friction-
less circular wire of radius r that is rotating with a constant angular velocity €
about its vertical diameter (see Fig. 5.22).% Derive the equation of motion and plot
the potential energy as well as the phase portrait.

Solution. Since the point-mass moves along the wire that rotates about the vertical
axis, its absolute velocity equals

V=V;+V,.

9 A pendulum oscillating on a rotating platform can serve as a similar example.
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Fig. 5.22 Point-mass on rotating circular wire

In this formula v; is the instantaneous velocity of the point-mass moving together
with the rotating frame as rigid body, while v, is its velocity relative to the rotating
frame. As these two vectors are orthogonal to each other and their magnitudes are
Qrsin O and 0, respectively, the kinetic energy of the point-mass reads

1 .
K=_m* = 2mr2(92+92sin29).

Choosing the zero level of potential energy at the horizontal plane 6 = /2, the
potential energy of the point-mass in the gravitation field is given by

U = —mgrcos0.

Thus, the Lagrange function equals
LT RO S PO S
L=K-U-= 2mr 0°+ 2mr Q°sin“ 0 +mgrcos 6.

We may interpret the first term of L as the kinetic energy of the motion relative to
the rotating frame, while the term — éerQZ sin? @ as the potential energy of the
fictitious “centrifugal force”, called centrifugal energy. From Lagrange’s equation
we derive the equation of motion

202 sin 6 cos O + mgrsin@ = 0.

mr6 —mr
The above equation of motion can be transformed to the dimensionless form

0" — w*sin O cos O +sin 6 = 0,

where @ = Q/wy = Q2/+/g/r and where prime denotes the derivative with respect
to the dimensionless time T = wy?. This equation yields the conservation law

1 1
26/2 —cosO + 40)200529 = Ey.

The plots of the modified potential energy U(0) = —cos + ‘]‘0)2 cos26 for dif-
ferent @ are shown in Fig. 5.23, where the points 6 = —7x and 6 = &, due to the
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Fig. 5.23 Modified potential energy U(0): i) ® = 0.5 (dashed line), ii) @ = 1 (dashed and
dotted line), iii) @ = 2 (bold line)

periodicity in 6, have to be identified. For @ < 1 the modified potential energy has
one local minimum at 6 = 0 corresponding to the stable equilibrium state and one
local maximum at @ = 47 corresponding to the unstable equilibrium state (saddle
point). For @ > 1 there are two local minima at @ = +6, = +arccos(1/®), and two
local maxima at & = 0 and at 8 = +. The saddle-node bifurcation occurs at @ = 1.
The phase portrait of this rotating pendulum is plotted in Fig. 5.24 for w = 2. We
see that there are two stable centers corresponding to two minima and two saddle
points corresponding to the maxima of the potential energy.

0’

\\//\\//

Fig. 5.24 Phase portrait of the rotating pendulum (® = 2)

EXERCISE 5.2. Do the next step of the variational-asymptotic procedure for Duff-
ing’s equation and show that

3 57
T =2 1— 2 2 4 0 3
T ega —1-825661—1— (e”)

Solution. At the third step we substitute

x(7) = x0(7) +x1(7) +x2(7), @=1+0w+w
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into the action functional (5.4). Keeping the asymptotically principal terms contain-
ing x, and the principal cross terms between xg, x1, and x,, we obtain

21
Llx(7)] :/0 [Zx’22+x6x'2+2w1x6x'2+(20)2+w12)x6x’2+x’1x'2+2a)]x’1x'2

1
— Zx% — XQXp — X1Xp — exgxz — 3£x(2)x1x2] dr.
Integrating the underlined terms by parts taking into account the periodicity of xo(7)
and x (1), we reduce this formula to

2r ]
b [XZ(T)} = A [2)6/22 + 2w xpx2 + (20)2 + 6012))60)62 — XI]/XZ — 2601)6/1/)62

., 3 2
— 2x2 — XX — EXpXo — 3€xpx1X2] dT.

Using the equations for x; and @, it is easy to check that the underlined terms are
canceled out. Besides, the last term can be transformed into the sum of harmonic
cosine functions as follows

—3exdxixy = — . €2a>(—2c0s T+ cos3T +cos5T)x.

128
Finally, we have

2r 1

1
Ig[xg(r)]:/o [2x'22— x%+(2&)2a+a)l2a—|—

3 1
5 e —  wea’)costxy+...|dT.

64 16

Removing the underlined (resonant) term, we get

3 3 21
2 e*a* + 82a4, thatis, @, = — exa*.

2w, = —wF —
D= =01~ 64 128 256

Thus, the correction for the frequency-amplitude relation reads

3.0 21 54
o=1+_€a"— ea.
T T 9565 ¢
The period T = 27/ may then be written as
1+ Jea? — 2 e2a 85 T 2565 ¢

EXERCISE 5.3. Consider a mass-spring oscillator with an asymmetric spring obey-
ing the equation
i+x4ext=0.
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Find the period of vibration for € = 0.1 and x(0) = 1, %(0) = 0 using the numerical
integration based on (5.3). Compare it with the result obtained by the variational-
asymptotic method.

Solution. The potential energy of the spring is

1 €
U(x) = 2x2+ 3x3.

We compute the period of vibration according to

N dég
=2 vy

where Ej is the total energy (which is conserved) and x,, and xj; are the turning
points. From the initial conditions we find

1, 1, e 1

€
2V0+ 2X0+ + =0.533.

E:
0 3 273

Since the point-mass is released from x = 1, this value corresponds to the turning
point x3; = 1. The other turning point is found as the root of the equation

Ux)=U(1)=Ey = xn=—1.0718.

Using the numerical integration, we find that

[ dg ~
sz/xm JaEs— vy

To establish the asymptotic formula for the period of vibration we analyze the
action functional

@)= [ o L2 led)ar
X = X*— _x"— _&x .
0 2 2 3
Then the first step of the variational-asymptotic procedure yields

x(t) =xp(1) =acost, ®=1.

We have chosen the initial phase ¢ = 0 which is consistent with the above initial
conditions. At the second step we look for the solution in the form

x(7) =x0(7) +x1(7), ©=1+0.

Repeating similar calculations as in Section 5.1, we arrive at the following func-
tional

1 1 1
Li[x1(7)] :/0 [2x'12— 2x%+2w]acos‘cx] - 28a2(1+c052‘c)x1]d‘c.
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Since the underlined term is the only resonant term and since x; (0) = x} (0) =0, we
find that

1
o =0, x(1)= 6ea2(73 +2¢08T +c0s27).
At the third step we substitute
x(7) =x0(7) +x1(1) +x2(7), ©@=1+0m
into the action functional. Repeating similar calculations as in the previous exercise,
we obtain
2

1
DLlxy(7)] :/0 (2)6/22* 2x%+20)2x0x272£x0x1x2)d‘c.

The last term can be transformed into the sum of harmonic cosine functions as
follows

1
—2exox1xn = —€2a° (2 —5c08T+2c0827T + cos31).

6
Thus, the resonant term is

5
(2mna+ 6 g2a’)cos ;.

Removing this resonant term, we get

5 2,
= Ead.

Thus, the refined frequency-amplitude relation reads

5

2.2
12 a.

w=1 €

The period T = 27/ may then be written as

5
T=2n (1 + 1282a2) ~ 6.309.

EXERCISE 5.4. Find and classify the fixed points of equation (5.14) of a damped
pendulum for all ¢ > 0, and plot the phase portraits for the qualitatively different
cases.

Solution. Equation (5.14) can be written in the dimensionless form as
¢"+28¢" +sing =0,

where prime denotes the derivative with respect to T = wyt, and 6 = Zm‘% is Lehr’s
damping ratio. Transforming this equation to
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¢ =0,
o' = —singp—28w,

we see that the fixed points should be

(on,®,), where @,=nm, w,=0,

and n are integers. Due to the periodicity in ¢ with the period 27 only the fixed
points corresponding to n = 0 and n = 1 need be analyzed. For n = 0 linearization
near the fixed point (0,0) gives

¢ = o,

o'=—-p-280,

which is equivalent to
0" +28¢'+¢=0.
Thus, if 0 < 6 < 1 the fixed point is a stable focus, and if 6 > 1 it is a stable node.
For n = 1 linearization near the fixed point (7,0) with ¢ = 7+ 1 and ® = v gives
/
u =y,

vV =u—26v.

The corresponding characteristic equation

224284 —-1=0

Fig. 5.25 Phase portrait of overdamped pendulum
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has one negative real root A; = —8 — +/82 + 1 and one positive real root Ay = —& +
V/82 + 1. Thus, the fixed point is a saddle point for all positive §. The phase portrait
for 6 < 1 (underdamped pendulum) was shown in Fig. 5.8. For the case 6 > 1
corresponding to the overdamped pendulum, the phase portrait is shown in Fig. 5.25.
It is seen that the fixed point (0,0) is a stable node, while the fixed point (7,0)
remains a saddle point.

EXERCISE 5.5. The motion of a mass-spring oscillator with the linear restoring
force —kx (k = 2N/cm) is damped by a constant braking force f, = IN; this force
acts however only in the region —lcm < x < lem. Outside this region the oscillator
carries out a free vibration. Find the sequence of turning points and the number of
halves of vibrations for the initial conditions x = —3cm and X = 0.

Solution. Outside the region —lcm < x < lcm there is no braking force, so the

energy must be conserved
1

2

In the region —lcm < x < lcm the braking force causes the energy dissipation
according to

1
mi* + 2kx2 =E.

1 1
2mx2+ 2kx2 =Eo— frlx—x0|.

Ul(x)

Y.

Y

A

TR D SN .

-3 -2 -1 2 3 X

Fig. 5.26 Energy change and the sequence of turning points

With these two equations we can construct the sequence of the turning points
as shown in Fig. 5.26. Being released from xy = —3cm with the zero velocity, the
oscillator has the initial energy Ey = ékx% = 9Ncm. From —3cm to —1cm the total
energy does not change. After passing the zone with braking force the total energy
is reduced by 2Ncm. Then the oscillator moves to the turning point without chang-
ing the energy E£; = 7Ncm. Thus, the turning point x; = v/7cm. Similar arguments
can again be applied for the oscillator moving now to the left. After passing the
zone with braking force the total energy becomes E, = 5SNcm, so the next turning
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point is x, = —v/5cm. Analogously, the next two turning points are x3 = v/3cm
and x4 = —lcm corresponding to the total energies E3 = 3Ncm and E4 = 1Ncm.
The oscillator ends its motion at point x = Ocm which is inside the sticky zone
—0.5cm < x <0.5cm.

EXERCISE 5.6. Consider a damped pendulum with “turbulent” damping described
by the equation

¢+ c|o|+ ofsing =0.
Find the sequence of turning angles.

Solution. As shown in example considered in Section 5.2, the above equation can be
integrated separately for ¢ > 0 and ¢ < 0. For ¢ > 0 this equation can be rewritten
in the form

d2
d‘(}p + ov? + Bsing =0,

withv=¢@, 0 =2¢, = 2603. Applying the method of variation of coefficients, we
obtain

¢
V(Q)=e (Cl fﬁ/ sin&e% dé) .
0
Similarly, for ¢ < 0 we have

(@) = 9 (c2 —ﬁ/oq)sinfje_“é dz;) .

The constants C; and C, should be determined from the initial conditions. Let

Ur(p) = B/O(psinéew: dé = lfoﬂ[l +e%?(—cos@+ osing)],
U_(o) :[3/0(Psin<§e_°‘5 dé = lf(xz [1—e " *?(cosp + osing)].

Assume that the pendulum is released from ¢y with the zero angular velocity vo =0
and that it rotates afterward in the positive direction. Then C; = U, (@) and

v(9) = *[Us(po) ~U+(p)] for ¢ >0.

The first turning point @; can then be found as the root of the equation U, (¢;) =
U4 (@). Choosing now @ as the initial angle from which the pendulum is released
and rotates in the negative direction, we find that C, = U_(¢;) and that

V() =" U (1) —U-(9)] for ¢ <O0.

Therefore, the second turning point, ¢,, must be the root of the equation U_(¢,) =
U_(¢;). Then we can choose ¢, as the initial angle from which the pendulum is
released and repeat the procedure. For the above functions the constant factors and
the constant summands do not obviously influence the determination of the turning
points. So, instead of U, (¢) and U_(¢@) we can take the following functions
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Ui(p)=e*(—cosp+asing) and U’(p)=—e “?(cosp+ asing)

for this purpose. Besides, U’ (@) = U* (—¢), so it is enough to plot them for ¢ > 0.
Fig. 5.27 shows the plots of these functions (for ¢ = 1/2) and the geometric method
of determining the sequence of turning points.

Fig. 5.27 Functions U’ (¢) and U* (¢) and sequence of turning points

EXERCISE 5.7. Consider Froude’s pendulum described by the following dimen-
sionless equation

¢ +28¢+ of sing = m, (¢ — ),
where / o
26=C =8 M
J J J
Find conditions under which this oscillator develops self-sustained vibrations.

Solution. The above equation of motion is equivalent to the system of equations
o =y,
Y =m(y—vy) — 28y — wsing,

which has one fixed point S on the ¢-axis with the coordinate ¢ = ¢p, where

my(—Wvo)
o

(o = arcsin

To know whether this equilibrium position is stable or not, we study the neighboring
solutions assumed in the form

¢=@+u, y=v,

and linearize the system with respect to # and v. Since
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v+0(?), sing = sin@y+ ucos @+ O(u?),

—Vp

my
mr(v—vo) =m(—vy) + v

and m,(—vg) — o?sin ¢y = 0 at the fixed point S, we obtain

! ! d‘lr
u=v, V=
dv

what is equivalent to the equation

—28 |v—wicosyu,
-

d
P R ¥ u' + @ cospou = 0.
dv v
Thus, if
d
r > 28,
dv v

then the fixed point is an unstable focus, and the phase curves starting near this fixed
point are repelled from it.

The vector field and phase curves of this pendulum are quite similar to those
of the stick-slip oscillator shown in Fig. 5.20. The phase curves hitting the hori-
zontal line y = vy must change their slopes abruptly when crossing this line. By
this reason the line y = vy is called a jump line. Besides, there is a “sticky” zone
arcsin((—rp—28vy) /@) < ¢ < arcsin((ro —28Vvy)/@g) on this jump line (the seg-
ment AC), where ry denotes the critical threshold moment of the friction. When the
phase curves hit this sticky zone, they have to move along the horizontal line up to
point C with coordinates (arcsin((rg —28Vy)/®3), Vo), where the pendulum is de-
tached from the rotating shaft and the slip begins.!? The phase curve starting from
point C is a spiral, which hit the segment AC at point B if the damping ratio 0 is
small. This phase curve together with the segment BC correspond to the limit cycle
of the Froude’s pendulum.

EXERCISE 5.8. Consider the mechanical system governed by the differential equa-
tion

X¥—esinx+x=0.
Construct several phase curves for € = 0.1 using numerical integration. Show that

more than one limit cycle exist. Use the variational-asymptotic method to calculate
the amplitudes of limit cycles.

Solution. The above equation can be written as the system
X=y, y=—x+€siny,

10 Note, however, that this detach point C exists only if rg < wg +20Vy. For larger threshold
values rg the pendulum will rotate with the shaft without being detached from it.
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for which the numerical integration with the command NDSolve in Mathematica
is applicable as demonstrated in Section 5.3. If we set € = 0.1 and take the initial
conditions x(0) = 3, y(0) = 0, and x(0) = 5, y(0) = 0, the corresponding phase
curves, shown in Fig. 5.28, enable one to guest that there exists one stable limit
cycle whose amplitude is near the value 4. Likewise, the phase curves starting at
x(0) =9, y(0) = 0, and x(0) = 11, y(0) = 0 show that another stable limit cycle
whose amplitude near the value 10 exists.

Fig. 5.28 Two phase curves starting at x(0) = 3, y(0) =0, and x(0) =5, y(0) =0

0.6 le (a)

041

02l A
LN N

-02+

Fig. 5.29 The plot of J; (a) and the directions of change of a according to a y = Ji(a) as 1
goes to infinity
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According to the variational-asymptotic method, the slow evolution of the ampli-
tudes of vibrations to those of the limit cycles and the corrections to the frequencies
for small € are determined from the equations

1
2
£ 21

2m
an= /0 flacost,—asint)sintdr,

) = flacost,—asint)cos1dT,

2ra Jo

where
f(x,x) = sinx.

The integrals on the right-hand sides yield
an :J]((l), 1 :O,

where Jj(a) is the Bessel function, whose plot is shown in Fig. 5.29. Thus, there
is no correction to the frequency. The evolution equation for a cannot be solved in
terms of special functions, but as seen from Fig. 5.29, the zeros of J; (a) at which
Ji(a) is negative give the amplitudes of the stable limit cycles. This yields

a; =3.83171, ap,=10.1735,....
EXERCISE 5.9. Show that Rayleigh’s equation
itx—e(l— ;x2)x =0
can be rewritten as van der Pol’s equation
li+u—e(1—u?)i=0,
where u = X. Find the amplitude of its limit cycle for small €.
Solution. Let us differentiate Rayleigh’s equation using the definition u = X
ii+u— e+ eutn=0.

We see that this is exactly van der Pol’s differential equation in terms of u. On the
other side, Rayleigh’s equation in terms of x contains a small parameter €, so the
slow evolution of the amplitude of vibration and the correction to the frequency are
determined from the equations

1 21
an=— acosT,—asint)sintdrt
N 2” 0 f( ) ) )

£ 21
w = — acosT,—asint)cosTdT
1 27'[61‘/0 f( ) ) 5
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where

Fld) = (1— 1)

We compute the integrals on the right-hand sides of these equations

1 2n ) ) 1 2n 1 5 . 2 . 5
/ flacost,—asint)sintdt = / (1 — _a”sin” 7)asin” 1d7
0 2w Jo 3

2n
a 2
= 4—
8( a )’
and
27 2r 1 5 . 2
/ f(acosr,—asinr)cosrdrz—/ (1—3a sin“ T)asintcosTdt =0.
0 0

Thus, there is no correction to the frequency. The evolution equation for a is exactly
the same as that obtained for the van der Pol oscillator
a

g(4—a).

an

The solution to this equation reads

zaoesr/z

a = 5
A+ ad(et—1)

where ay is the initial amplitude of vibration. So, the amplitude of vibration tends
to the value 2 as T — o. This result is also confirmed by the numerical integration
of Rayleigh’s equation with € = 0.1 as shown in Fig. 5.30.

Fig. 5.30 A phase curve of Rayleigh’s equation beginning from (x,y) = (4,0)
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EXERCISE 5.10. Consider the equation
i+x+u(jx]—1)x=0.

Find the approximate period and amplitude of the limit cycle for small u.

Solution. For small i let the slow time be 7 = 7. Then the slow evolution of the
amplitude of vibration and the correction to the frequency are determined from the
equations

1 f2=m 4a -3
an / (l—a\cosr\)asinzrdr:—a( a—3m)

:27'5 0 61 ’
€

] =
21ra

2n
/ (I —a|cost|)asintcostdt =0.

0
Thus, there is no correction to the frequency. The equation for a can be integrated
to give

4a-3m
n

4a

The constant of integration can be obtained from the initial condition a(0) = ay:
C=In 4“2;03”. Substituting this constant in the last equation and solving it with
respect to a we obtain

1 =-n/2+C.

R¥/4

4(1 _ 40211—03716_”/2) :

a—=

Thus, a approaches 37 /4 as T — oo.

EXERCISE 5.11. Use the variational-asymptotic method to study the equation
i+x—g(l—xHi=0

for small €. Find the approximate amplitude of the limit cycle.

Solution. The slow evolution of the amplitude of vibration and the correction to the
frequency are determined from the equations

1
an = o

a

2
/ (1—a*cos* T)asin® tdt =
0 16

(8—614),

2

€ .

o = / (1—a*cos* t)asintcostdt = 0.
2ra Jo

Thus, there is no correction to the frequency. The equation for a can be transformed
by multiplying it with 4a°
1

4

where z = a*. This equation can be integrated by separating the variables giving

zn= z(8—2z),

n_° =2n+cC
8—z2
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The constant of integration can be obtained from the initial condition z(0) = zo:
C=1In SiOZO. Substituting this constant into the last equation and solving it with
respect to z, we obtain
B 820
8 —z0+z0€2M’
or, in terms of the original amplitude @ and time 7
4 8 113 628‘[

_ A4 4,2¢et’
8 —ay+age

Thus, a approaches v/8 ~ 1.682 as T — oo. This result is also confirmed by the
numerical integration of the equation for x (with € = 0.1) as shown in Fig. 5.31.

Fig. 5.31 Limit cycle of the equation ¥4 x —0.1(1 —x*)i =0

EXERCISE 5.12. Use the variational-asymptotic method to study the equation
i+x—p(l+x—x)i=0,

where U is a large parameter. Find the amplitude and period of the limit cycle.
Compare the results with those obtained by numerical integration for u = 10.

Solution. The above equation is obtained from the following variational equation

A | 1 1]
3/ (32— _xD)dr+ | u(l+x—x*)xidxdr = 0.
0] 2 2 0]

Numerical simulations for large u (see, for instance, Fig. 5.32 in case u = 10)
show that the solution corresponding to the limit cycle spends most of time in a slow
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Fig. 5.32 Numerical solution of the equation %+ x — 10(1 +x —x*)x =0

motion, and then quickly jumps to another slow motion. To analyze slow motions
we introduce the slow time 1) = ¢/u and transform the variational equation to
m

S/m( ! X flxz)dnJr (14+x—x*)x6xdn =0
Mo 2‘u2 M 2 Mo " .

Neglecting the first term in this equation as small in accordance with the variational-
asymptotic method, we arrive at the equation

X

—x+(1+x—xxy =0, or In= L

This differential equation can be solved by separation of variables yielding
2

In |x| +x—); =1+ const.

The slow motion proceeds according to this equation until it reaches x;» = (1%
V/5) /2 where the speed x n is infinite. At these points the assumption of slow motion
is violated, so we need to change to another time scale. Introducing now the fast time
T = ut, we rewrite the variational equation as

T 1 1 T
5/ ( uzx?f— xz)dr+/ (1 +x—x*)x 8xdt = 0.
To 2 2 T

Neglecting the second term as small compared with other terms, we arrive at the
differential equation
Xr— (1 +xfx2)x71 =0.

This equation possesses the first integral
2 3/2
X7—x—x"/2+x°/3 = const,

representing the fast motion (jump). We choose the constant of integration so that
this fast motion starting at x = x; (x = x) as an equilibrium point (with x ; = 0)
will end at another equilibrium point with x ; = 0. It is easy to see that the second
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equilibrium point corresponding to x| is x = 2.736. Similarly, the jump starting
at xp ends up at x = —1.736. Knowing the solution, we can easily compute the
period of this relaxation oscillation. The comparison with the solution obtained by
the numerical integration for u = 10 shown in Fig. 5.32 yields a good agreement.



Chapter 6
Non-autonomous Single Oscillator

This Chapter analyzes non-autonomous mechanical systems with one degree of
freedom whose Lagrange function depends explicitly on time. This involves ei-
ther some time-dependent parameter or a harmonic excitation. The variational-
asymptotic analysis, combined with multi-scaling, belongs again to the arsenal of
mostly used analytical methods of solution of variational problems containing small
parameters.

6.1 Parametrically-Excited Oscillator

Differential Equation of Motion. If some parameter of an oscillator changes in
such a way that the energy supply is synchronized with the period of vibration, the
parametric resonance may occur. We consider some examples.

EXAMPLE 6.1. Pendulum with periodically moving support. The support of a pen-
dulum moves in accordance with the equation x = a(t) (see Fig. 6.1). Derive the
equation of motion for this pendulum.

In a fixed (x,y)-coordinate system the coordinates of
the point-mass are

x=a+lcosp, y=Ising.
a(n’}

5

Differentiating these equations with respect to r we
obtain the velocity

X=a—Isinp¢p, y=Icosq¢@.

Therefore the kinetic energy is equal to A

Fig. 6.1 Pendulum with mov-

12
ing support

1
m(a* — 2lsin pag +

1
K= m(+5%) =

) 9.

The potential energy of the point mass is
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U=—mg(a+Ilcoso).

Note that the zero level of potential energy corresponds to x = 0. Thus, the Lagrange
function L(¢, @,t) = K — U depends explicitly on time through a(z). Mechanical
systems with the Lagrange function depending explicitly on time are classified as
non-autonomous. Substitution of this Lagrange function into Lagrange’s equation
gives

ml?§ +mglsin@ — mlising =0,

or 1
('P—I—l(g—c’i)sin(pzo. (6.1)

If a(r) is a periodic function of 7, say a(r) = agcoswt, then (6.1) is a nonlinear
equation with periodic coefficients. In order to investigate the stability of one of the
equilibrium positions ¢ = 0 or ¢ = 7, we would linearize (6.1) about the desired
equilibrium. In case ¢ = 0 the linearization yields

1
o+ / (g+ap®*coswr)p =0. (6.2)

This is called Mathieu’s equation [35]. We will show later that the parametric reso-
nance may occur for some values of @ and ag.

EXAMPLE 6.2. Stability of a limit cycle.
Assume that x = x;(¢) is a periodic solution of the equation of motion
= f(x,%). (6.3)

We would like to study the dynamic stability of this periodic solution. For this pur-
pose we investigate the neighboring solutions

x=x()+E(), x=x()+&(), x=x()+&(),

where &(¢) and its first derivative are assumed to be small. Substituting these for-
mulas into the equation of motion, we obtain

Z(t) +E(t) = fxs(t) + E(1),%,(1) + E(1)).

Since & (r) and & (¢) are small, we expand the right-hand side into the Taylor series
and neglect all nonlinear terms

P +£0), 500+ €0) = £(,5)+ 7 (0,500
S

+ 7 (0. 500 +

Taking into account that x(¢) is the solution of (6.3), we obtain for & (z)
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E— g (x5 (1), 15(£))E (1) + g (x5 (1), (1)) & (1)

Thus, the stability analysis of a limit cycle puts a question, whether or not the linear
differential equation with periodic coefficients has bounded solutions. This is quite
similar to the problem of parametric resonance.

EXAMPLE 6.3. Pendulum with periodically changeable length /(z) (see Fig. 6.2).

The swing known from our childhood is described by
this mechanical model. The kinetic and potential energies
of the point-mass are

1
K= 2m12(t)([)2, U =mgl(t)(1 —cos ).

Lagrange’s equation has the form

mi® 4 2mlie + mglsing = 0.

Dividing this equation by m/*> we obtain . .
Fig. 6.2 Pendulum with

i g changeable length
(b+21(i)+ / sinp = 0.

In reality, the change of length of the swing is realized by the motion of the swinger.
This changes the center of gravity causing the change of the effective length of the
physical pendulum. To pump the swing the swinger must raise his or her body as
the swing passes through the lowest point and lower themselves near the extremes
of the motion.

Solution in a Simplified Model of Swing. To get the
“feeling” of how the parametric resonance may oc-
cur, we analyze a simplified model of swing, in which
the effective length of the pendulum changes abruptly
from /1 to I, at @ =0, and from /5 to /; as the max-
imum (or minimum) of ¢ is achieved at the turning
angle. The trajectory of the center of mass is shown in ‘
Fig. 6.3 by a loop with arrows. Since / =/} = const in \“
the first quarter of vibration, energy must be conserved

if the air resistance is neglected
Fig. 6.3 A simplified model

m112(i>2 +mgli(1—cosp) =mgl;(1—cosqp), of swing

where ¢ is the starting angle when the swing is released. Using this equation we
can compute the angular velocity ¢ just before the change of length at ¢ =0

) :28

o h (1 —cosgyp). (6.4)
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Similarly, in the next quarter of vibration in which the swing’s length is [ = I, =
const, we have

1
2m1§¢2+mglz(l —cos@) =mgl (1 —cosg),

where ¢, is the turning angle, so the angular velocity immediately after the change
of length at ¢ = 0 is equal to

L, 2
¢2, = lf(l —cosgn). 6.5)

During the short time when the length of the swing changes abruptly the force
in the radial direction is applied. Since the moment of this radial force about the
support is zero, the angular momentum must be conserved

mi ¢y =ml3 ¢y (6.6)

This relation can be used to determine ¢, through ¢. Indeed, squaring (6.6) and
using (6.4) and (6.5) we get

B(1—cosqp) =15(1—cosq). (6.7)

Similar arguments lead to the generalization of this equation for all subsequent
halves of vibration

3@ —COSPy(p_1)) = (1 —cos@,).

Thus, the sequence of turning angles can be constructed geometrically as shown
in Fig. 6.4. Starting from the point Ag = (@, f1 (¢)) on the curve fi(¢) =3 (1 —
cos @) we find the next turning angle ¢, at the intersection between the horizon-
tal line going though Ay and the curve f>(¢) = 53(1 — cos @). Then, starting from
Ay = (@2, f1(¢2)) we find the next turning angle @4, and the whole process can be
continued. We see that after a finite number of halves of vibration the angle may
become larger than 7.

It is interesting to find out the energy gain after each swing act. Obviously, the
energy does not change during the time when / = const. As the length of the swing
changes abruptly from /; to I, the energy gain is

1
E, =mgh+ 2m(v%+ —),
where h = [} — [,. The first term is the gain of potential energy, the second term

corresponds to the increase of kinetic energy. Taking into account (6.4)-(6.6) and
v=1[1¢, we express E, in terms of ¢y

Eg =mg{h+1(1—cosg)[(li/r)* —1]}.
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2.0k
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Fig. 6.4 Sequence of turning angles

After the change of the length from /; to /; at the turning angle ¢, we have the loss
of potential energy
E; = mghcos ¢,.

Thus, the total energy gain in a half of vibration is equal to
AE = E; — Ej = mg{h(1 —cos ) + 1, (1 —cos@o)[(I1 /1r)* — 1]}
Recalling (6.7), this can be transformed to

h(B+ 1L+ 1)

AE =
3

mgly (1 —cosqy) = kEj,

where k = h(I3 + 111, +13) /13 and E; is the initial energy. Thus, the energy after the
first half of vibration is

E, :Eo—‘rAE:Eo(l —|—k)

Similar formulas can be derived for the subsequent halves of vibration. Thus, the
energy after n halves of vibration becomes

Er, = Eo(1+k)".

We see that the energy grows in a geometrical progression, like an accumulation
of a capital invested with the interest rate k. In reality, this energy accumulation is
reduced by the energy loss due to the drag force of the air so that a stationary regime
may be established under certain conditions.

Numerical Solutions. We turn now to Mathieu’s equation (6.2) as the prototype
equation describing parametrically excited oscillators. We present it in the form'

i+ (U+ecost)x=0. (6.8)

!t is easy to show that equation (6.2) assumes this form with = (@y/®)2, € = ag/I, and
wy = \/g/l, if time is replaced by the dimensionless time @z.
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The main concern of this equation is whether or not all solutions are bounded for
given values of the parameters t and €. If all solutions are bounded, then the corre-
sponding point in the (u, €)-plane is said to be stable. In the opposite case we have
the parametric resonance and the point is classified as unstable. The problem is to
find the stability chart of Mathieu’s equation.

T
AR

—1oft

Fig. 6.5 Solution of Mathieu’s equation for 4 = 0.24 and € = 0.01

Although equation (6.8) can be solved analytically in terms of Mathieu’s func-
tions [3], it is even simpler first to find a solution for some p and € by numerical
integration. Similar commands in Mathematica like those presented in Section 5.3
work quite well. Fig. 6.5 shows the solution x(¢) satisfying the initial conditions
x(0) =1, %(0) =0, for 4 = 0.24 and € = 0.01. We can observe that there are two
characteristic time scales: i) one describing the period of fast oscillation of x(), ii)
the other associated with the slow oscillation of amplitude of vibration marked by
the dashed envelopes. The solution remains bounded in this case.

If we change parameters (1 and € a little bit, the character of solutions may change
radically. For example, if we take u = 0.25 while keeping € = 0.01 as before, then
the solution satisfying the same initial conditions shown in Fig. 6.6 exhibits the
exponential growth of the amplitude. So, it is reasonable to guess that the point
(0.25,0.01) of the (u,€)-plane causes the parametric resonance. Also in this case
we can observe two characteristic time scales: 1) one describing the period of fast

| aemmuul M W\M

A Il
) TSI WMWUUWUUWUU

Fig. 6.6 Solution of Mathieu’s equation for 4 = 0.25 and € = 0.01
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oscillation of x(¢), ii) the other associated with the exponential growth of amplitude
of vibration marked by the dashed envelopes.

It should be noted, however, that the numerical integration, which is quite useful
when studying the behavior of particular solutions, is not appropriate for the deter-
mination of the stability chart of Mathieu’s equation. This is due to two reasons.
First, these numerical simulations cannot be provided for an infinite time interval,
so the boundedness of solutions cannot strictly be proved. Second, one cannot do
infinite number of numerical simulations for all possible values of u and € as well
as for all possible initial data. Thus, other more “intelligent” methods should be
developed for this purpose.

Variational-Asymptotic Method. Let us find the approximate solutions to Math-
ieu’s equation for small € by using the variational-asymptotic method. These solu-
tions are also the extremals of the functional

Ix()] = /to N ;f - ;(u +ecost)?dt, 6.9)

with 7 and #; being arbitrary time instants. For short we set #g = 0, t; = T. At the
first step we put simply € = 0 to get from (6.9)

B0) = [ G~ ud)an
The extremal of Iy[x(¢)] satisfies the equation
X+ux=0
yielding the periodic solution with the period 7' = 2x /. /u
xo(t) = Acos/ur+ Bsin/ut. (6.10)

Taking into account that the coefficients A and B are becoming slightly dependent
on time for € # 0, we introduce the slow time 1) = €f and seek the corrections to the
extremal at the second step in the two-timing fashion

x(t) =A(n)cos/ut+B(n)sin/ut+x;(¢,M), (6.11)

where x| (¢,7) is a periodic function of the period T with respect to ¢ and is much
smaller than xo(#,7) in the asymptotic sense. The time derivative of x(¢) becomes

x = —A\/usin\/ut + €A ycos\/ut + By/lLcos /it + €B y sin /Ut + X1, + EX1 y.

Substituting (6.11) into (6.9) and keeping the asymptotically principal terms con-
taining x; and the principal cross terms between xp and x;, we obtain
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T
Ii[x1 ()] :/0 [2xi, —A\/usiny/utxi; +By/lLcos /Ut xy
+ €A pcos\/lUtxy 4+ EB ysiny/utxy; — ;ux% — HAcos /Ut x;
— UBsin/utx; — ecost(Acos+/Ut + Bsiny/put)x; | dt.

Integrating the second up to fifth terms by parts taking into account the periodicity
of x1 (¢) we see that the underlined terms give 2&/1L(A  sin\/uut — B j cos /Mt )x].
Besides, the products costcos./ut and costsin,/ut can be transformed into the
sum of harmonic functions like that

COSICOs /LUt = ;[cos(l + /)t +cos(1 — /)],
cost sin/ut = ;[sin(l + /)t —sin(1 —\/u)t],

so finally we obtain

Li[xi(£)] = /OT[;xf, — ;ux% +2€A 5/l sin/ptx; — 2€B /I cOs /1t X
— ;sA(cos(l + /)t +cos(1 — /l)r)x
- ;SB(sin(l+\/u)tfsin(lf\/u)t)x]]dt. (6.12)
For a general value of u removal of resonant terms yields the trivial equations
Anp=0, Bjy=0.

Thus, for general p the cost term has no effect. However, if \/u =1—,/u, i.e.
W = 1/4, then there are additional contributions to the resonant terms. In this case
removal of resonant terms gives the slow flow

These equations lead to A ,; = A/4. Thus, A and B involve exponential growth, and
the parameter value = 1/4 causes instability. This corresponds to a 2:1 subhar-
monic resonance in which the driving frequency is twice the natural frequency as in
the example of swing.

Let us seek the correction for u in the neighborhood of 1/4 in the form

1
.U—4+N17
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where () is much smaller than 1. This brings additional resonant terms of the form
—ui(Acos ) + Bsin ) )x; into functional (6.12). Thus, the equations for A and B
change to
w1 pro 1
Ap= - )B, Bp=-— A. 6.13

M (e 2), M (£+2) (6.13)
This means, A ny + (17 /> — 1/4)A = 0, and A and B will be sine and cosine func-
tions of 1 if ui > €2/4. That is, if either y; > €/2 or y; < —€/2, then A and B
remain bounded. Thus, the following two curves in the (i, €)-plane represent sta-
bility changes, and are called transition curves:

el 0@, (6.14)

H=4%

These two curves emanate from the point (t = 1 /4 on the u-axis and define a region
of instability called a tongue. Inside the tongue, for small €, x grows exponentially
in time. Outside the tongue x is the sum of terms, each of which is the product
of two harmonic functions with generally incommensurate frequencies, so x is a
bounded quasiperiodic function of ¢. This confirms our numerical simulations done
in the previous paragraph. One can also show that the approximate solution given
by equations (6.10) and (6.13) converges to the exact solution of (6.8) in any finite
time interval as € — 0. The indirect check of this result can be done also by solv-
ing equations (6.13) and comparing it with the numerical solutions (see the dashed
envelopes in Figs. 6.5 and 6.6 computed by the equations (6.13)).

6.2 Mathieu’s Differential Equation

This Section presents the exact treatment of Mathieu’s equation based on Floquet’s
theory of linear differential equations with periodic coefficients and the finding of
stability chart.

Floquet’s Theory. We first study the general theory of linear differential equations
with periodic coefficients (Floquet’s theory). Let x be an n x 1 column vector, and A
an n X n matrix whose elements are periodic functions with a period T. We consider
the following vectorial differential equation

x=A(1)x. (6.15)

Notice that, since A(r+T) = A(t), this equation is invariant with respect to the shift
of time by a constant period 7. Thus, if x(7) is a solution of (6.15), then x(r + T')
must also be a solution of (6.15).

Now let us consider the fundamental solution matrix of (6.15), X(¢), which is
defined as follows. X(7) is an n X n matrix, whose columns are solutions of (6.15)
such that X(0) = I, I being the identity matrix. As the columns of X(¢) are linearly
independent, they form a basis for the n-dimensional solution space of (6.15). Since
X(¢+T) is also the solution matrix of equation (6.15), each of its columns may be
written as a linear combination of the columns of X(), so
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X(t+T)=X(t)C, (6.16)

where C is a n x n constant matrix. At t = 0 we have X(7') = X(0)C = C, so Cisin
fact equal to the fundamental matrix evaluated at time 7. Thus, C could be obtained
by numerically integrating (6.15) from r = 0 to t = T, n times, once for each of the
n initial conditions satisfied by the i-th column of X(0). Taking the time instants 27,
3T, and so on and applying similar arguments, we can show that X(nT) = C".

Let us transform (6.16) to normal coordinates. We seek another fundamental so-
lution matrix Y () such that

Y (1) = X(#)R,

where R is as yet unknown n x n matrix. Combining this equation with (6.16), we
obtain
Y(t+T)=Y()R'CR. (6.17)

Suppose that C has n linearly independent eingenvectors. If we choose the columns
of R to be these eigenvectors, then the product R~'CR will be a diagonal matrix
with the eigenvalues A; of C on its diagonal. With R~! CR diagonal, the matrix Y (¢)
satisfying (6.17) will also be diagonal. Indeed, let us construct this diagonal matrix
explicitly. Its elements satisfy the equations

yi(l+T) :liyi(l). (6.18)
We look for a solution to this functional equation in the form
Yilt) = A pi(1),

where k is an unknown constant and p;(¢) is an unknown function. Substitution into
(6.18) gives

Vit +T) = A i+ T) = L(AF pilt)).

This equation is satisfied if we take k = 1/T and p;(¢) a periodic function of period
T. Thus, the constructed matrix with the diagonal elements

yilt) = AT pi(1) (6.19)

satisfies (6.17). This implies that the original system (6.15) will be stable if every
eigenvalue A; of C has modulus less than 1. In the opposite case the solution will
grow exponentially as # — oo leading to instability and parametric resonance.

Hill’s Equation. Let us first apply Floquet’s theory to Hill’s equation

4+ fO)x=0, f+T)=10),

which contains Mathieu’s equation as a special case. This equation can be written
as a system of differential equation
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i ()= (00) C)

We construct a fundamental solution matrix from two solution vectors satisfying the

initial conditions . 1 N
(i) =) o) -0)

Then the matrix C is the fundamental solution matrix evaluated at time 7'

_ (m (T) Xz(T)>
yi(T) y2(T) )"

From the previous paragraph we know that stability is determined by the eigenvalues
of C
A% — (trC)A +detC = 0, (6.20)

where trC and detC are the trace and determinant of C. It turns out that detC = 1
for Hill’s equation. Indeed, let us compute the time derivative of the Wronskian

d d

W(t) = & (x1y2 —y1x2) = y1y2 — f(t)x1x2 + f(t)x122 — y1y2 = 0.

Thus, W(T) = detC = W(0) = 1 and equation (6.20) can be written as
A% — (trC)A +1=0,

yielding two roots
1
b=, (tCE ez - 4).

According to Floquet’s theory instability occurs if either eigenvalue has modulus
larger than 1. So, if |trC| > 2, then we have two real roots, and since their product
is 1, one of them has modulus greater than 1. In this case we have instability as-
sociated with the exponential growth of solutions. If |trC| < 2, then the roots are
complex conjugate, and since their product is 1, they lie on the unit circle, with
the consequence that the solutions are bounded. The transition from stable to un-
stable behavior corresponds to those parameter values giving |trC| = 2. If trC = 2,
then we have the double root A = 1, and formula (6.19) implies that the solutions
must be periodic functions with period 7. In case trC = —2 we have the double
root A = —1 corresponding to the periodic solutions with period 27. Thus, on the
transition curves in parameter space, the motions are periodic with period 7" or 27 .
In accordance with this theory, the stability of a given pair (i,€) can be determined
by finding the fundamental solution matrix at t = 7' through numerical integration
and investigating its eigenvalues. However, for the whole (u, €)-plane the method is
still ineffective.

Stability Chart. In case of Mathieu’s equation the period of f(¢) is 27, so we may
seek the periodic solutions on the transition curves in form of a Fourier series
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oo ” ”
x(t) =Y, <ajcos] —I—bjsin] >
Pt 2 2

The factor 1/2 in the arguments of sine and cosine guarantees that periodic functions
of period 47 are included. Substituting this Fourier series into Mathieu’s equation
(6.8), transforming the products of trigonometric functions into harmonic functions
and collecting similar terms gives four sets of homogeneous linear equations on the
coefficients a; and b;. Each set contains only coefficients a; or b; with even or odd
indices j. For a nontrivial solution of one set to exist the corresponding determinant
must vanish. This gives four infinite determinants known as Hill’s determinants. For
aj with even j we have

uen2 0 0
eu—1e¢/2 0

0 €/2 u—4e/2 =0
For b; with even j,
u—1l¢e/2 0 0
€/2 u—4 ¢€/2 0 ... _0
0 €2 pu-9¢/2 | 7
For a; with odd j,
u—1/4+¢e/2 /2 0 0
g/2 u—-9/4 ¢€/2 0 .. _0
0 g/2 u—-25/4¢/2 |
Finally, for b; with odd j,
u—1/4—¢e/2 /2 0 0
g/2 u—9/4 ¢€/2 0 .. _0
0 €/2 wu-25/4¢/2 | 7

In all four determinants the typical row is
0 /2 u—j*/4 €2 0

except for the first one or two rows.

Each of these equations represents a relation between y and &, which plots as a
set of transition curves in the (U, €)-plane (see Fig. 6.7). Since the transition curves
are symmetric about the p-axis, only the upper half of chart is shown. The equations
obtained at € = 0 give the intersections of these curves with the p-axis. For a; or b;
with even j the transition curves intersect the p-axis at u = j2, j=0,1,2,..., while
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those curves obtained from the determinants with odd j intersect the p-axis at 4t =
(2j+1)2/4,j=0,1,2,.... For £ > 0, each of these points give rise to two transition
curves, one obtained from the a-determinant, and the other from the b-determinant.
Thus, there is a tongue of instability emanating from each of the following points
on the p-axis: g = j2/4, j=0,1,2,.... Exception is the case j = 0 for which only
one transition curve exists.

L L
-1.0 -0.5

1.0 15 W
Fig. 6.7 Stability chart of Mathieu’s equation (U: unstable, S: stable)

To find the asymptote of a transition curve u = f(&) emanating from ;2 /4 on the
u-axis we expand the function f(€) in the power series

2
u=J4 et et .. (6.21)

Substituting this into one of the determinants and equating terms of equal order of
€ to zero, we can determine the coefficients u;. For example, for j = 1 we may take
the truncated 3 x 3 a-determinant with odd j to obtain

3 2 2 2 2
€ € 13¢ e 17ue 225¢ 35 259 225
_ u + ure Liu + N3 o n uw

8 2 8 2 4 32 4 16 64

=0.

Substituting (6.21) (with j = 1) into the above equation and equating terms with
€ and €2 to zero, we obtain y; = —1/2 and uy = —1/8. This procedure can be
continued to any order of truncation. Here are the asymptotes of first five transition
curves computed in this way

-5 forj=0
4o g forj=1
U= }Hr‘;fegz for j=1
1 for j =2
14+%  forj=2
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Note that the transition curves (6.14) obtained in Section 6.1 by the variational-
asymptotic method corresponds to j = 1. Why other tongues of instability were
missed? If we continue the next steps of the variational-asymptotic method, the
other tongues can be found also (see exercise 6.3).

6.3 Duffing’s Forced Oscillator

Differential Equation of Motion. As we know from Section 5.2 the free vibra-
tions of a nonlinear damped oscillator must decay as time increases because of the
positive dissipation rate. We want now to analyze the situation, when some external
harmonic force acts on such the oscillator. As prototype we consider a damped Duff-
ing’s oscillator subjected to a small harmonic excitation. For this forced oscillator
the displacement x(¢) satisfies the variational equation

1 1 %) 1 2 1 4 ~ gl .
o/ ( — N e +£fcosa)tx)dt—/ ecxdxdt =0, (6.22)

X
1o 2 0]
where € is a small parameter. This implies the following equation of motion
F+x+eci+eox’ = ef cos wr. (6.23)

In contrast to the Duffing’s equation (5.1) describing free
undamped vibrations, equation (6.23) is nonautonomous,
that is, time ¢ appears explicitly in the force term.
Therefore the phase plane is no longer appropriate for
this equation since the vector field changes in time, allow-
ing a trajectory to return to the previous point and inter-
sect itself. However, the system may be made autonomous
by introducing the angular time 7 and rewriting (6.23) as
follows

Fig. 6.8 Poincaré map

x=y,

. 3 2
y=—x—¢€cy—€ox +€Efcost
T=0.

This system of three differential equations of first order is defined on a phase space
with topology R? x S, where the circle S comes from the 27t-periodicity in T of the
vector field. A convenient way to view this 3-D flow in two dimensions is to use
the Poincaré map. This map is obtained by the intersection of the trajectory with a
plane of section X which may be taken as T = 0 (mod 27) as shown schematically in
Fig. 6.8. Thus, when f = 0, the equilibria that would normally lie in the (x, y)-plane,
now become periodic orbits of period 27 in this 3-D phase space. For small f > 0,
we may expect by a continuity argument that these periodic orbits persist giving
rise to 2;m-periodic motions. Such periodic motions correspond to fixed points of the
Poincaré map.
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Numerical Solutions. Since no analytical solution to the forced Duffing equation
(6.23) is available, we first try to find some particular solutions by numerical in-
tegration to study their behavior. Take for example € = 0.1, ¢ = 0, a = 1. For the
harmonic force we choose f =1 and o = 1, together with the initial conditions
x(0) = 1, %(0) = 0. The numerical integration with standard commands like those
in Section 5.3 gives the graph of x(¢) shown in Fig. 6.9. Looking at this solution, we
observe that there are two time scales characterizing the vibration: i) one describ-
ing the period of fast oscillation of x(¢), ii) the other associated with the slow and
periodic change of amplitude of vibration.

Fig. 6.9 Numerical solution of forced Duffing equation for @ = 1

3

-0.

13

It turns out that for certain values of frequency and amplitude of force as well
as certain initial conditions, purely periodic solutions can be obtained. This corre-
sponds to a fixed point of the Poincaré’s map introduced in the previous paragraph.
For example, if we take @ = 0.9875 while keeping all other parameters unchanged,
the solution is purely periodic as seen in Fig. 6.10.

P

i
A

Fig. 6.10 Numerical solution of forced Duffing equation for @ = 0.9875
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3

-1.0

As soon as the damping becomes nonzero, the character of solutions changes.
Take for example € = 0.1, c = ot = f = 1, @ = 1, together with the initial condi-
tions x(0) = 1, %(0) = 0. Now the amplitude shows first a transient character be-
fore approaching a certain steady-state amplitude that depends only on the forcing
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Fig. 6.11 Numerical solution of forced and damped Duffing oscillator for c = 1 and @w = 1

frequency and the initial conditions (see Fig. 6.11). The steady-state response fre-
quency coincides with the forcing frequency, what is similar to the linear theory.

If we increase the forcing frequency while keeping all other parameters as well as
the initial conditions, the steady-state amplitude may become even smaller as shown
in Fig. 6.12 for the case @ = 1.2. Since we cannot do infinite number of numerical
simulations to establish the behavior of slow change of amplitude due to the change
of frequency and other factors, more “intelligent” methods have to be invented for
this purpose.

0.5

-0.5

a0k

Fig. 6.12 Numerical solution of forced and damped Duffing oscillator for c =1 and @ = 1.2

Variational-Asymptotic Method. For the convenience of our analysis let us intro-
duce the stretched angular time T = @t explicitly in the variational equation (6.22).
Since % = x’, where prime denotes the derivative with respect to T, equation (6.22)
becomes
2
6/70+ n( Pzl lopay efcosTx)dT — /Tﬁzn ecox' 8xdt =0,
% 2 2 4 7
(6.24)

where 7] = 79+ 27 and 1 is an arbitrary time instant. For short we set 7p = 0.

At the first step of the variational-asymptotic procedure we neglect all terms con-
taining € to get
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6/2”(1(1)2 n_ ! HYdt =0

L O X5 % =0.

The 2x-periodic extremal of this variational problem is
x0(T) =AcosTt+ Bsint.

We see that the frequency equals 1 which is not surprising because the external
force, the damping and the nonlinear spring force are neglected. The coefficients A
and B are still unknown and should be determined from the initial conditions.

From the numerical simulations provided previously we know that, for € # 0,
the coefficients A and B are becoming dependent on time. In general the forcing
frequency differs from 1 also. Taking all these circumstances into account, we in-
troduce the slow time 17 = €7 and search for the corrections to the extremal and to
the frequency at the second step in the form

x(t)=A(m)cost+B(n)sint+x;(1,1m), 0=1+wm, (6.25)

where x| (7,1) is a 27-periodic function with respect to 7 and is much smaller than
x0(t,m) =A(n)cos T+ B(n)sin7 in the asymptotic sense, and o, is assumed to be
much smaller than 1. The second equation of (6.25) means that we are restricting to
the case where the forcing frequency is nearly equal to 1. The full time derivative of
x is equal to

X =X0,r + EXon +X1,0 + EX1 - (6.26)

We substitute (6.25) and (6.26) into (6.24) and keep the asymptotically principal
terms containing x; and the principal cross terms between xy and x;. The variational
equation becomes

27 ]
5/ [Zx%_f + X0,£X + €x0,n X + 201 x0 72X
o ,

— ;x% — XpX1 — eaxgxl +efcosTx — gcxp ox1]dt =0.
Next, we integrate the second, third, and fourth terms by parts using the 27-
periodicity of x; with respect to 7. It is easy to see that, since (xoﬁ)’ = —Xo+&X0,1n>
the underlined terms give —2&x »7x1. Then we expand xg of the term —eaxgxl
and transform the products of sine and cosine into the sum of harmonic functions
according to

COS3 T=

3 1 1
cosT+  cos3T, cos’TsinT = (sint+sin37),
4 4 4
.3 3. L. . 1
sin 7= sint— sin37, sin“7TcosT = 4(cosr—cos37:).
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The variational equation takes the form
2r 1 5 1 5
5/0 [2x17r Mt (...)sinTx; 4+ (...)cos Tx| +nonresonant terms|d7 = 0.

The consistency condition requires the expressions in parentheses to vanish, giving
the following equations for A and B

(O]

24, —|—cA+2ag)1B— aB(A2 + BY) =0,

(6.27)

B~ W N

(O] ~
2B+ cB—2 8]A+ 0A(A*+B*) = f.

The fixed points of these equations correspond to periodic motions of the forced
Duffing equation (6.23). To find them we set A , and B ;; equal to zero. Multiplying
the first equation of (6.27) by A and adding it to the second equation multiplied by
B gives

ca® = fB, where a® = A>+ B

Similarly, multiplying the first equation of (6.27) by B and subtracting it from the
second one multiplied by A yields

(1)12 3 4 ~
-2 aa” = fA.
8a—|—4a f

Adding the squares of two last equations together and dividing by a> we obtain

w 3 A
81+ aa?)?] = 2.

27 .2
-2
PP+(-2% + )

Solving the last equation with respect to @, leads to

3 1 f2
o) = 806a2i28\/f — 2.

8 a?

Thus, the correction to the frequency of the external force is of the order €. Together
with (6.25) we have the following nonlinear relation between the frequency o of the
external force and the response amplitude a of the corresponding forced periodic
motion
)
m:1+§eaa2i;e\/;—c2. (6.28)
Note that if both the force f and the damping ¢ are zero, then (6.28) reduces to
the well-known formula (5.8) obtained previously for the free undamped Duffing’s
oscillator. If f > 0, then there exists @ such that for @ > @, the amplitude a is a
multi-valued function of the frequency. However, if ¢ > 0, then a is a multi-valued
function of @ only in the range ® € (., 1 + geoc(f/c)z). Fig. 6.13 shows the am-
plitude versus frequency curves in these three different cases for a > 0 (hardening
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as
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Fig. 6.13 Amplitude versus frequency curves of forced Duffing’s oscillator: i) dashed line:
f =c=0,ii) dotted and dashed line: c = 0, f > 0, iii) bold line: both f and c are positive

. . >
3 4 w

Fig. 6.14 Phase versus frequency curves of forced Duffing’s oscillator

spring). Thus, for the fixed frequency ® and magnitude f > 0 of the external force
we may find in general either one or three steady-state amplitudes of forced vibra-
tions. The phase of forced vibrations deviates also from that of the linear theory.
Introducing the phase of forced vibrations as

tan v B c
any = = X ,
A - fz_cz

a

we show the plot of y versus @ in Fig. 6.14 fore =0.1, o = f = 1, and ¢ = 1 (bold
line), ¢ = 0.3 (dashed line), ¢ = 0.1 (dotted line).

Since there are several fixed points of system (6.27) we have to study their sta-
bility to select realizable solutions. As these fixed points correspond to the periodic
solutions of (6.23), their stability means also the stability of the periodic solutions.
For simplicity of our analysis, we consider the case ¢ = 0. Denoting ®; /& = k;, we
write (6.27) in the form
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3
An=—hB+y aB(A% + B?),
n (6.29)
_ 3 2 ooy, S
By =kiA— 8ocA(A +B°)+ 5
For @ > w, there are three roots of (6.28), ay, az, a3, such that a; > a, > a3 > 0.

The corresponding fixed points S, S», Sz have the coordinates given by
(A1,B1) = (a1,0), (A2,B2) = (—a2,0), (A3,B3)=(—a3,0).

To determine the stability of these fixed
points we set A = A; +u, B = v and linearize
(6.29) in u and v, giving

3 9
Un= (SaA?—kl)v, vy =(— SaA,?Jrkl)u.

3 9
D= (SaA%—kl)(SaA%—kl) >0, (6.30)

then the fixed point is a center, and if this
same quantity is negative, the fixed point is
a saddle point. For S; we have

Fig. 6.15 Phase portrait of system 3 f
(6.29) k= oai—
T 2g

and condition (6.30) is satisfied for all  so that the fixed point is a center. For S,

~

3 2. f
ki=_a
1T g% g,
so in this case R R
! 2 f

= — a J—
20 4% 5,
and the fixed point is a saddle point. Finally, for S3

f3 5, f

D=— oal —
20 495 5

so the fixed point is a center. It is interesting to note that, for S, and S3 the sign of
D is opposite to the sign of the derivative ‘fj‘(’; . The vector field and the phase portrait
of (6.29) for ® > @, are shown in Fig. 6.15. If some small damping is included
(c > 0), then, by the continuity reasoning we expect that the centers would become
stable foci attracting phase curves, while the saddle point remains unstable.
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Imagine now that we can change the forcing
frequency o so slowly that the steady-state re-
sponse amplitude a can follow it after a short AA
transient period. Thus, if the forcing frequency / ’
is increased starting from zero, then the re- E
sponse amplitude follows first the stable upper /
branch OA up to point A. After point A no so- -
lution of this branch is possible, so the ampli- D
tude has to jump to the lower branch (this jump
is marked by the vertical line AB) and then
follows this stable branch down to point C. If
the forcing frequency were now to reverse its
course (again quasistatically), then the ampli- Fig. 6.16 Jump phenomenon and
tude would go back along the lower branch CD, hysteresis
after which it jumps to the upper branch (the
jump is marked by the vertical line DE), and
finally follows this upper curve down to the end point O. This closed loop
OABCDEQO is called a hysteresis loop.

Note that the convergence of the approximate solution given by equations (6.25)
and (6.27) to the exact solution of (6.23) as € — 0 can be established for any finite
time interval. We can also indirectly verify this result by comparing the solutions
of (6.27) (presented by the dashed envelopes in Figs. 6.9-6.12) with the numerical
solutions of (6.23). The agreement is excellent, although € = 0.1 is not quite small.

B— C
®. [}

6.4 Forced Vibration of Self-excited Oscillator

Differential Equation of Motion. As we know from Section 5.3 a self-excited os-
cillator may have limit cycles as attractors of the phase curves. We want now to
analyze the situation, when some external harmonic force acts on such the oscilla-
tor. As prototype we consider van der Pol’s oscillator subjected to a small harmonic
excitation. Since we are interested in the primary 1:1 resonance, we order the am-
plitude of the excitation to be the same as the damping and non-linear term [36]. For
this forced oscillator the displacement x(¢) satisfies the variational equation
11

o] 1 A
5/ (3= _X’+efcosorx)dr+ | &(1—x*)idxdt =0, (6.31)
10} 2 2 1)

where € is a small parameter. This implies the following equation of motion
i+x—g(l—x*)i=efcosot. (6.32)

Equation (6.32) is called forced van der Pol’s equation. In the previous Section we
have seen that, when a damped Duffing-type oscillator is driven by a harmonic force,
the steady-state response will have the same frequency as the forcing frequency.
If a self-excited oscillator is driven by some harmonic force, the steady state of
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vibration may not exist at all and the forced response may include both the unforced
limit cycle oscillation as well as a response at the forcing frequency. However, if the
amplitude of the force is strong enough, and the frequency difference between the
limit cycle oscillation and the harmonic force is small enough, then it may happen
that the steady-state response exists and occurs only at the forcing frequency. In this
case the forcing function is said to have entrained the limit cycle oscillator, and the
system is said to be frequency-locked [36].

Numerical Solutions. Similar to the unforced van der Pol’s equation, (6.32) does
not permit exact analytical treatment. Therefore, to study the behavior of forced
vibrations and illustrate the possibility of entrainment (or, equivalently, frequency
locking) let us first do some numerical simulations.

We take € = 0.1, f = 1.06, and @ = 1.02 and find the solution to (6.32) sat-
isfying the initial conditions x(0) = 1, x(0) = 0 by the numerical integration with
Mathematica. The result shown in Fig. 6.17 exhibits the entrainment: a steady-state
vibration with the forcing frequency is settled after a short transient period.

,,,\\H\H,l,.\\\\,HHH\
’\HWHNIWHHMHIHYHHf T

Fig. 6.17 Numerical solution of forced van der Pol’s oscillator for € = 0.1, f = 1.06, and
o=1.02

If we increase a little bit the forcing frequency while keeping all other parameters
and initial data, the response may change drastically. For example, the solution for
@ = 1.05 shown in Fig. 6.18 exhibits a beating behavior typical for the oscillation
with two nearly equal frequencies. Thus, in this case entrainment does not occur,
and the system is unlocked.

In the next paragraph we will use the variational-asymptotic method to establish
the law of slow change of response amplitude as function of the forcing parameters
and to predict the entrainment effect for small €. The outcome of this asymptotic
analysis is shown in Figs. 6.17 and 6.18: the dashed envelopes are computed ac-
cording to the obtained equations of slow change. The agreement is good although
€ = 0.1 is not quite small.

Variational-Asymptotic Method. Let us introduce the stretched angular time 7 =
ot explicitly in the variational equation (6.31). Since X = @wx’, where prime denotes
the derivative with respect to 7, equation (6.31) becomes
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W\\l\\
| ﬁ\f\HHHWW"WI\\/HWV ”Wm”’WWHW“ “" H\

Fig. 6.18 Numerical solution of forced van der Pol’s oscillator for € = 0.1, f = 1.06, and
o =1.05

T+2m | 1 R T0+21
5/ (Lw*x?— x2+£fcosrx)dr+/ e(1—x})wx'dxdt =0, (6.33)
T0 2 2 T0
where T; = Ty + 27 and 7y is an arbitrary time instant. For short we set 7y = 0.
At the first step of the variational-asymptotic procedure we neglect all terms con-
taining € to get

e 1 022 — 2
0 / x )dT=0.
The 2x-periodic extremal of this variational problem is
xo(T) =Acost+ Bsint.

The coefficients A and B in this solution are still unknown.

For € # 0 the coefficients A and B are becoming dependent on time and the
forcing frequency deviates from 1. Therefore we introduce the slow time n = €7
and search for the corrections to the extremal and to the frequency at the second
step in the form

x(1) =A(M)cost+B(n)sint+x1(1,n), w=1+0o, (6.34)

where x| (7,1) is a 27-periodic function with respect to 7 and is much smaller than
xo(t,n) = A(n)cost+ B(N)sin7 in the asymptotic sense, and o) is assumed to be
much smaller than 1. The second equation of (6.34) means that we are restricting
to the case where the forcing frequency is nearly equal to the unforced limit cycle
frequency, which is called a 1:1 resonance. Note that the time derivative of x(7) is
equal to

X = X0,z + &xon + X1, + EX1 -

Here the comma in index means the partial derivative. We substitute (6.34) into
(6.33) and keep the asymptotically principal terms containing x; and the principal
cross terms between x and x;. The variational equation becomes
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2r |
5/0 [2)&1 + X0,£X] + €x0,7X] + 201X £X]
1 A
— Zx% —xox1 + &f costx; +&(1 —x(z))xo_yfxl] dt=0.
Next, integrating the second, third, and fourth terms by parts using the periodicity
of x1, we get from the underlined terms —2&x¢ ¢x1. Finally, reducing the products

of sine and cosine in the last term to the sum of harmonic functions,? we transform
the variational equation to

2r 1
3/ [Zx% = Zx% +(...)sintx; + (...)cos Tx; 4+ nonresonant terms] dt = 0.
o ;

The consistency condition requires removal of the resonant terms that leads to

A

24, = —2“8’13+A— (AT +B),
B .

2B, = Z(ZIAJrBf AP+ B+,

We see that the correction to the frequency must be of the order €. Denoting ®; by
o) = ki &, we rewrite this system of equations in the form

A
2 =2k B+A-, (A2 +B?),

B .
2By =2kA+B— (A2+B*) +7.

(6.35)

System (6.35) can be simplified by using polar coordinates a and y in the phase
plane
A=uacosy, B=asiny. (6.36)

In terms of a and y we can present xj as

xo(7,m) = a(n)cos(t — y(n)).

Thus, a(n) has the meaning of amplitude of vibration, while y(n) can be inter-
preted as the phase; both are slowly changing functions of time. Substituting (6.36)
into (6.35) gives

an = §(47a2)+ siny,

1 ST

(6.37)
=k + 7 cosy.
Vin =K+, cosy

2 This can be done quite nicely in Mathematica with the help of TrigReduce command.

Another way is to use the complex representations of sine and cosine, then multiply every-
thing out and finally collect terms.
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When f = 0, equations (6.37) reduce to the well-known equations (5.32) derived
for the self-excited vibrations of val der Pol’s oscillator. We seek fixed points of
the slow flow (6.37) which correspond to locked periodic motions of (6.32). Setting
an = Yy =0, solving for siny and cos y and using the identity sin? +cos? = 1,
we obtain

a2 2
az(l— 4) +4k3a® = 2.

Expanding this equation and denoting p = a2, we have
PP ]
6~ o T+ Dp—F2=0. (6.38)

This cubic equation in p, in view of its 3 sign changes, has either 3 positive roots,
or one positive and two complex conjugate roots. The transition between these two
cases occurs when there is a double root, which is equivalent to the condition that
the derivative of the left-hand side expression vanishes

3p?

6 —p+144k3=0. (6.39)

Eliminating p in the last two equations,
we obtain P

all &
16 27

stable

16
(1436k3)+ __ k3 (144k3)>=0.

27
This equation gives two curves meeting
at a cusp in the (kj, f)-plane. As one of
these curves is traversed quasistatically,
a saddle-node bifurcation occurs. At the
cusp we have a triple root leading to a fur-

ther degeneracy. The condition for this is -
3 8 o 02 03 >k,
p_ 1=0 =p=_. .
8 3 Fig. 6.19 Response-frequency curves

With this value p = 8/3 we can easily find
the location of the cusp at

1 A 32
ki = ~ (.288, = \/ ~ 1.088.
VAT =\

The square of amplitude versus frequency curves in terms of p = a” and k; are
shown in Fig. 6.19 for different forcing amplitudes f. For f = 0, the curves degen-
erate into the k-axis and the point (0,4) corresponding to the limit cycle unforced
vibration. As f increases, the curves first consist of two branches- a branch running
near the k;-axis and a closed curve surrounding the point (0,4). When f= 333 , the
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two branches coalesce, and the resultant curve has a double point at (0,4/3). As f
increases beyond this critical value, the response curves are open curves. However,
p is still not single-valued function of k; until f exceeds the second critical value
Ff=v32 / v/27. Beyond this critical value the response curves are single-valued for
all kl .

AN

Sa
1.0

det=0
0.8¢ ——

”””””””””” A tr:O
0.6
oal det=0
0.2
0.65 O.‘1O 0.‘15 0.‘20 0.‘25 0;0 k]

Fig. 6.20 Curves given by: i) detM = 0 (bold lines), ii) trM = 0 (dashed line)

Since several fixed points of (6.37) are present, we must investigate their stability.
Let (ag, W) be a fixed point of (6.37). We search for the solutions of (6.37) in the
form

a=ay+u, ‘l/:WOJrVa

where u and v are small perturbations. Substituting this into (6.37) and linearizing
in u and v gives

. —I—fcos
Up = a u 1%
n= T gdot T, COSYhY;
v =—. ,cosYou— f sin Yo v.
’ 2a0 2ay

This system may be simplified by using the following expressions valid at the fixed
point
Fo o __a a f
P SIMVO="0 T g
Thus, the stability is determined by the eigenvalues of the following matrix M

1 32
M= > — 3y —kiag
= ki 1.2
agp 2 8 0

Its eigenvalues A are the roots of the characteristic equation

cos Yy = —kjap.

A% —trMA + detM = 0,
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where
a2 p
tM=1-"0=1-
3 2 2
1 3 11 1 .3p?
detM:(—2+8a3)(—2+8aé)+k%=4( 6 —pH1+4i3).

For stability, the eigenvalues of M must have negative real parts. This puts on the
trace and determinant of M the following conditions

2

1
trM=1—12’<0, deeM = L (3P

416 —pH1+4i3) >0.

The curves corresponding to detM = 0 (bold lines) and trM = 0 (dashed line) in the
(ky, f)-plane are shown in Fig. 6.20.

Comparing the last condition with equation
(6.39), we see that detM vanishes on the curve
(6.39) along which there are saddle-node bifurca-
tions. This is a typical feature of nonlinear vibra-
tions, namely that a change in stability is accom-
panied by a bifurcation. The first condition on the
trace of M requires that p > 2 for the stability. Sub-
stitute p = 2 in (6.38), we obtain

Fig. 6.21 Bifurcation curves

1
fr= ot 8K3. (6.40)
Hopf bifurcations occur along the curve represented by (6.40), provided detM >
0. This curve intersects the lower curve of saddle-node bifurcations obtained from
(6.39) at point P, and touches the upper curve of saddle-node bifurcations at point Q

in the (ky, f)-plane with the coordinates (see Fig. 6.21)

V5o,
P:k]:8, f=

3 1 5
) 1k = 5 .
V8 Qhi=, V27

Thus, the stability analysis predicts that the forced van der Pol oscillator exhibits
stable entrainment solutions everywhere in the first quadrant of the (ki, f)-plane
except in that region bounded by i) the lower curve of saddle node bifurcations cor-
responding to detM = 0 from the origin to point P, ii) the curve of Hopf bifurcation
corresponding to trM = 0 from point P to infinity, and iii) the k;-axis. In terms of p
and k; the boundary between stable and unstable solutions is marked by the dashed
lines shown in Fig. 6.19. This means that for a given detuning k; there is a minimum
value of forcing f required in order for entrainment to occur. Note that, since k; al-
ways appears in the form k% in the equations of the bifurcation and stability curves,
the above conclusions are independent of whether we are above or below the 1:1
resonance. The discussions about other resonances can be found in [36].

The entrainment is widely used in engineering to synchronize nonlinear
oscillators (for instance clocks). Another positive and pleasant spillover effect

f=
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of entrainment often takes place when an orchestra is playing music. Various string-
and wind-instruments are self-excited oscillators, which may experience extra exci-
tations through the sound waves generated by other players of the orchestra. When
one of these musical instruments produces a tone which is not quite clean, it may be
entrained by the remaining instruments so that only one tone will be heard, provided
the forcing amplitude of the sound waves is strong enough.

6.5 Exercises

EXERCISE 6.1. A point-mass m is constrained to move in the (x,y)-plane and is
restrained by two linear springs of equal stiffness k and equal unstretched length .
The anchor points of the springs are located on the x-axis at x = —b and x = b (see
Fig. 6.22). Study the stability of the motion along the x-axis, x = acosayt, y =0
under the assumption that a < b.

=-b x—=hX

Fig. 6.22 Point-mass in (x,y)-plane

Solution. Let ¢ = (x,y). To derive the equations of motion we write down the La-
grange function

L(g,q) = K(¢) = U(q),

where the kinetic energy is

K(@) = ym(@ +)7),

and the potential energy of the springs is

1 1
Ulg) = Ky (b2 = 1+ k(b2 452 = 1),
From Lagrange’s equations

d dL JL

- =0, j=1.2,
d1dg; dq; !

follow
mi=f,, my= fya
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where
foo LU k(b2 42 =D (x+b) | k(V/(b—x)2+y2—1)(b—x)
B V(b2 +y? V(b—x)2+y?
f U kN (x+b)2+2 =Dy k(\/(b—x)2+y*=1)y
Ty b4y Vb—x2+y

One possible particular solution of these equations is obtained when y = 0. In this
case the second equation is identically satisfied, while the first equation reduces to

mx—+2kx =0,

yielding
xo = acos(wot — @), @y =/2k/m,

where the initial phase ¢ can be set equal to zero. To study the stability of this motion
along the x-axis, ¢o(t) = (acos awot,0), we consider the neighboring solutions in the
form

xX=acoswpt+u, y=v,

where u and v are assumed to be small. Substituting these formulas into the equa-
tions of motion, expanding the right-hand sides in the Taylor series in terms of # and
v, and taking into account the equations for go(¢), we obtain

. afx afx
mii = P u-+ P v,
X lgo Y lgo
my = a&f“‘ u+ a&f“‘ V.
X lgo Y lgo

Computing the partial derivatives of f and f; and evaluating them at go = (x9,0), it
is easy to check that

%fx = —2k, %f" =0, %ﬁ’ =0,
X lgo Yl X lgo
afy __Zkl—l—azcosza)ot
dy qo_ 1 —o?cos?apt
where ;
a
A= = .
b 4T

The equation for u turns out to be the equation for a harmonic oscillator, mii + 2ku =
0, and cannot produce instability. The equation for v is

1 — A — a?cos? aypt
%

=0.
1 — o2 cos? wyt

mv+ 2k
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Expanding the second term for small o and setting T = 2wyt, we obtain

d>v  2-22—ra? Ao?

I +( 8 g €O T)v=0,

which is the Mathieu’s equation. Thus, the stability chart of Mathieu’s equation can
be used to investigate the stability of this motion.

EXERCISE 6.2. The support of a pendulum considered in example 6.1 moves in
accordance with the equation x = agcos w¢, where ag = 0.1/. How large must the
frequency o be to stabilize the vertical position ¢ = 7.

Solution. The equation of motion of this pendulum is
L] 2 .
¢+, (g +apw”coswt)sing = 0.

To analyze the stability of the vertical position, it is enough to linearize this equation
about ¢ = 7. Let
Q¢=r+x

where x < 1 is a small perturbation. The linearization with respect to x leads to
L1 2
i (g+apmw”cos wt)x = 0.
This equation can be transformed to Mathieu’s equation
F+ (L +ecost)x =0,
with g4 = —(ap/®)?, € = —ap/l, and @y = \/g/, if the time is replaced by the
dimensionless time @¢. Thus, we can use the stability chart of Mathieu’s equation

to study the stability of the vertical position. Since u is negative, we use the first
transition curve lying in the left half-plane of the (i, €)-plane described by

p=—/2

to find the condition for stability. As € = —0.1, the vertical position is stable if

2
(wp/0)* <0122 = o> 8/1 .
Thus, the vertical position will be stabilized if the frequency of the vibration of the
support is at least 14.14 times larger than the eigenfrequency of the pendulum.

EXERCISE 6.3. Apply the variational-asymptotic method to find the asymptotes of
the transition curves of Mathieu’s equation emanating from the point u = 1.

Solution. The first step of the variational-asymptotic method yields

x(t) = xo(t) = Acost + Bsint.
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At the second step the obtained functional for x| near = 1, as seen from (6.12),
does not contains additional resonant terms except the third and the fourth. Thus,
Ay = By =0 at this step, and the extremal of (6.12) is easily found to be

1 1 1
xi(t) =¢e(— 2A + 6AcosZt + 6Bsin2t).
At the third step we look for x(7) and p in the form

x(t) :x()(t’n)erl(tan)+x2(t>n)a H=1+u,

where 11 = et is the slow time and x¢(¢,717) and x;(¢,1) are given by the above
formulas with A and B being now functions of the slow time. Function x,(#,7)
and [y are assumed to be much smaller than x;(7,#) and 1, respectively. Besides,
x2(t,m) is 2m-periodic with respect to ¢. The time derivative of x(¢) becomes

X= )C()_’, + E)C()n +.X]J + E.XIT] +x27t + E.XZT] .

We substitute x and X into (6.9) and keep the asymptotically principal terms contain-
ing x, and the principal cross terms. The functional becomes

2m 1
L[xy(1)] :/0 [zx%,z+x0,tX2.,t+3X0.,nx2,terl,txz,ergxl,nxz,t

— ;X% — XoX2 — UpXpXp — X1Xp — ECOSTXpX2 — ecostxlxz} drt.
Integrating the cross terms containing x, ; by parts and taking into account the peri-
odicity of x; in # and the equations for xy and x|, we see that the underlined and dou-
bly underlined terms are canceled out. Among the remaining terms only €xo X2,
— Uaxoxy and the last term contributes to the resonant terms. The products cos? cos 2t
and cos?sin2¢ in the last term can be transformed into the sum of harmonic func-
tions as follows

1 1
costcos2t = 2(cost—|—cos3t), costsin2t = 2(sim‘—&—sin?n‘).

Requiring that the resonant terms must vanish, we obtain for A(n) and B(n) the
equations

1
e’B— LB =0.

—€B
a1,

From these equations we obtain the resulting equation for A (and the similar for B)

5 1
€Ay + (12 — 1282)(112 + 1282)A =0,
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which shows that the stability (or instability) is determined by the sign of (t, —
.152 82)(u2 + 112 82). Thus, the transition occurs at { = — 11282 and at U, = 152 €2, or,
in terms of U, at

2

1 5 3
u 128 andat pu=1+ 12

which are in full agreement with the asymptotic formulas obtained from the vanish-
ing Hill’s determinants.

EXERCISE 6.4. Consider the damped Mathieu’s equation
i+ecx+ (U+ecost)x =0,

with € being a small parameter. Apply the variational-asymptotic method to find the
asymptotes of the transition curves near the point 4 = 1/4.

Solution. The variational equation corresponding to this damped Mathieu’s equa-
tion reads

T
6/ ,u—&—scost) ]dt—/ ecxdxdt = 0.
0

At the first step of the variational asymptotic procedure we put simply € =0 to get

from this equation
1
5 / (2— /,Lx) 0.
0 2

The periodic extremal (with the period T = 27/, /u) reads

xo(t) = Acos/ut+ Bsin/ut.

Let 4 = 1/4 + ey,. Taking into account that the coefficients A and B are becoming
slightly dependent on time for € # 0, we introduce the slow time 11 = & and seek
the corrections to the extremal at the second step in the two-timing fashion

1 1
x(t) = A(n)cos 2t—&—B(n)sin 2t—|—x1 (t,m),

where x;(¢,71) is a periodic function of the period T with respect to ¢ and is much
smaller than xo(7, 1) in the asymptotic sense. Substituting this Ansatz into the vari-
ational equation and proceeding similarly as in Section 6.1, we obtain for A and B
the following equations

1 c 1
~ )B, Bjy=-— B—(u1+2)A.

C
Ap=—_A+(w 2) , )

' 2
Thus, the last term in the variational equation contributes additional resonant terms.
The last equations are linear equations with constant coefficients which may be
solved by assuming a solution in the form A(1) = Apexp(An), B(n) = Boexp(An).
Nontrivial solutions exist if the following determinant vanishes
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Thus,

At the transition curve A =0, so

:i\/l—cz.

Hy >

This gives the following expressions for the transition curves near y = 1/4:
1, Vi-¢
= *e€ .
4 2
This formula predicts that for a given value of ¢ there is a minimum value of € which

is required for instability to occur. The tongue, which, for ¢ = 0, emanates from the
-axis, becomes detached from the p-axis for ¢ > 0.

EXERCISE 6.5. Non-linear parametric resonance. Consider the following equation
) 3 _
X+ w°x+ecostx’ =0,

with € being a small parameter. Apply the variational-asymptotic method to study

the behavior of solutions near the frequency wy = 1/2.

Solution. The solution of the above equation is the extremal of the following action
functional

/T[1'2 Lo _1e 1x*)dt
0 2x ) X 4COS)C .

It is convenient to change to the new variable T = @y?, in terms of which the action
functional takes the form

Iix(e)) = [

At the first step of the variational-asymptotic method we put € = 0 in this functional
to obtain @ = @y = 1/2 and

zn[l X2 1(1)22 lecosr Ydt
L DX — X — a* 19%

x(t) = x0(7) = Acos T+ BsinTt.
At the second step we look for x(7) and ® in the form
X(T)ZXO(T,T])‘i'_X](T,n), 0= 0o+ oy,

where 11 = €7 and xo(7,7n) is given by the previous equation with A and B being
now the functions of 1. We assume also that x; is 27-periodic in 7. Note that the
derivative of x equals
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X = Xo,r + EXo.n +x1,:+ EX1 -

We substitute these formulas into the action functional and keep the asymptotically
principal terms containing x; and the principal cross terms between xy and x;. The
functional becomes

2r ]
I][)C](‘L')] :/0 [2a)3x%71—|—a)§x071x171+a)gsxo_,nxl_yf

— ;cogx% — coéxox] — 2w W XpX] — E£COS CZO xgxl] dr.
Integrating the cross terms containing x ; by parts and taking into account the 27-
periodicity of x; in 7 and the equations for xo, we see that the underlined terms
are canceled out. Besides, with the TrigReduce command in Mathematica one can
show that the last term contributes two resonant terms, namely, — ;eA3 cos Tx; and
%833 sin7x;. Requiring that the resonant terms must vanish, we obtain for A(1) and
B(n) the equations

1
eB* =0,

1 1,
B A A =0.
2 € 7n+(1)] +28

1
48A7n7w]B+ 4

Dividing these equations by €/4 and introducing k; = 2w, /€, we rewrite them in
the form
An—2kiB+2B°=0, By+2kA+24°=0.

These equations have one fixed point (0,0) which is a stable center, and two other
fixed points

0,vk), (0,—vk), (6.41)
provided k; > 0, or

(V~k1,0),  (=+/~k1,0), (6.42)

provided k; < 0. It is easy to check that the fixed points lying on the B- or A-axis
are saddle points.

EXERCISE 6.6. Solve the slow flow system (6.26) numerically for € = 0.1, ¢ = 0,
o= f = 1 and for two detuning values k; = 0 and k; = —0.125, with the initial
conditions A(0) = 1 and B(0) = 0. Plot the curves a(t) = v/A2 4 B? together with
the numerical solutions shown in Figs. 6.8 and 6.9.

Solution. Remembering that the slow time 11 = &f, we rewrite equations (6.26) for
¢ =0 in terms of the real time

3
A;=—wB+ g aeB(A? + B?),

l\)_ ~

3
B; = wA— g aeA(A’ +B*) +¢
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This system of nonlinear first-order differential equations can be integrated numer-
ically by using the standard command NDSolve in Mathematica. Based on this
numerical integration function a(t) = v/A2 + B can then be plotted. For £ = 0.1,
o = f=1and o; = 0 the commands are

3
sol = NDSolve[{a' [t] = — eb[t] (a[t] *2+Db[t] *2),
8

3
b'[t] = -—ea[t] (a[t]*2+b[t]*2) +e£/2,
8

a[0] =1, b[0] = } (a, b}, {t, 200)]

Plot[{Evaluate[’\/ (a[t] /. sol) A2+ (b[t] /. sol) A2 ]

Evaluate[—'\/ (a[t] /. sol) A2+ (b[t] /. sol) ~2 ]}

{t, 0, 200}, PlotRange - All, PlotStyle - Black]

Here, in accordance with the recommendation of Mathematica, the lower case
letters for functions are used everywhere. The plot of a(r) = v/A2 + B2 based on this
numerical integration is shown together with the solution of the forced Duffing’s
equation in Fig. 6.9.

The case @ = 0.9875 corresponding to the detuning value k; = —0.125 can be
studied in a similar manner. The plot of a(t) = /A2 + B2 based on the numerical
integration is shown together with the solution of the forced Duffing’s equation in
Fig. 6.10. One can see that the solution is purely periodic which corresponds to the
constant amplitude a = v/A2 4 B2.

EXERCISE 6.7. Find the steady-state amplitude versus frequency curve of the forced
Duffing’s equation with the softening spring (¢ < 0). Discuss the jump phenomenon
and the hysteresis loop.

Solution. The plot of the amplitude-frequency curves according to the formula

3 1 f2
o=1+ coa’+ ¢ Y —c2
8 2 a

is shown in Fig. 6.23 for ¢ = 0.1, a = —1, f =1, and ¢ = 0.3. We see that, for
negative o the amplitude-frequency curves are bent to the left. There exists @, < 1
such that for ® < @, the amplitude a is a multi-valued function of the frequency.
However, if ¢ > 0, then a is a multi-valued function of @ only in the range w €
(1+ ;ea( f/c)?, @.). Imagine now that we can change the forcing frequency ® so
slowly that the steady-state response amplitude a can follow it after a short transient
period. Thus, if the forcing frequency is decreased starting from some value larger
than @, then the response amplitude follows first the stable upper branch OA up to
point A (it can be shown that the middle branch between points A and D contains
unstable solutions). After point A no solution of the upper branch is possible, so the
amplitude has to jump to the lower branch (this jump is marked by the vertical line
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AB) and then follows this stable branch down to point C. If the forcing frequency
were now to reverse its course (again quasistatically), then the amplitude would go
back along the lower branch CD, after which it jumps to the upper branch (the jump
is marked by the vertical line DE), and finally follows this upper curve down to
the end point O. This closed loop OABCDEO is called a hysteresis loop for the
Duffing’s oscillator with the softening spring.

D
>C BJ

e L
0.5 10 15 20

Fig. 6.23 Amplitude-frequency curve and hysteresis

EXERCISE 6.8. Consider the forced oscillator with the quadratic damping described
by the equation
X+x+ eck|x| = ef cos wr,

where € is small. Apply the variational-asymptotic method to find the amplitude
versus frequency curve near the 1:1 resonant frequency.

Solution. The above equation can be derived from the variational equation

T q 1 . T
3/ (L% — xz—l—efcosa)tx)dt—/ ec|x|xdxdt = 0.
0o 2 2 0

Introducing T = wt, we rewrite the latter in the form
21 5 p 1 5 R 21 5
5/ (260 ¥ — % —I—Sfcosrx)dr—/ ecw’|X ¥ dxdt = 0.
0 0

At the first step of the variational-asymptotic procedure we put € = 0 which leads
tow=1and
x=AcosT+BsinT.

At the second step we introduce the slow time 11 = €7 and look for the solution and
correction to the frequency in the form

x(1) =xo(7,n) +xi(7,n), @=1+0w,
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where
xo(t,n) =A(n)cost+B(N)sint,

and x; and @; are much smaller than xy and 1, respectively. Substituting this into
the variational equation, one can reduce it to
2 1
5/ xl + (2eA 4+ 2w B)sin Tx;
+ (—2&B  + 2@ A + €f) cos Tx; + nonresonant terms| d7 = 0.

Equating the resonant terms to zero, we obtain
(Y
24 +2 8‘3:0,
wq A
2By —2 . A=f.

The fixed point of this system, B=0and A = —¢f /2@y, corresponds to the steady-
state vibration. Thus, the steady-state amplitude is given by

a= A2+ B2 =¢f/2|m].

Taking into account that @ = 1+ ®;, we get the following amplitude-frequency

relation A
ef
21 w) foro<1,
ef
2(w—1)

a=
otherwise.

EXERCISE 6.9. Resonant excitation. Consider the forced Duffing’s oscillator de-
scribed by the equation

¥+ x+eci+eax’ = feosor,

where € is small, but f is finite (sometimes called a “hard excitation). Apply the
variational-asymptotic method to show that, to O(g), the only resonant excitation
frequencies are 1,3, and 1/3.

Solution. The above differential equation can be derived from the variational equa-
tion

T 1 1 T
6/ X — — g +fcosa)tx)dt—/ ecxdxdt = 0.
0
At the first step of the varlatlonal—asymptotic method we put € = 0 to obtain
T1, 1, 4
5/ (%" — _x"+ fcoswrx)dt =0.
0o 2 2
The extremal of this functional satisfies the equation

)'c‘—l—xzfcosa)t
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yielding

~

/

e cos @t +Acost + Bsint.

X =

We see that the resonance occurs at @ = 1. Consider now the case @ # 1. At the
second step we introduce the slow time 1 = &t and look for the solution in the form

x(t) = xo(t;m) +xi(2,m),

where

~

xo(t,m) = 1 —fco2 cos @t +A(n)cost + B(n) sint,

and x; is much smaller than x in the asymptotic sense. We assume that x; is 27-
periodic with respect to ¢. We substitute x(7) into the above variational equation
for T = 2r and keep the asymptotically principal terms containing x; and principal
cross terms between xp and x|

2 1 A
5/0 (2)6% + XoX1 — zx% — XX — s(xxgxl + fcost x; — ecxox; ) dt = 0.
Integrating the second term by part using the periodicity of x|, we see that the un-
derlined terms give 2€(A y, sint — By cost)x;. We expand the fifth term containing
xg and transform the products of sine and cosine into the sum of harmonic functions.

As a result, we get among others the following terms
cicos3mrx; and [c3c08(2 — @)t 4 c48in(2 — w)t]x;.

They become resonant if @ = 1/3 or @ = 3. Thus, we have, in addition to ® = 1,
two other resonant excitation frequencies @ = 1/3 and @ = 3.

EXERCISE 6.10. Study the excitation of 3:1 subharmonic resonance in the previous
exercise by setting @ = 3+ ke. Obtain a slow flow of the coefficients A(n) and B(n).
Then transform to the polar coordinates a(7n) and w(n) and look for fixed points
of those equations. Eliminate y inA order to find a relation between a®> and other

parameters. For e = 0.1, o« = ¢ = f = 1, k = 0 simulate the exact and approximate
solutions and compare them.

Solution. We continue the solution of the previous exercise by setting @ = 3 + ke
and write xo(¢,7) in the form

A

f

Xo(t,n) = Acos(3t+kn)+A(n)cost +B(n)sint, A= ° ..

Substituting the Ansatz x(t) = xo(¢,1) +x1(¢,7) into the variational equation and
keeping the asymptotically principal terms containing x; (¢, 1), we reduce it to

27 ] 1
5/ [ZX%" - 2x%—|— (...)sintx; + (...) cost x| + nonresonant terms| dt = 0.
0 ,
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The consistency condition requiring the vanishing resonant terms leads to
24, =« BB(A2 +B%) + ;B)Lz - i),(Az — B?)sinkn — ;)LABcoskn} —CA,
2By =—o BA(A2 +B%) + ;A?L2 + ?;A(A2 — B*)coskn — ;AABsinkn} —¢B.

The obtained system of equations can be simplified by using polar coordinates a and
Vv according to
A=uacosy, B=asiny.

Multiplying the first equation by A, the second one by B, and adding them, we obtain
3 5 . c
an=— Socla sinBy+kn) — 54
Multiplying the first equation by B and subtracting it from the second multiplied by
A, we get, after some algebra,

3 1 3
Wy = —405(),2—1— 2az) — ghacos(3y +kn).
To transform this system of equations into an autonomous system we introduce a

new unknown function ¢ = 3y + kn and write
3 2 . C
=—_oi -
an gOAasing — ,a,

9,1, 9
on=k 406(1 +2a) 8t)t?Lacos(p.

In terms of @ and ¢ the approximate solution of the original equation, to the order
O(¢), reads

x(t) = Acos(3t +ket) 4 a(et) cos|t — ; (¢ — ket)].

The steady-state vibrations due to the second term correspond to the fixed points
of the slow flow system for which

3
Za =~ adad®sing,

ar?)a— zota3 = z(xlazcos Q.

Eliminating ¢ from this system, we obtain the frequency-amplitude equation

64

9, 929222_81224
4c+(k 4061 Saa a= _o°Ada.
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Thus, either a = 0 or

1
o’ A,

9, 9 5, 9 L\ 8
4c +(k oA SOCCl> = 64

4

which is quadratic in 2. Its roots are

@ =p+/p—q,

where 5
8k 3 64 |9 9
= =A% gq= (k= or?) |-
P=9q 2% 978102 [4° +( 4%
10x lvO'x
a) b)

Fig. 6.24 Simulation of the exact and approximate solution: a) exact solution of the forced
Duffing’s equation with hard excitation, b) approximate solution based on the slow flow
system

Fig. 6.24 represents the results of numerical simulation of the exact and approx-
imate solutions for € = 0.1, & = ¢ = f = 1, k = 0 which shows a good agreement.
One can see that the steady-state amplitude a goes to zero as ¢ goes to infinity in this
case. Note that g is always positive, and thus, non-trivial steady-state free-oscillation

amplitudes occur when p > 0 and p? > g.

EXERCISE 6.11. Solve the slow flow system (6.37) numerically for € = 0.1, k; =
0.2 and k; = 0.5, with the initial conditions ¢(0) = 1 and y(0) = 0. Plot the curves
a(t) together with the numerical solutions shown in Figs. 6.17 and 6.18.

Solution. The slow flow system

a )
an= 8(4—a2)+ siny,

G ST

Yy =k + 20 cosy,

can be solved numerically in Mathematica by the following commands
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alt] £
sol = NDSolve[{a' [t] = e (4-a[t]*2) + — e Sin[¥[t]],
2

Yr[t] =0.2e+

ecos[¥[t]], al0] =1, ¥[0] =0}, {a, ¥}, {t, 500}]
2alt]

Plot[{Evaluate[a[t] /. sol], Evaluate[-a[t] /. sol]}, {t, 0, 500}]

Since we want to plot a as function of the real time 7, we use the relation d/dn =
(1/€)d/dt and solve the above system multiplied by €. The values of parameters
have been chosen as € = 0.1, f = 1.06, and k; = 0.2 (k; = 0.5). The plotted curves
were shown together with the corresponding numerical solutions of equation (6.32)
in Figs. 6.17 and 6.18.

EXERCISE 6.12. Resonant excitation. Consider the forced van der Pol’s oscillator
described by the equation

i+x—g(1—x*)i= fcosar,

where ¢ is small, but £ is finite. Apply the variational-asymptotic method to show
that to O(¢), the only resonant excitation frequencies are 1,3, and 1/3.

Solution. The above differential equation can be derived from the variational
equation

T 1 o T
5/ (3% — x>+ feoswrx) a’t+/ e(1—x?)xdxdr = 0.
0o 2 2 0
At the first step of the variational-asymptotic method we put € = 0 to obtain
T1, 1, 4
3/ (%"= _x"+ fcoswrx)dt =0.
0 2 2

The extremal of this functional reads

N

J

e cos @t +Acost + Bsint.

X =
We see that the resonance occurs at @ = 1. Consider now the case @ # 1. At the
second step we introduce the slow time 1 = &t and look for the solution in the form

x(t) = xo(t;m) +xi(2,m),

where

~

xo(t,m) = 1 —fco2 cos @t +A(n)cost + B(n)sint,

and x; is much smaller than x in the asymptotic sense. We assume that x; is 27-
periodic with respect to . We substitute x() into the above variational equation for
T =2 and keep the asymptotically principal terms containing x; and the principal
cross terms between xp and x|
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27 1 1 .
5/ [zx% + Xox1 — zx% — xox1 + fcos ot x; + &(1 — x§)xox;|dt = 0.
0
Integrating the second term by parts using the periodicity of x|, we see that the
underlined terms give 2&(A j, sint — B ;; cost)x;. Expanding the last term and trans-
forming products of sine and cosine into the harmonics, we obtain among others the

following terms
(c1cos3@t + casin3wr)x; and [c3cos(2 — )t + c4sin(2 — )t]x;.

They become resonant if @ = 1/3 or @ = 3. Thus, we have, in addition to @ = 1,
two other resonant excitation frequencies @ = 1/3 and @ = 3.



Chapter 7
Coupled Oscillators

This chapter deals with finite amplitude vibrations of coupled oscillators having two
or more degrees of freedom. As a rule, the governing equations are not integrable
and can be solved only by numerical integration. The numerical solutions have to
be visualized by the Poincaré map. For mechanical systems with weak coupling
the variational-asymptotic method is applicable. This enables one to study, among
others, the bifurcation of nonlinear normal modes, KAM-theory for coupled conser-
vative oscillators, and synchronization of the coupled self-excited oscillators.

7.1 Conservative Oscillators

Differential Equations of Motion. To begin with, let us consider some simple non-
linear coupled conservative oscillators.

EXAMPLE 7.1. Nonlinear mass-spring oscillators. Two equal masses m move hor-
izontally under the action of three springs with cubic nonlinearity (see Fig. 7.1).
Derive the equations of motion for these oscillators.

xirow  Bl-x)d  Xptoun3

> >
X1 X2

Fig. 7.1 Coupled oscillators with nonlinear springs

Let x; and x, be the displacements from the equilibrium positions of the point-
masses and let x = (xj,x7). The kinetic energy of the masses is given by

KG) = |

)
oM +263).

We assume that all springs are nonlinear, but the connecting spring differs from the
anchor springs. We write the potential energy of the springs in the form
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Lo, @ 4 5 O 4 4
Ux) = Zk[xl + 213x] +x5+ 2[3)62—1— 2% (2 —x1)7].
Thus, Lagrange’s equations are

o

miy +kxy +k zx? —kﬂz(xz —x1)3 =0,
lo lo
(04

miy + kxr + kl2x3 + klg (2 — x )3 =0.
0 0

Dividing these equations by k/y and introducing the dimensionless quantities

f=awt, %=

where @y = \/ k/m, we rewrite them as (the bar is dropped)

X1 +x; +ax?f[3(x27x])3 =0,

(7.1)
X —&—xz—&—ax%—l—ﬁ(xz—xl)S =0.

EXAMPLE 7.2. A spring pendulum. A point mass m is attached to a linear spring
of stiffness k that is swinging in the vertical plane as shown in Fig. 7.2. Derive the
equations of motion for this pendulum.

Denoting the elongation of the spring from the equilib-
rium length / by x, we write the kinetic and potential en-
ergies of the pendulum as

K(g.d) = ~ml + (1-+x¢7),

2
1
U(g)= 2kx2+mg(l+x)(l —CosQ) — mgx,

where g = (x, ¢). Lagrange’s equations read
Fig.7.2 Spring pendulum 5
mi+kx —m(l+x)p~—mgcosp =0,

m(l+x)*§ +mg(1+x) sin@ + 2m(I + x)i¢p = 0.
Dividing the first equation by m and the second one by m(I 4 x)?, we obtain

i+ 03x— (1+x)p> —gcosp =0,
. gsin@+2x¢
=0
ot [+x

)

where @3 = k/m.
Note that the linearization of the above equations leads to uncoupled equations
describing two independent modes of vibrations: a spring mode with a frequency
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a, and a pendulum mode with a frequency @; = \/ g/1. However, when @, ~ 2m,
the two modes are coupled causing the energy transfer between them.

EXAMPLE 7.3. Chain of nonlinear mass-spring oscillators. A chain of points of
equal mass m connected by identical nonlinear springs is constrained to move in
the longitudinal direction (see Fig. 7.3). Derive the equation of motion.

Fig. 7.3 Chain of nonlinear mass-spring oscillators

Denoting the displacement of the point-mass j from the equilibrium position by
u;j(r) we write down the kinetic energy of the chain

N .
K(u) = 2m2u§
J

The potential energy of the chain is the sum of energies of the springs. Considering
the springs with cubic nonlinearity, we take the potential energy in the form

o 4
+ 2% (uj—uj-1)7]

b

V) = Sk Sl —uj 1)
J

where [y is the original length of the spring which is equal to the spacing between
the point-masses in equilibrium. Here we assume that the ends of the chain are fixed:
uy = uy+1 = 0. So, the chain has n degrees of freedom. Lagrange’s equations of this
chain read

) a a
miij+ k[(uj —uj 1)+ 5 (uj—uj1)’] = k[(ujr1 —uj) + 2 (1 —u;)’] =0
0

2
lo
for all j = 1,...,n. Introducing the dimensionless quantities
_ _ uj
r=awot, u;= I’
0

where wy = \/ k/m, we rewrite these equations in the form (the bar is dropped)
i+ (= wjor) + 0y —ujo1)* = (ujpr —uj) = (ujr —uj)* = 0.
Hamilton’s Equations. The equations of motion derived in the previous paragraph

are differential equations of second order. As a rule they are not integrable and can
be solved only by numerical integration. For this purpose it is more convenient to



300 7 Coupled Oscillators

transform them from Lagrange’s to the equivalent Hamilton’s form.! This transfor-
mation is quite straightforward. Let us do it in the most general case.

We take the differential of the Lagrange function as function of the generalized
coordinates ¢ = (¢1,-..,qx) and velocities ¢ = (41, ..,qn)

2 JdL JdL
dL= ) (. dqj+ .. dg;).
,-zzl dgq; 9q;
We introduce the generalized impulses as p = (pi,...,p,), where p; = dL/dg;.
Then Lagrange’s equations becomes

)
Pi=dq;

Thus, the above differential can be written as
n
dL= Y (pjdg;+ p;dq;).
j=1

Since the second term in the summand is equal to p;dg; = d(p;q4;) —q;dp;, we
present this equation in the form

n n
d(Y pjgi—L)= Y (—pjdq;+qdpj). (7.2)
j=1 j=1

The expression in parentheses on the left-hand side represents energy of the sys-
tem; cf. (2.28). Expressing it in terms of the coordinates and impulses means doing
Legendre’s transform [5] of L(g,q) with respect to ¢. We call the result Hamilton
function

n
H(q.p)= Y, pjg;—L.
j=1
Equation (7.2) then implies

JH . JH

- R 7.3
q] 8}7]7 p] 8q]7 ( )

for all j = 1,2,...,n. These are the equations of motion in Hamilton’s (or canoni-
cal) form. For any conservative mechanical system with n degrees of freedom this
system of 2n differential equations of first order replaces n differential equations of
second order. If the Hamilton function does not depend explicitly on time, then

I Except the convenience for numerical integration Hamilton’s form of equations of motion
provides a number of advantages just as the representation of motion as a phase curve in
the phase space, the treatment of various theoretical questions of mechanics as well as the
links to physics and thermodynamics [5].
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:g an

so the conservation of the energy H(q, p) = E follows.
For the coupled oscillators in example 7.1 the dimensionless Hamilton’s function
reads

1 1 o o B
H(q,p)= ,(pi+p)+ i+ Jdi+a+ 6+, (@—a)', (74
2 2 2 2 2
where x; = g1 and x, = ¢». Hamilton’s equations become

qG1=p1, p1=—q—0oq+B@—q),

. . (1.5)
G=p2 Pr=-0—0q—PBl@—q).

Phase Curves and Poincaré Map. Just as for single oscillators, the solutions of
Hamilton’s equations (7.3) for coupled oscillators may be drawn as phase curves
in the 2n-dimensional (g, p)-phase space. There is only one phase curve passing
through a given point of the phase space. Therefore, one may think of points in the
phase space as particles of some fluid which move in accordance with Hamilton’s
equations. This motion generates a flow with an interesting property that it conserves
volumes of the phase space (Liouville’s theorem). This means that if we draw all
phase curves that begin from points inside a region of volume V' in the phase space
at time r = 0, then the end points of these phase curves at time 7 fill a region with the
same volume. Indeed, the velocity of this Hamilton’s flow, (¢, p), is divergent-free

n . n 2 2
div(d. p) z(&q] 8p,)_2( J°H  J°H )—O,
j=1

= \dg; dp; dpjdq; 9q;dp,
which implies Liouville’s theorem.

To see what the phase curves look like let us turn to example 7.1. Equations (7.5)
do not permit in general analytical solutions except perhaps, the case § = 0 for
which the oscillators become uncoupled. We analyze first this simple case. Since
now the oscillators are uncoupled, the energy of each of them is conserved

L,

1, oy, .

This leads immediately to the solution in form of elliptic integrals obtained already
in Section 5.1

a; d
tzt()i// o
;0 \/2Ej07x2

Based on this solution we may express g; and p; as periodic functions of # with two
different periods
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qjm dx
T, =2 .
qjm \/2Ej0—x2— G xt

Note that the periods 7} as well as the corresponding frequencies @; =27 /T; depend
on the initial energies of the oscillators. It turns out that for integrable systems there
exist always angle-action variables (¢,1), with ¢ = (@y,...,¢,) and I = (I,...,1,),
in terms of which the Hamilton function becomes independent of ¢: H = H(I)
(see [5]). The solution of Hamilton’s equations

is quite simple in these variables: ¢; = @;t+ @;o and
I; = const. For our uncoupled oscillators the action
variables /; are computed as follows

1
Ij= . ]{deq/',

while the angle variables @; correspond to the angu-
lar times. Topologically, each phase curve can then
be regarded as a curve on a 2-D torus shown in
Fig. 7.4. If the frequency ratio @,/®, is a rational
number, then the phase curves are closed orbits on
the torus corresponding to the periodic motions. If this ratio is irrational, the phase
curves wind around endlessly on the torus and correspond to the quasiperiodic mo-
tions (cf. the Lissajous figures in exercise 2.5). The tori are called invariant because
each phase curve starting on some torus stays there forever. By changing the energy
of one of the oscillators, we get the one-parameter family of invariant tori which fill
the whole three-dimensional energy level surface.

As soon as 3 # 0 we expect that Hamilton’s equations of these coupled oscillators
become non-integrable. KAM theory which will be considered in Section 7.3 pre-
dicts that for sufficiently small B most of invariant tori, corresponding to irrational
frequency ratios and called non-resonant tori, survive this small disturbance: they
are just slightly deformed. The resonant tori and maybe some of the non-resonant
tori are destroyed by the disturbance, resulting in layers of chaotic motion and filling
the space between preserved tori. However, the volume of the chaotic motion and
destroyed tori tends to zero as 3 — 0 (see Section 7.3).

Thus, from what is said above it is clear that, for § # 0, the only way to obtain
the solution is to do numerical integration. Assume that we have found by numerical
integration a particular solution of (7.5) satisfying the initial conditions ¢(0) = gy
and p(0) = po. Then the question arises: how can we visualize the phase curve
in the four-dimensional phase space? One circumstance makes this visualization
easier: due to the energy conservation the phase curve must lie on the 3-D energy
level surface

Fig.7.4 A phase curve on torus

H(q1,492,p1,p2) = Eo, (7.6)



7.1 Conservative Oscillators 303

with E( being the initial energy. However, it is still difficult for us to draw a curve
on a 3-D energy level surface given implicitly in this form. A great help came from
Poincaré, who introduced a fixed 2-D cut plane traverse to the flow. If we plot the
intersection of the phase curve with this plane, the generated map, called Poincaré
map, (cf. Fig. 6.8), enables one to follow the traces of the phase curve on this plane.

The Poincaré map can be constructed numerically
as follows. First, we use the energy conservation to
find the initial velocity p;(0) from the randomly cho-
sen initial data for g, g2, p». Next, the numerical
integration generates trajectories lying on the three-
dimensional energy level surface. Finally, we pick out
points of intersection of trajectories crossing the cut
plane g; = 0 with the positive velocity p; > 0. In this
case the Poincaré section is defined by

2 ={q1=0,p; >0}.

Note that an additional restriction on the sign of the ve-
locities at the intersecting points is posed. The reason
is that we want the Poincaré map to be orientation pre-
serving [20]. In Fig. 7.5 this is realized by counting only points A and C, but not
point B where the trajectory crosses the cut plane with a negative velocity.

Imposing condition (7.6) and ¢q; = O for the specific Hamilton’s function (7.4)
we obtain

Fig. 7.5 Poincaré map

1
i =i\/2Eo— S0+ B)a3— a5 —p3.

Together with (7.6) this defines the Poincaré map for the coupled mass-spring non-
linear oscillators. The points of the Poincaré map fill the interior of a region with
the boundary corresponding to the condition p; =0

1
2By =, (+B)g3 +43+ 3.

Numerical Simulations. Numerical simulations of the Poincaré maps require a
little bit more elaborated commands in Mathematica than those used in previous
Chapters to simulate the phase curves in the 2-D phase plane. We took here the code
originally written by E. Weisstein? and slightly modified it to adapt to our particular
problem.

The Poincaré maps of the dynamical system (7.5) are shown in Fig. 7.6 for the
fixed energy level Ey = 0.4 and for o = 1 in two cases: a) B = 0.1 (left), and b)
B = 0.4 (right). Looking at these Poincaré maps we can recognize the qualitatively

2 This open source code, together with some explanations, can be found on the web-
site http://mathworld.wolfram.com/notebooks/DynamicalSystems/
SurfaceofSection.nb
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D)

a) Vb')

Fig. 7.6 Poincaré maps for E) =0.4and ¢ =1:a) § =0.1,b) B =0.4

different behavior in case a) and b). In case b) there are two fixed points correspond-
ing to the periodic solutions® with ¢» = ¢; and ¢» = —¢q. Such special periodic solu-
tions are called nonlinear normal modes. Both symmetric (g = ¢1) and antisymmet-
ric normal modes (g» = —q1) are orbitally stable as they are surrounded by points of
intersections of trajectories on non-resonant invariant tori with the Poincaré section.
It turns out that the bifurcation occurs for § < 1/4. For these values of 3 the anti-
symmetric mode becomes unstable, whereas the two bifurcating modes are orbitally
stable. Note the closed loop starting and ending at the unstable saddle point and re-
sembling the separatrix in 2-D case (in fact, there are two such loops, but the second
one is difficult to observe as it is very near to the boundary curve of the plot). This
path is called a “homoclinic orbit” [49] and is formed by trajectories that approach
the saddle point after an infinite number of positive and negative iterations. The ho-
moclinic orbits are recognized as a mechanism for generation of chaotic motions in
weakly coupled oscillators.

It is interesting to note that this type of bifurcation for nonlinear coupled oscil-
lators is sensitive only to the ratio B/a = Kk, called a coupling factor, as shown in
Fig. 7.7. In this case o« = 0.1 while B = 0.01 and 0.04 so that the coupling factor
remains the same as in the previous simulations. In the next Section we will use
this fact to provide the asymptotic analysis of the variational problem containing
the small parameters o and f3.

3 The proof of existence of at least n periodic solutions passing through each stable equilib-
rium state for conservative mechanical system having n degrees of freedom at any fixed
level of energy can be found in [34,52].
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Pg(t) Pt 5

a) b)
Fig. 7.7 Poincaré maps for £y = 0.4 and o = 0.1: a) § = 0.01, b) f = 0.04

7.2 Bifurcation of Nonlinear Normal Modes

This Section analyzes the bifurcation of nonlinear normal modes observed by
numerical integration in the previous Section with the help of the variational-
asymptotic method.

Nonlinear Normal Modes and the Modal Equation. Let us turn back to La-
grange’s equations (7.1) for the nonlinear coupled oscillators and rewrite them in
the form

(7.7)

where x = x, y = x5, and U (x,y) is the potential energy. As we know, the energy of
this system is conserved

1 )
2 (X +y ) + U(xay) = Ep.
We seek the nonlinear normal modes as periodic solutions by assuming y as a func-
tion of x, without direct reference to time 7, and try to eliminate ¢ in these equations.
Using the chain rule

y=Vi, §=y"2 4y,
with prime denoting the derivative of y with respect to x, and substituting this into
the second of (7.7) to get
U

ox’

_aU :y//xziy/

X (7.8)
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Next, we substitute y into the energy conservation

1
L (14)?) +U(x,y) = Eo.

Solving this equation with respect to x and substituting into (7.8), we obtain finally

ou U
_ 1" 2 _ —
2(Eo—U)y" +(1+y )(8y y 8x) 0. (7.9)

This is the differential equation to determine the nonlinear normal modes, called a
modal equation.

The system of coupled oscillators in example 7.1, due to its symmetry, admits
quite simple nonlinear normal modes for which y = cx. Such normal modes are
called similar normal modes. Indeed, substituting this form of solution into (7.9)
and keeping in mind that

B

b, o 50y 4
Uy = 4 5 x +y7 v+ (=),
we obtain

U U

V7 =t al P+ B -1 — e+ axd — B (c— 1) =0.
dy ox

A simple algebra reduces this to
K
! (c— D)(c+ e+ K(e—1)% =0,
0af where ¥ = /o is the coupling factor intro-

duced previously. This algebraic equation has

/ four roots
of
ol

I 1
=1,-1,1-_ =+ 1/4—x. (7.10
c=1-L1-, & VI/4-x (710)

8 5 4 2 0 c

The last two roots are real only if k¥ < 1/4.

Fig. 7.8 Bifurcation of normal modes ~ Thus, for k& < 1/4 there are two additional

normal modes bifurcated out of the antisym-

metric mode y = —x (vibrations in counter-

phases) at Kk = 1/4 as shown in Fig. 7.8, where the bold line denotes the stable

modes and the dashed line the unstable one. This confirms also our observation
with the Poincaré maps obtained previously by numerical integration.

Variational-Asymptotic Method. Since the normal symmetric and antisymmetric
modes and the bifurcating modes found above are sensitive only to the coupling
factor x, we will consider the following variational problem: find the extremal of
the functional
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1 . € € €K
1x0)y0) =, | (5% = =t =y =yt = v,
0

2 2

where € is a small parameter and 7y and #; are arbitrary time instants. We put for
short 7o = 0 and #; = T'. This action functional describes the coupled oscillators with
two weakly nonlinear anchor springs and the weak coupling through the connecting
nonlinear spring. It is convenient to change to the normal coordinates

1 1
u:2(x+y), v:z(x—y).
Then the action functional becomes

T € €
I[u(t),v(t)]:/o 2+ =12 = = () = (= vt —dewrldr. (7.1

To apply the variational-asymptotic method we put at the first step € = 0 to obtain

Iolu(t),v(t)] = /OT(L't2—|—\>2 —u?—v?)dr.

This is the action functional describing vibrations of two uncoupled identical har-
monic oscillators. The extremal is

ug =Ajcost+ Bysint, vyg=Ajcost+ Bpsint, (7.12)

for which the frequencies coincide so that the period T is 27 as expected.

As soon as € # 0 the coefficients Ay, By, A, B, are becoming slightly dependent
on time. Besides, taken for granted the bifurcation of modes for k near 1/4, we set
kK = 1/4 — p and look for the extremal at the second step in the two-timing fashion

u=A(n)cost+ Bi(n)sint+u;(t,n),
v =Ay(n)cost+ By(n)sint + v (¢,M),

where 11 = €t is the slow time. We assume that u;(¢,1) and v; (¢,7) are 27-periodic
functions with respect to the fast time # and are much smaller than uy and v in the
asymptotic sense. Note that the asymptotically principal terms of the time deriva-
tives of u and v are

u=uy;+€uon+urs, V=vos+EVon+viy,

where the comma in indices denotes the partial derivatives. Substituting u, v and
their derivatives into functional (7.11) and keeping the principal terms of u;, v; and
the principal cross terms between ug, vo and u;, v; we have
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21
Iy uy (1), v1(2)] :/0 [“%,tJFV%.}+2“0,tul,t+28u0,nul,t+2V0,tVl,t+23VO,nVl,z

— (u% + v% + 2uguy +2vovy) — 8(2u8u1 + 6u0v%u1 + 6u6v0v1

+2v3v1 + 16Kvivy )] dr.

Integrating the third up to sixth terms by parts using the periodicity of u; and v,
with respect to ¢, we see that the underlined terms gives —4&(ugnu1 + vomvi)-
Then, substituting the expressions for ug and v into the functional and reducing the
products of sine and cosine to the sum of harmonic functions,* we get the resonant
terms which should be removed in order to be consistent with the above asymptotic
expansion. The equations obtained for Ay, B, A», B, read

3 3 3
Ain = gBi(AT+B])+  Bi(A3+BY) + | Ba(A1A2 +B1Ba),

3 3 3
By = *SAI(A%+B%)* A1(A3+B3) — " A2(A1A2+ B1By),

8 4
3 3 3
Aoy = (g +3K)Ba(A3+BY) + (Ba(AT+B]) + | Bi(A1As + BiBy),
3 3 3
Ban = —(4 +3K)A2(A3 + B3) — 8A2(A% +B}) - JA1(A1A2 £ B1By).

The above equations can still be simplified in terms of the variables ay, a,, and ¢
defined by

Ay =ajcos¢, By=apsing,
Ay =apcosy, By =assing, (7.13)
©o=0—¢r1.

According to these formulas a; and a; are the amplitudes of u and v, respectively,
while ¢ is the phase difference modulo 7. In terms of these new variables the equa-
tions of slow flow become (see exercise 7.7)

3
ayy = Sa]a%sinZ(p,
3
arn = —Sa%az sin2¢, (7.14)

3 3
Qn = *S(Q%Jra%) +3ua;+ S(ag—a%)cosmp.

The Slow Flow. It follows from the first two equations of (7.14) that

dal [75) 2 2 2
=— =ata=p,
day aj

4 Again, this can be done with the TrigReduce command in Mathematica.
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which means the conservation of the energy at this approximation, since terms of
the order €2 and higher are neglected. This first integral enables one to reduce sys-
tem (7.14) to two differential equations. Indeed, let us introduce a new variable ¥
according to

ay=pcosy, a;=psiny, (7.15)

with p being a constant in the above conservation law. Substituting these formulas
into the first and the last equations of (7.14) we obtain

2
Yy = 731% sin2¢@ sin2y,
- (7.16)
on=— 1p6 [Bu(cos2y — 1) +2+2cos2ycos2g].

The obtained system of equations represents a slow flow on a two-dimensional torus,
since the variables y and ¢ are modulo 7.

Fig. 7.9 Level curves of (7.17) for u = 0.05

In contrast to the original system (7.1), equations (7.16) can be integrated exactly.
Indeed, by the straightforward differentiation we can easily verify that

1
—zsin221//c052(p+(174u)c052q/+ucos4y/:k (7.17)
is the first integral of this slow flow, with k being a constant. The level curves of

equation (7.17) are shown in Fig. 7.9 for u = 0.05. Each curve corresponds to a
fixed value k of the first integral, but all are on the same energy level p2. Due to the
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periodicity in y points lying on the lines y = 0 and y = & have to be identified. The
same is true of @. As a result, this figure represents the flow on the two-dimensional
torus. Observe the symmetry with respect to the dashed lines ¢ = /2 and v =7 /2.

As we know, the nonlinear normal modes (7.10) found from the modal equa-
tion correspond to the fixed points of this flow. Let us first consider the symmetric
normal mode for which x =y and v = 0. In this case A, = B, = 0 and a; = 0,
a) = p. Therefore ¥ = 0 and the second equation of (7.16) implies that ¢ = /2.
Thus, this symmetric mode corresponds to the fixed point (y, @) = (0,7/2) (or
(m,m/2) denoted by S). We see that this mode is orbitally stable as the fixed point
is a center surrounded by closed curves that result as intersections of invariant tori
with the cut plane. For the antisymmetric normal mode we have x = —y and u = 0.
Therefore a; = 0 and consequently v = 7/2. The second equation of (7.16) im-
plies that ¢ = éarccos(l — 8ut). Thus, the antisymmetric normal mode is orbitally
unstable as it is represented by the saddle points (y, ) = (7/2, ; arccos(1 —8u))
(point A) and (y,¢) = (7/2,7 — } arccos(1 — 81)). The homoclinic orbits are the
closed curves starting and ending at these saddle points.> The bifurcating modes sat-
isfy the relations u = ) (14 c)xand v = (1 —c)x, so u and v are proportional and
the phase difference ¢ must be zero. It follows from the second equation of (7.16)
that y = %arccos j“ T or v = 1 — }arccos -1 We see that these bifurcating

u+l1 2 4p+1

modes are orbitally stable (since they appear as centers) and correspond to the fixed

points (v, @) = (é arccos iﬁ;} ,0) (point B) and (y, @) = (7 — éarccos iﬁ;} ,0),

respectively.

Fig. 7.10 Poincaré map according to approximate theory for Eyg = 0.4 and u =0.15

5 See the detailed analysis of the homoclinic motion in [49].
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Comparison with Numerical Simulations. The comparison with the Poincaré map
constructed numerically in the previous Section is possible if we express the results
obtained for u and v in terms of the “old” coordinates x and y

X=u+v, y=u—m
To compute the approximate Poincaré map we must set x =0
x=up+vo+0(g) =0,
so, taking into account (7.12) we have

Ax(n)+Ai(n)

T )+ Bi(n)

Finding from here sinz and cos# and substituting into y = uy — vy we obtain

y= 2(31A2—A132)
(B3+2B1By + A} +241Ay + B2 + A})1/2

where the argument 1] from A, By, A, B; is omitted. The velocity y, to the lowest

order of approximation in €, is

B}+A3— B} —A}

YT (B4 2B1By + A2+ 2A 1Ay + B2+ A2

In terms of the angles ¢ and y introduced in (7.13) and (7.15) the formulas for y
and y read
_ psin@sin2y . pcos2y
YT Jl4cossin2y’ 0 /14 cos@sin2y

To construct the approximate Poincaré map we must use the first integral (7.17)
to find cos2¢ for the given values of u, k, p, and y. Then plugging the obtained
values of ¢ into the above formulas to evaluate y and y and to plot the curve in
the cut plane. The total energy E( of the system is related to p by the expression
Ey = p?. The approximate Poincaré map corresponding to the energy level Ey = 0.4
and to the coupling factor k = 0.1 (4 = 0.15) is shown in Fig. 7.10. It is seen that
both maps in Fig. 7.7 (left) and Fig. 7.10 coincide qualitatively.

To show the quantitative agreement let us compute the Poincaré map for Ey = 0.4,
€ =0.1, and ¢ = 0.15, and for a solution satisfying the following initial conditions

x(0)=0, y(0)=0, y(0)=—0.65.

Then it is easy to find that k = —0.2519. The comparison of Poincaré maps obtained
by the numerical integration (points) and by the approximate theory (bold line) is
shown in Fig. 7.11 (see exercise 7.8). The agreement is really palpable, although
€ =0.1 is not quite small.
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Fig. 7.11 Comparison of Poincaré maps for Eg = 0.4, e = 0.1, and Kk = 0.1

7.3 KAM Theory

The perturbation theory of quasiperiodic motions of conservative mechanical sys-
tems [5,25] proposed by Kolmogorov, Arnold, and Moser, called for short KAM
theory, is perhaps one of the greatest achievements in mathematics and mechanics
of the 20th century. It has a lot of consequences and applications in dynamics and
also in statistical mechanics. Although the ideas upon which the theory is based
seem quite simple, the detailed proofs presented in the mathematical literature have
been for long time serious barriers for people with the engineering background. This
Section aims at explaining KAM theory with the variational-asymptotic method.

Variational Problem. Our starting point is Hamilton’s variational principle, ac-
cording to which motions of any conservative mechanical system correspond to
extremals of the action functional

|

lg(t)] = | L(g,q)dt, (7.18)

T
where g(t) = (q1(2),...,qn(t)). As we know, this implies Lagrange’s equations

d JL JL

— =0 i=1,...,n.
dt&q]' 8q,- _— et

Suppose that the Lagrange function has the form

L(q,4) = Lo(q,9) + €L1(q,9),

where € is a small parameter. Besides, we assume for simplicity that L(g,q) is an
analytic function and that the determinant detL 4, is positive everywhere. The prob-
lem is to study the asymptotic behavior of the extremals depending on this small
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parameter €. Note that the number n of degrees of freedom must be at least 2 since
systems with one degree of freedom are always integrable leading to the periodic
extremals for small energies.

First Step. Since the action functional (7.18) contains a small parameter, it is nat-
ural to use the variational-asymptotic method to analyze it. At the first step of the
variational-asymptotic method we neglect the small term €L (g,¢) and consider in-
stead the variational problem: find the extremal of the functional

1

big®)] = | Lo(g,¢)dr.

fo
This leads to Lagrange’s equations

d dLg _ dLy _

drdq; ~ dq; 0. (7.19)

We assume that Lagrange’s equations (7.19) are integrable so that their solutions
can be found at this step. Such situation is met by the nonlinear coupled mass-
spring oscillators considered in example 7.1 if the coupling parameter f3 is set to be
zero. In this case the system reduces to two uncoupled nonlinear oscillators, each of
which has only one degree of freedom.

As equations (7.19) are integrable, there exist angle-action variables (¢,/) in
terms of which the unperturbed Hamilton function becomes independent of ¢: Hy =
Hy(I) (see Section 7.1 and [5]). The solution of Hamilton’s equations

dH,

which are equivalent to (7.19), is quite simple in these variables: ¢; = @0+ ;t and
I; = const. Coming back to ¢(t), the solution of (7.19) can be presented in the form

q(t) = qo(t) = uo(po + ot),

where uo (@) is the vector-valued function of ¢ = (¢;,...,@,) which is periodic
in each variable @; with the period 27, and @ = (@, ..., ®,) are the constant fre-
quencies. Thus, every solution is now quasi-periodic in 7: its frequency spectrum in
general does not consist of integer multiples of a single frequency as in the case with
periodic solutions, but rather of integer combinations of a finite number of different
frequencies.® For fixed ¢y function uy(¢p + @t) describes a curve winding around
some invariant n-dimensional torus 7" with winding numbers, ® = (@, ..., ®,).
Mention that up(¢) is a differentiable one-to-one map which maps the invariant
torus onto itself. We shall use angle variables ¢ = (@i, ..., @,), each is modulo 27,

6 In this sense, the asymptotic analysis provided here is multi-frequency analysis, which is
much more difficult than all previous asymptotic analyses due to the problem of small
divisors.
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as coordinates on the torus. All solutions with fixed /; belong to one torus, so that
the whole phase space is foliated into an n-parameter family of invariant tori.

The flow on each torus depends on the arithmetical properties of its frequencies
;. There are essentially two cases.

i) The frequencies w; are non-resonant, i.e., k- @ # 0 for all non-zero k =
(ki,...,kn), with k; being integers (we write k € Z"). Then each orbit is dense on
this torus.

ii) The frequencies ®; are resonant, that is, there exist integer relations k- @ =0
for some non-zero k € 7. In this case each orbit is dense on some lower dimensional
torus, but not in 7".

We assume that the unperturbed system is non-degenerate in the sense that

0*H,

det
¢ 81,01,-

£0.

In this case the frequencies ®; depend on the amplitudes, so they vary with the torus.
This nonlinear frequency-amplitude relation is essential for the stability results of
the KAM theory. It follows that the subset of non-resonant tori as well as that of
resonant tori form dense subsets in phase space. Similar to the set of real numbers,
the resonant tori sit among the non-resonant ones like the rational numbers among
the irrational numbers.

Small Perturbations and KAM Theorem. Let us include now the small term
€L(q,q) into the action functional and consider the perturbed variational problem.
The first result, obtained already by Poincaré, showed that the resonant tori are in
general destroyed by an arbitrarily small perturbation. In particular, out of a torus
with an n — 1-parameter family of periodic orbits, usually only finitely many peri-
odic orbits survive a small perturbation, while the others disintegrate and give way
to chaotic behavior. Since a set of resonant tori being destroyed by a small pertur-
bation is dense among all invariant tori, there seems to be no hope for other tori to
survive. In fact, until the middle of the 20th century it was a common belief that
arbitrarily small perturbations can turn an integrable system into an ergodic one on
each energy surface. By the way, it would not help if the non-degeneracy assumption
is dropped. There exists a counter-example showing that if Hy is too degenerate, the
motion may even become ergodic on each energy surface, thus destroying all tori.
Kolmogorov [25] was the first to observe that, for the non-degenerate case, the
converse is true: the majority of tori survives small perturbations. He gave the sketch
of the proof about the persistence of those tori, whose frequencies w; are not only
non-resonant, but are strongly non-resonant in the sense that there exist constants

o > 0 and v > 0 such that o

[K[¥

for all non-zero k € Z", where |k| = |k |+ ...+ |k,|. Condition (7.20) is called a dio-
phantine or small divisor condition. It turns out that the set of strongly non-resonant
frequencies for any fixed v > n — 1 has the full measure, in contrast to the set of re-
maining frequencies having zero measure. But although almost all frequencies are

k- o| > (7.20)
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strongly non-resonant, it is not true that almost all tori survive a given perturbation
€L, no matter how small € is. In its precise formulation, KAM theorem states that
there exists a constant § > 0 such that for the perturbations of size |e| < §a? the
strongly non-resonant tori of the unperturbed system persist, being only slightly de-
formed. Moreover, they depend continuously on @ and fill the phase space up to a
set of measure O(). An immediate consequence of the KAM theorem, important
for the statistical mechanics, is that small perturbations of integrable systems do
not necessarily imply ergodicity, as the invariant tori form a set, which is neither of
full nor of zero measure. It has to be emphasized, however, that this invariant set,
although of large measure, is a Cantor set and thus has no interior points. It is there-
fore impossible to tell with finite precision whether a given initial condition falls
onto an invariant torus or into a gap between such tori. From a physical point of
view the KAM theorem rather makes a probabilistic statement: with overwhelming
probability of order 1 — O(ex) a randomly chosen orbit lies on an invariant torus and
thus stays there forever.

Variational Problem for Invariant Tori. Since for an invariant torus with fixed
frequencies o the solution of Lagrange’s equations has the form ¢ () = u(¢@y + wr),
the generalized velocities may be written as

= d
g= ) w; u=Vu,
Z‘l T dg;

where V denotes the linear first order partial differential operator with constant co-
efficients

d

V= ; .
j:zleﬁq)j

Therefore it is convenient to consider the following variational problem for an in-
variant torus, first mentioned in [39]: find extremals of the functional

2 2w
Tu()] = /.../L(u,Vu)d(p] . d, = / Lw,Vuyde  (121)
0 0 r
among vector-valued functions u(¢@) = (u1 (@), . ..,u,(¢)) which are 2m-periodic in

each variable ¢;. Euler-Lagrange’s equations of this variational problem read
VL 4(u,Vu) — L 4(u, Vu) = 0. (7.22)

Thus, instead of solving the ordinary differential equations, we have to deal now
with the nonlinear partial differential equations (7.22). Conversely, every solution
u(¢@) of (7.22), 2m-periodic in each variable @;, determines the flow on some in-
variant torus which satisfies original Lagrange’s equations. We shall therefore apply
the variational-asymptotic method to the variational problem (7.21). Then it is easy
to see that the first step of the variational-asymptotic procedure leads to the unper-
turbed problem
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VLo 4(u,Vu) — Lo 4(u,Vu) =0,

and, consequently, to the flow on the unperturbed invariant torus induced by the
solution ug (@) of this equation.

Second Step and Sketch of the Proof. In order to justify KAM theorem’ let us
proceed to the second step of the variational-asymptotic method. We fix the solution
of the unperturbed problem on some torus, uy(¢), and look for the extremal of (7.21)
in the form

u(@) =uo(@) +ui (@),

where ) (@) is smaller than uo(¢) in the asymptotic sense. Substituting this into the
action functional (7.21), expanding the Lagrangian in the Taylor series, and keeping
the asymptotically principal terms containing u;, we obtain

B (9)) = [ Lo+ +Lalo-Vau

+ ;(ul ~L_,qq|0u1 +up -qu\OVul +Vu, -L7qq<\0u1 + Vuy 'ng‘()vul)}d(p.
The vertical bar followed by index O means that the derivatives in front of it have
to be evaluated at (uo(¢@), Vug(@)). Thus, these first and second derivatives become
functions of ¢ which are the coordinates on the torus. The obtained functional turns
out to be quadratic with respect to u;. Its Euler-Lagrange’s equation is linear and
can be presented in the form

E(up) +dE (up)u; =0, (7.23)

where
E(u) =VL 4(u,Vu) — L 4(u,Vu), (7.24)

and
dE(ug)ul = V(L_’qqh)vu] ) + (L74q|() 7L7qq|0)vu1 + (Vqu‘() —quq|0)u1 . (7.25)

It is interesting to mention that

d
E(l/l + )‘V)u=0a

dE(u)v = g

so equation (7.23) resembles Newton’s iteration method of finding the root of a tran-
scendental equation or the minimum of a function [41]. According to the variational-
asymptotic method we can also replace L in (7.25) by Ly which makes the error in
determining #; of the order € compared with 1. Since our aim is not computing u,
but just proving the existence of the solution, we keep (7.25) to be exactly as in
Newton’s iteration procedure.

7 See the rigorous and detailed proof in [46].
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One of the difficulties in solving equation (7.23) comes from the linear operator V
in (7.25). Due to the small divisors, entering the representation of this operator with
respect to the Fourier expansion of functions on the torus, its inverse is unbounded.
Indeed, let us consider an equation Vu = g, where functions u and g are 27 periodic
in each variable ¢; and can therefore be presented in terms of the Fourier series

u(@) =Y we®?, glo)=Y ge™?.
kezn kezn

Applying the operator V to u, we get

Vu=Y w; J =y i(k- @)ue™?,
& 7de &

so that the equation Vu = g becomes

Y i(k-0)uge™? = > gke™ .
kezr kezn

Even for non-resonant frequencies the combinations k - @ may become arbitrar-
ily small leading to the unbounded coefficients u; of the series. The diophantine
condition (7.20) has been introduced to remove infinitely small divisors. Now it is
straightforward to show that for @ satisfying condition (7.20) and for every regular
function g(¢) with zero mean value, the equation Vu = g has a unique solution with
zero mean value. Indeed, since the Fourier series for g(¢) converges, the coefficients
g satisfy the following conditions

lgx| < aplk‘

with some positive a and p < 1. Besides, go = 0 as g(¢) has the zero mean value.
Then ug = 0, uy = gx/(ik - ®) and the Fourier series

u _ 8k ok
@=2 i1 )

clearly converges on account of the diophantine condition (7.20). The norm of u(¢)
can be precisely estimated.

But there are still two more obstacles to solving equation (7.23). First, the terms
containing u; and Vu; in equation (7.25) have to be eliminated. Then, the remaining
second order partial differential equation requires a compatibility condition, namely
that the inhomogeneous term E(ug) be of zero mean value. Note that these obsta-
cles disappear in the special case when the identity map up = ¢ is an approximate
solution of E (1) = 0. In this case it is easy to check that the coefficient matrices of
uy and Vu; in (7.25) are small and can be neglected. Indeed, the coefficient matrix
of u; is the Jacobian matrix of E(¢). For the estimation of the coefficient matrix of
Vu; we refer to the subsequent formula (7.29);. Therefore equation (7.23) can be
replaced by



318 7 Coupled Oscillators

V(L 44l0Vur) = —E(9)

and, by the above arguments, it can be solved since the right-hand side must always
be of zero mean value. We conclude that, if the identity map uyp = ¢ is an approx-
imate solution of E(ug) = 0, then (7.23) admits an approximate solution u; so that
the first step of the Newton iteration can be performed in this case.

Now the following idea allows us to reduce the general case to the one where 1 is
the identity map on the torus: let us try to change the Lagrangian so that the changed
Euler-Lagrange’s equation admits the identity map as solution. Consider the group
of one-to-one maps u(¢@) of the torus which acts on the space of Lagrangians L
according to the rule

W'L(g,v) = L(u(p),UV),

where U (@) = du/d ¢ denotes the Jacobian matrix of u and is therefore 27-periodic
in each variable ¢;. Here u*L is regarded as a function of the formal arguments ¢
and v, with v playing the role of the velocity. One verifies easily that

(wov)*'L=u"(v*L), id"L=1L,

where (uov)(¢@) = u(v(¢)) corresponds to the composition of two maps and id is
the identity map id = ¢. Functional (7.21) is compatible with this group action in
the sense that

Ie[uov(@)] = Lo [v(9)];

and, moreover, it is invariant under the subgroup of translations. Since the La-
grangian may change, we attach it as the index to the functional. Taking the variation
of the functionals standing on both sides, we find that

(U E(Luov) = E(w'Ly),

with E(L,u) being the expression (7.24) where the Lagrangian is indicated precisely.
Differentiating this equation with respect to v in the direction of a tangent vector w
to the group of maps at v = id, we obtain

UTdE(L,u)\Uw = dE(u*L,id)w — (dU - w)" E(L,u) (7.26)
The previous equation with v = id reduces to
UTE(L,u) = E(u*L,id). (7.27)

It now follows from (7.27) that whenever  is an approximate solution of E(L,u) =0
then also E(u*L,id) is small and hence the above considerations about the case u =
id show that there exists an approximate solution w of the equation dE (u*L,id)w =
—E(u*L,id). Combining this observation with the identities (7.26) and (7.27), we
conclude that equation (7.23) indeed has an approximate solution u; = Uypw in the
sense that errors of quadratic order are ignored.

The precise estimation for the approximate solution of the linearized equation
(7.23) are based on several formulas which are summarized below. First,
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UTdE(L,u)Uw = V(AVw) + BVw + Cw, (7.28)
where A, B, and C are the n x n matrix-valued functions on 7" defined by
A=U"L\WU, B=U"Ly,—L\,U C=U"E,,
and the following abbreviations are used

d d du

8¢L7V(u(¢)’vu((p))’ E.,(p = E(L,M), U= a(p

Lyy= 20

Formula (7.28) follows from equation (7.26) by inserting the expression (7.25) with
L and u; replaced by u*L and w, respectively. Then we have

VB=C-CT,

Bdg =0, (7.29)
Tﬂ

/ UTE(L,u)dp =0.
Tn

Formula (7.29); expresses the fact, well known in variational calculus, that the op-
erator
Mw =V (AVw)+BVw+Cw,

which represents the Hessian of the functional (7.21), is self-adjoint. Indeed, since
AT = A and B” = —B, the adjoint operator of M is given by

M*w =V(ATVw) — V(BTw) +CTw = V(AVw) + BVw + (CT + VB)w

so that M* = M if and only if CT + VB = C.

The last two formulas reflect the fact that the functional I[u(¢)] defined by (7.21)
is invariant under the subgroup of translations of the torus 7" (see exercise 7.9).

It follows from these formulas that if u is a solution of E(L,u) = 0 and the fre-
quency vector @ is rationally independent then C = 0 and B = 0. Indeed, since
VB = 0 the function B(¢) is constant along the dense line ¢ = wr. Hence it is con-
stant on 7" and it follows from (7.29), that B = 0. As a consequence the linearized
operator is given by

UTdE(L,u)Uw = V(AVw)

which is invertible.

Provided u; can be found and the error we make can be estimated, we now replace
uy by up+ u; and repeat the second step of the variational-asymptotic procedure to
find the next correction. This is the crucial idea of Newton’s iteration leading to the
fast convergence. It can simply be shown in the case of finding roots of transcen-
dental equations that if the initial error is €, then the error after n iteration would be
of the order £2". Such fast convergence, valid also for (7.23) as shown in [46], may
remove the errors induced by the small divisors at each iteration and guarantees the
convergence to the solution of variational problem (7.21).
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7.4 Coupled Self-excited Oscillators

As we know, a self-excited oscillator, such as van der Pol’s oscillator, may gen-
erate a limit cycle periodic vibration with a fixed frequency. What happens if two
slightly different self-excited oscillators are coupled? One may imagine for instance
two violins playing near each other and interacting through the sound wave, or two
Froude’s pendulums connected by a weak spring. Another example is two pendulum
clocks which move into the same swinging rhythm when they are hung near each
other on the wall. Although uncoupled oscillators have in general different frequen-
cies, the effect of the coupling may lead to a vibration which is phase and frequency
locked, or in another word, to synchronization.8

Two Weakly Coupled van der Pol’s Oscillators. We will study the synchronization
of two weakly coupled van der Pol’s oscillators, whose Lagrange function is given
by

1 1
2(x2 +y%) — ) ¥+ (1+ea)y? +ex(x—y)F,

where € is a small parameter, parameter o characterizes the difference in uncoupled
frequencies, while x is a coupling factor. Since we are interested in the primary
resonance, we order the amplitude of the coupling to be the same as the damping
and non-linear term [10]. Thus, the dissipation function assumes the form

L(x,y,%,y) =

coy ] . .
D(x,y.%,3) = ,€[(x* = D&+ (* = 1)y
Then x(¢) and y(¢) satisfy the variational equation

z - noD_ aD. .
6 A L(x,y,x,y)dtf/to (ax 5)C+ ay Sy)dtfo

Generalized Lagrange’s equations read [10]

i+ x+ex(x—y)—e(l—x°
J+(1+ea)y—ex(x—y)—e(l—y*

)X
)y
We need to find the asymptotic behavior of solution in the limit € — 0.

When k = 0 the system (7.30) is uncoupled and the two equations exhibit unsyn-
chronized limit cycle vibrations for x(r) and y(¢) with different frequencies 1 and
V/1+ €. When k is small, then we may expect by the continuity reasoning that the
vibrations are still unsynchronized. For finite k¥ we may have three states of a cou-
pled self-organized oscillator: strongly locked, weakly locked, and unlocked. The
vibration is said to be strongly locked (or strongly synchronized) if it is both fre-
quency and phase locked. If the vibration is frequency locked but the relative phase

0,
(7.30)
0.

8 The earliest known observation of synchronization was made by Huygens. He reported
that “two clocks, hanging side by side and separated by one or two feet, keep between
them a consonance so exact that the two pendula always strike together, never varying”.
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changes slowly with time, it is called weakly locked (or weakly synchronized). If the
frequencies of vibration are different, the system is said to be unlocked or drifting.

Numerical Solutions. The system of equations (7.30) does not admit exact analyt-
ical solutions. So, in order to observe the behavior of solutions and to illustrate the

difference between synchronized and unsynchronized vibrations let us first do some
numerical simulations.

Fig. 7.12 Graph x()y(r) of coupled van der Pol’s oscillators for e = 0.1, o« = 1, and k = 1.2

We take for example € = 0.1, ¢ = 1, and ¥ = 1.2 and find the solution to (7.30)
satisfying the initial conditions x(0) = 1, x(0) = 0 and y(0) = 1, y(0) = 0 by the
numerical integration with Mathematica. The plot of the product x(¢)y(¢) shown in
Fig. 7.12 exhibits obviously synchronization in this case. Indeed, since x(¢) and y()
approach periodic (for small € harmonic) functions with the same frequency and
constant phase difference, their product must have a steady-state character after a
short transient period.

xy

HIJIIM‘ mmm | JJM ! HU“M \M

‘\“'("W”H 'W'W \'{'” - W |
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Fig. 7.13 Graph x()y(¢) of coupled van der Pol’s oscillators for e = 0.1, e = 1, and k = 0.5

If we decrease the coupling factor while keeping all other parameters and ini-
tial data, the response may change drastically. For example, the plot of the product
x(r)y(t) for k = 0.5 shown in Fig. 7.13 does not indicate vibrations of x(¢) and y(¢)
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with equal frequency and constant phase difference. Thus, in this case synchroniza-
tion does not occur, and the system is unlocked.

In the next paragraph we will use the variational-asymptotic method to estab-
lish the law of slow change of amplitudes and phases as function of the frequency
difference and the coupling parameter and to predict the synchronization.

Variational-Asymptotic Method. Let us introduce the frequency @ of vibration
precisely into the variational equation by multiplying it with @ and rewriting in
terms of the stretched angular time 7 = @t for one fix period 27

LA P S N T 2 N2
1) {2w (x"*+y7) z[x +(14+eo)y +ex(x—y)7}dr
70

10+2n (7.31)
+/ o[(1 —x*)¥8x+ (1 —y)y'8y|dt =0,

where prime denotes the derivative with respect to T and 7y is an arbitrary time
instant. We write for short 75 = 0.
We put at the first step € = 0 to obtain

o 1 X2 4y L o 2
5/ )=, (¥ +3)]dT=0.
The 2x-periodic extremal is
X0 =A1cosT+B;sint, yyg=Arc08T+ B;sint, (7.32)

for which the frequency w is equal to 1 as expected.

As soon as € # 0 the coefficients Ay, B}, A, B, are becoming slightly dependent
on time and @ deviates from 1. Therefore we look for the extremal and for the
frequency at the second step in the form

x=A;(n)cost+Bi(n)sint+x(1,n),
y=Ax(n)cosT+Ba(n)sint+yi(7,n), ©=1+ao,

where 11 = €7 is the slow time. We assume that x| (7,1) and y; (7, 7n) are 27-periodic
functions with respect to the fast time 7 and are much smaller than xo and yg in
the asymptotic sense, and @; is much smaller than 1. Note that the asymptotically
principal terms of the derivatives of x and y are

/ /
X =Xor+&Xon+X1,0, Y =Yor+EVon+Vir,

where the comma in indices denotes the partial derivatives. Substituting x, y together
with their derivatives into functional (7.31) and keeping the principal terms of xj, y;
and the principal cross terms between xg, yo and x1, y; we have



7.4 Coupled Self-excited Oscillators 323

4 1 1
5/0 {zx%,rJr 2)’%,1 + X0,7X1,¢ + EXo X1 ¢ + 201X0,7X1.7 + V0,11, T EYo.n Y1,z

1 1
ZX% + 2)’% +xox1 +yoy1) — €[oyoy1 + K(xo — yo) (x1 — y1)

— (1 —xg)x0,x1 — (1= y§)yo,en] }dT = 0.

+2m1y0,7y1,7 — (

Integrating the third up to eighth terms by parts using the periodicity of x; and y;
with respect to 7, we see that the underlined terms gives —2€(xo,rnx1 + yo,eny1) +
2y (xox1 +yoy1)- Then, substituting the expressions for xo and yy into the functional
and reducing the products of sine and cosine to the sum of harmonic functions, we
get the resonant terms which should be removed in order to be consistent with the
above asymptotic expansion. This implies that w; must be of the order &; let us
denote it by @w; = €k;. The equations obtained for Ay, By, As, By read’

A
241y = —2kiB1+A — | (A +B}) + k(B — By),

4
B
231717 =2kiA1+B; — 41 (A%—&-B%) + K'(Az—Al),
_ A2 0 m
2A2-,TI = —2kiBy+aBy+A; — 4 (Az +Bz)+ K(BQ—BI),
B

232717 =2kiAry — Ay + By — (A% —I—B%) =+ K(A] —A2).

4
This system of equations can still be simplified if we introduce the amplitudes and
phases of vibrations in accordance with

A| =ajcos¢;, Bj=a;singy,

Ay =arcosy, By =asin@s.

Thus, a; and a; characterize the amplitudes of x¢ and yy, respectively, while ¢; and
¢, are the corresponding phases.

In terms of the new variables the equations that result from the elimination of the
resonant terms can be written as

2
a .
a1y =ai(1— 41 ) + Kapsin(¢; — ¢),
2
as i
2ar y = ax(1 — 4 ) — Kapsin(¢; — ),
Kaycos() — @)

2¢1-,TI =2k — K+ R
aj

Kaj cos(@; fq)z).

20 = 2k) — 0 — K+
, o

9 One may check this with the TrigReduce command in Mathematica.
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Introducing the phase difference @ = @; — ¢, we reduce this system further to three
differential equations governing the slow change of amplitudes and phase difference

a2
2a17n = al(l — 41 ) + Kagsin(p,
a2
2ay = ax(1 — 42) — Kapsing, (7.33)
az dai
2 = — .
®n +r<c08<p(al az)

After finding the amplitudes and phase difference from (7.33), we can find k; from
the previous equation for ¢; by setting ¢; = 0. This is possible since the original
system is autonomous.

The Slow Flow. Let us seek fixed points of the slow flow (7.33) representing syn-
chronized vibrations of the coupled oscillators. We multiply the first equation of
(7.33) (with the zero left-hand side) by a; and the second by a; and add together to
get

4
=0. (7.34)

Next, multiplying the first equation of (7.33) by a, and the second by a; and sub-
tracting them to obtain

Sing = aa;(at —a3)
4K(a%+a§) '

From the third equation of (7.33) with ¢ ;; = 0 on the left-hand side follows

cosp= R
¢= k(a?—a3)
Using the identity sin® 4 cos? = 1 and setting
p=di+a, gq=di-d,
we get from the two last equations
q°® — pq* + (1602 + 64K p*q* — 160 p* = 0.

In terms of p, g, equation (7.34) becomes

Substituting this equation into the previous one, we obtain finally
P> —20p% 4+ (160% + 322 + 128) p — (640> + 256 K% 4 256) = 0. (7.35)

This cubic equation has either 1 or 3 positive roots for p. At bifurcation, there will
be a double root which appears if the derivative of (7.35) vanishes
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3p? —40p + 160> +32Kk% + 128 = 0. (7.36)

Eliminating p from (7.35) and (7.36) gives the condition for saddle-node bifurca-
tions as

o + (6> +2) o 4 (12k* — 106% + 1) o> +8x° — k* = 0. (7.37)

Equation (7.37) plots as two curves intersecting as a cusp in the (o, K)-plane (see
Fig. 7.14). At the cusp, a further degeneracy occurs and there is a triple root of
equation (7.35). Requiring the derivative of (7.36) to vanish yields p = 20/3 at the
cusp, which gives the location of the cusp as

o= : ~0.1924, k= 2 ~ 0.3849.

V27 V27
K[ ]
SN HOPF ]
i N 1
" % 0 05 a

Fig. 7.14 Saddle-node and Hopf’s bifurcation of coupled van der Pol’s oscillator

Next, we look for Hopf’s bifurcations of the slow flow (7.33). The presence of
a stable limit cycle surrounding an unstable fixed point, as occurs in a supercritical
Hopf’s bifurcation, means a weakly locked quasiperiodic motion of the original
system (7.30). Let (a0, a20,@o) be a fixed point. The behavior of the system (7.33)
linearized in the neighborhood of this point is determined by the eigenvalues of the
Jacobian matrix

3a3,—4 .
- K sin @ K COS Qpdr0
. 3a3,—4
— K sin @ — — KOS Poao

_ Kcos(po(a%o—ka%o) K cos (po(a%o-&-a%()) . Ksin(po(a%()—a%o)
a%Oazo aloa%O ajpazo
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Using the above relations between ay, as, sin @, cos ¢ and p, g, we can express the
elements of this matrix in terms of p. The eigenvalues of this matrix are the roots of
the cubic equation

A+ A? + e 4o =0,

where
_p—4
C = 5
_IpP—112p* 4+ (1602 +512)p — 512
“a= 64p — 512 ’
_ pt—22p3 +160p* — (3202 +384)p
0= 128p — 1024 '

For a Hopf bifurcation to occur, the eigenvalues A must include a pair of imaginary
roots, +if3, and a real eigenvalue, y. This requires the characteristic equation to have
the form

A3 —yA? 4+ B4 — By =0.

Comparing these cubic equations, we see that a necessary condition for Hopf’s bi-
furcation to occur is

co = c1cy = 3p* —59p° + (=80 +400)p” + (480> — 1088) p + 1024 = 0.

Eliminating p between this equation and (7.35) yields the condition for Hopf’s bi-
furcation as

4908 4 (266K% 4 238) o + (88Kk* 4+ 758k + 345) or* + (— 10565
+1099%* 4 892Kk2 + 172) o — 1152K% — 2740%° — 876x* + 16 = 0.

This equation plots as a curve in the (¢, k)-plane, which intersect the lower curve
of saddle node bifurcation at point P and touches the upper curve of saddle-node
bifurcation at point Q with the coordinates (see Fig. 7.15)

P: 2~ 0.1918, k =~ 0.3846, Q: o =~~0.1899, k =~ (0.3837.

We see that the main features of saddle-node and Hopf’s bifurcations of a coupled
van der Pol’s oscillator are quite similar to those of forced van der Pol’s oscilla-
tor discussed in Section 6.3. Strong synchronization occurs everywhere in the first
quadrant of the (o, k)-plane except in that region bounded by i) the lower curve
of saddle node bifurcations from the origin to point P, ii) the curve of Hopf bifur-
cation from point P to infinity, and iii) the o-axis. However, there is an additional
bifurcation here which did not occur in the forced problem. There is a homoclinic
bifurcation which occurs along a curve emanating from point Q. This involves the
destruction of the limit cycle which was born in the Hopf bifurcation. The limit cy-
cle grows in size until it gets so large that it hits a saddle, and disappears in a saddle
connection (see the details and further references in [10, 43]).
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Fig. 7.15 Blowup of cusp region

In summary, we see that the transition from strongly synchronized vibrations to
drifted vibrations involves an intermediate state in which the system is weakly syn-
chronized. In the three-dimensional slow flow space, we go from a stable fixed point
(strongly locked), to a stable limit cycle (weakly locked), and finally to a periodic
motion which is topologically distinct from the original limit cycle (unlocked). As
in the case of forced van der Pol’s oscillator, in order for the strong synchronization
to occur, we need either a small difference in uncoupled frequencies (small ) or a
strong interaction of oscillators guaranteed by a large coupling factor x.

7.5 Exercises

EXERCISE 7.1. Derive the equations of nonlinear vibration of the double pendulum
considered in exercise 2.1.

Solution. Let us find the exact formula for the kinetic energy of the point-mass m,.
As seen from Fig. 2.14, the cartesian coordinates of this point-mass are

Xy =licos@+hcospy, yr=Isin@;+Lsing,.
Thus, the kinetic energy of m; equals

1 1 , ) .
K = Zmz()% +33) = 2m2[llz(p]2 +B,¢3 + 21 cos(@1 — ¢2) 1 2]
Taking the kinetic energy of m; and the potential energy of the point-masses as in
the solution of the exercise 2.1, we obtain the exact Lagrange function in the form
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1
L=
2(

+ (my + my)gly cos @1 + magly cos ;.

) 1 ) L
my+m)l; ¢f + zmzl§¢>§ +malilp cos(@1 — @2) 1

After some simple transformations we obtain from Lagrange’s equations
@1+ occos(Qr — @2) @ + asin(@y — @2) P37 + I sing; =0,
2+ Beos(gr — @2) 1 — Bsin(gr — )97 + ) sings =0,

where

- mzlz - ll
(my+ma)ly’ L’

EXERCISE 7.2. Hamilton-Jacobi equation. Let the action function S(g,#) be defined
as the integral

Sqo.0(q51) :/Ldt
Y

along the extremal y connecting the points (go,#p) and (g,). Show that S(g,t) sat-
isfies the Hamilton-Jacobi equation

as as

Solution. Let us first fix the time instant ¢ and consider different extremals ending
at different points g. Calculating the variation of S we get

t (0L dJL
- -0gdt =0.
" /lo ( dg dtdq ) 1
The second term vanishes because the variation is taken along the extremals satisfy-

ing Lagrange’s equations. The first term, evaluated at the lower limit # is also zero
because gy is fixed. Replacing dL/dq by p, we obtain

t

T

6S=p-dq,
and, consequently
s
dq b

Now we let also 7 change. Then, it follows from the definition of S that its total time

derivative equals L
ds

=L
dt
Using the chain rule of differentiation we have

ds _9ds as . _ds
dt ot 8qq78t P-4
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Thus,

a8 o
Py =L—-p-qg=—H(q,p).

Substituting p = dS/dq into the Hamilton function and bringing —H to the left-
hand side, we obtain the Hamilton-Jacobi equation.

EXERCISE 7.3. Find the action variable for the Duffing oscillator with

1

11
2(p2+U(61)), U=U(q)= ¢+ ,oq".

H =
(g:p) N

Solution. According to the definition of the action variable

1
I= dqg.
27rqu

We use the exact solution (5.12) of the Duffing equation to evaluate the contour
integral. Since p = ¢ and dg = ¢dt and since the phase curve is symmetric about the

g- and g-axes we have
qm T/4
f.pdq:4/ pdq:4/ g-dt.
0 0

Now we substitute the solution (5.12) into this integral. Since
q(t) =acn(bt,m), ¢= —absn(bt,m)dn(bt,m),

where

oa?

\/+Oca, m 21 + )’

the integral becomes

T/4 T/4
jf pdg =4 / g*dt = 4a’b* / sn*(bt,m)dn? (bt,m)d.
0 0

Changing the variable 7 to u = br and taking into account that bT /4 = K (m), we get

2 (K0 2
pdg =4a"b sn” (u,m)dn”(u,m)du.
0

This integral of Jacobian elliptic functions can be computed analytically.'® The
result is
(=142m)E(m)+ (1 —m)K(m)

3m

9

j{pdq =4a*b

where K (m) and E (m) are the complete elliptic integrals of the first and second kind,
respectively. Thus, the action variable equals

10 Use the formulas given in 5.13 of [3] or the symbolic integration with Mathematica.
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_ 2a*b (—1+2m)E(m) + (1 fm)K(m)

1
T 3m

The total energy of the Duffing oscillator depends on the amplitude a as follows

1 1
H= 2a2+ 4(xa4.

Using the properties of the complete elliptic integrals one can show that

dl  2abK(m)
da  ©

Therefore

dH dH/da a(1+d*)n b 2n

dal = dlfda " 2abK(m) ~ 2K(m) T ~ @)
EXERCISE 7.4. Simulate numerically the Poincaré map for the Hénon-Heiles equa-
tions which can be obtained as Lagrange’s equation of the following Lagrange func-
tion

L= (@437~ (P )+ 28— ),
2 2 3

Choose the cut plane x = 0 and the total energy i) Eg = 0.01 and ii) Ey = 1/8.
Observe the difference in cases i) and ii).

Solution. Let us derive the equations of motion of these coupled oscillators in the
Hamilton’s form. Denoting ¢; = x, g» = y and introducing p; = qi, p» = g2, we
transform the above Lagrange function to the Hamilton function

2
B).

(41 + a3+ 249192 — ;

1 1
H= (pi+p3)+,

Hamilton’s equations are

@1=p1, p1=—(q1+2q192),
@=py Pr=—(Q—B+q)
This dynamical system has one stable fixed point at the origin (0,0) and three un-
stable fixed points given by

P :(0,1), Py:(v3/2,—1/2), P3:(—V3/2,—1/2).

The contour plot of the potential energy U (q) = 5 (@ + @3 +297q2 — %qg) is shown
in Fig. 7.16. The separatrices connecting the unstable fixed points are straight lines
and correspond to the energy level 1/6. All contours with the potential energies less
than 1/6 are inside the triangle PP, Ps.
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Fig. 7.16 Contour plot of the potential energy of Henon-Heiles oscillators

As the dynamical system of Henon-Heiles oscillators is conservative, the energy
conservation reads

H(qap) :EO7

and the phase curves having the initial energy £y must lie on some 3-D energy level
surface. We use this integral to find p;. Then the phase curves must be found in
some 3-D space of parameters g1, ¢, p2. To follow the traces of these phase curves
we choose the cut plane ¢; = 0 and plot the Poincaré map numerically using the code
written by Weinstein. The results are shown in Fig. 7.17 for the case Eg = 1072 (left)
and Ep = 1/8 (right), respectively. For Ey = 102 we see four families of embedded
tories corresponding to ordered motion. For Ey = 1/8 one observes a chaotic see
surrounding small islands of ordered motion.

Fig. 7.17 Poincaré maps of Henon-Heiles oscillators: a) Eg = 0.01, b) Eg = 1/8
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EXERCISE 7.5. Modal equation in a rotating frame. In the frame rotating with the
constant angular velocity ®, the presence of Coriolis and centripetal accelerations
changes the equations of motion (7.7) to

U

J+20i— oy =— 5
y

d
i 20y — 02— — ’
X 'y X ax

For this system, obtain a first integral and use it to derive a modal equation for the
orbits in the (x,y)-plane which does not involve time ¢.

Solution. The first integral can easily be obtained if we know the kinetic and poten-
tial energies. The absolute velocity of the point-mass equals

V=V +Vr,

where v; = ® x r = (— oy, @x) is the instantaneous velocity of the point-mass ro-
tating together with the frame about the z-axis and v, = (%,y) the relative velocity.
Thus,

V= (X—oyy+ ox),

and the kinetic energy for m = 1 becomes
L. .
K=, [(t—wy)’+(y+ox)?).

Together with the potential energy U (x,y), the conservation of the total energy reads

1

) (X — wy)? + (y+ 0x)] + U (x,y) = Eo.

We seek the nonlinear normal modes as periodic solutions by assuming y as a func-
tion of x, without direct reference to time 7, and try to eliminate ¢ in these equations.
Using the chain rule

. /. . .2 /s

Yy=yx, y=yxX+yx
with prime denoting the derivative of y with respect to x, and substituting this into
the Lagrange equation for y to get

oU oU
- ="+ 2oy i+ o*x—

9 e ) —20i — w?y.

Next, we plug y into the energy conservation

|
L (1+3?) +20(07 = )i+ 07 (¢ +3)] + U (x,y) = Eo.

Solving this equation with respect to X, we obtain

—o(xy —y) £ /0 (xy = y)? — (1 +y?)[02(x2 4+ y?) + 2U (x,y) — 2Eo]

X = 1+y/2
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Substituting this formula into the above equation, we derive the nonlinear modal
equation in terms of y(x).

EXERCISE 7.6. A rigid bar, connected with two linear springs of stiffnesses k; and
ko, carries out a translational motion of its center of mass S in the vertical direction
and a rotation in the plane about S (see Fig. 7.18). The supports A and B can freely
move in the horizontal direction to keep the springs in the vertical position. Derive
the equations of motion for finite x and ¢. Obtain a first integral and use it to derive
a modal equation.

Fig. 7.18 Nonlinear model of vehicle

Solution. Let ¢ = (x, @) denote the generalized coordinates. We write down the
kinetic and potential energies of this system as follows

1 1
K(q) = 2mx + Js(p,
1 1 .
Ulg) = 2k (g +x+14 Sln(p) +2k2(xst“v‘X—1251n(p)2—|—mgx
1
2k (x—l—llsm(p) +2k2(x—lgsin(p)2

+ (k1 +ka)xo +mg)x+ (kily —kalo) sin + (k1 +ho)x,
Taking the force and moment equilibrium
(ki +ko)xg +mg =0, (kili —kal2)xy =0

into account and removing the last constant term in the potential energy, we can
represent it in the form

1 . 1 .
Ux,p) = 2k1 (x+ 1 sing)? + 2k2(x — Lsing)?.
It is now straightforward to derive Lagrange’s equations

mi+ (ki +ko)x+ (kily — kolo) sing =0,
1 .
Is¢ + (kily —kalo)xcos @ + (k113 + ky13) sin2¢ = 0.
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The first integral corresponding to the energy conservation follows

1 1
2mx2 + 2J5(p2 +U(x,0)=Ep.

On the other hand, we can represent the equations of motion in the short form

.U U
mx — ox’ SO = 8([)

To derive the modal equation, we assume ¢ as a function of x, without direct refer-
ence to time ¢, and try to eliminate 7 in these equations. That is, we assume @ = @ (x)
and compute its time derivatives according to the chain rule

p=0'(x)x, §=0¢"(x)i+¢ (),

with prime denoting the derivative of ¢ with respect to x. Using the first equation
of motion to compute the acceleration X and substituting it into the second equation,
we get

5 1 U U

! —_
m? (x) 8x] o’
Next, we substitute ¢ into the energy conservation and solve the latter with respect
to X to find
2 2[E0 - U()C, (,0)]
m+Js@'(x)*

The modal equation can finally be obtained by substituting this expression into the
above equation

JS{ ,,(X)Z[EO*U()C,(,O)] 1 QU} U

Js[o" (x)x

m+Js¢' (x)? m? (x) ox

o’

This last equation can be transformed to

10U 1 U

o " ()2 _ ! _
2[E0 U()C, (P)}(P ()C) + [m+J5([) ()C) HJS a(p m(p ()C) ax} Oa
where
U .
P (k1 +ko)x+ (kily — kalp) sin @,
U 1 .
29 = (kily — kalp)xcos @ + 2(k1112+k21%) sin2¢.

EXERCISE 7.7. Derive equations (7.14).

Solution. We shall derive this system of equations from the equations of slow flow
for Ay, B1, Aa, By obtained in Section 7.2 by the variational asymptotic method
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3 3 3
Al = SBI(A%‘FB%) + SBI(A%+B%) + 432(A1A2 +B1B2),

3 3 3
*SAI(A%JFB%) - SAI(A§+B§) - 4A2(A1Az+Ble),

3 3 3
A = (8 +3K)By (A3 + B3) + 832(1‘\%‘5‘3%) + 431(A1A2 +BB»),

3 3
Bon=—(g +3K)Ax(A} +B3) - SAz(A%+B%) _

Bin =

3
4A1(A1A2+3132)-

Multiplying the first equation by Aj, the second by B, and adding them together,
we obtain 3
AjAin+ BBy = 4 (A1A2 + B1B2)(A1By — A2By).

Using the definitions of the amplitudes and the phase difference, it is easy to see that
the following identities

1d 1d ,

= a17
2dn 2dn
A1Ay + BBy = ajazcos(¢r — ¢1) = ajap cos @,
A1By — AyBy = ajaz sin(¢p — ¢1) = ajaz sin@

AlA1n+BiBiy = (A2 +B3)

hold true transforming the above equation to
3 . 3 _
ajayy = 8a%a%sm2(p = aip= 811](1%51112([)-

Thus, the first equation has been proved. The second equation for a; can be derived
similarly. In this case we multiply the third and the fourth equations of the above
system by A; and B;, respectively, and then add them together. The result is

1 d

3
A3 +B3) =
ZdT[( 2 2)

4 (A2B1 —A1B;)(A1A2 + B1By).
With supplement of the following identity
A231 —A132 = —a)ap sin o,

we transform this equation to
a _ 3 22 . _ 3 2 .
202 = g1 sin2¢p = ayn= g% sin2g.
To derive the equation for the phase difference, we multiply the first equation by A,,

the second by Bj, the third by A, and the last by B}, and then add them together.
The latter, after some calculation, can be written as
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d

g A142+ B1B2) = 3K(A By — A2B1) (A5 + B)).
The derivative on the left-hand side of this equation can be expressed in terms of ay,
ap and @ according to

dn (a1a2 cos (p) = (almaz + alagm) CosSQ —aiarPn sin @

3 3
= (Sala%sinZ(pf Sa?az sin2¢)cos @ —ajar @, sin@

[4a1a2(a% —a?)cos’ @ —ajar @ q]sin @,
whereas the right-hand side is simply 3Ka1a§ sin ¢. Plugging these into the above
equation and dividing both sides by aja; sin @, we obtain the evolution equation for
the phase difference
3
0n = - (@ — ) cos? p—3x,
which, by recalling cos? ¢ = (14 cos2¢)/2, can be rewritten as

3
- K)a% +

2 2
8(

3 1
0 =g (at +ad) +3( &~ af) cos26.

4
EXERCISE 7.8. Compute the approximate Poincaré map from the first integral
(7.17) numerically for the energy level Ey = 0.4 and for the parameter € = 0.1,
Kk = 0.1, and compare it with the Poincaré map obtained by the numerical integra-
tion of the exact equations (7.1).

Solution. In order to compute the Poincaré map of the exact equations (7.1) we
adapt the Mathematica code written by Weisstein to them. Such modified code is
shown below. There are two main functions: the first is used to produce surface of
section by condition x = 0 with the given initial conditions x(0) = xp, y(0) = yo
and y(0) = yo, whereas the second plots the result using the ListPlot command. The
initial velocity x(0) should be computed through others by using the first integral

B

Lo 1o, 1o o0 0 4 4 4
_ =FE,
LA HY) () ) 0,
which implies
o 2E— 2 — (2 42) = K n_ B 4
X0 0— Yo (xo+)’0) 2(x0+y0) 2()’0 x0)*.
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SurfaceOfSection[{x0_, {y0_, dy0_}, e_, a_, B_}, tmax_] :=
a a B
Module [{dx0 = sart[2 e - x0? - y0? - — x0¢ - — y0* - = (v0-x0)¢ - ay0*], x, v, t},
2 2 2
If[# == {}, {}, First[#]] &@Last [Reap [NDSolve[ {

' U[e] = -x[t] -ax[t] A3+ (v[t] - x[t])+3,

y''[t] = -y[t] ~ay[t]*3-B (v[t] -x[t])*3,

y[0] =y0, y'[0] == dy0, x[0] == x0, x'[0] == dx0},

{x, ¥}, {t, 0, tmax}, Method » {EventLocator, "Event" - x[t],

"EventCondition" » (x'[t] > 0.), "EventAction" :» Sow[{y[t], ¥y'[t]}]}
111

]

Internal DeactivateMessages[ListPlot[
SurfaceOfSection[{0., {0., -0.65}, 0.4, 0.1, 0.01}, 2000],
PlotStyle » {PointSize[.005], Black},
AspectRatio -» Automatic, AxesLabel -> TraditionalForm /@ {y[t], ¥[t] },
ImageSize » 500]]

The map obtained from the first integral (7.17) can be plotted with the Paramet-
ricPlot command. The comparison of these two maps was shown in Fig. 7.11.

EXERCISE 7.9. Prove the formulas (7.29); 3.
Solution. Let us recall the definitions of matrices A, B, and C
T T T T
A=U"L\U, B=U'Lyy—L,,U, C=U"E,,
where the following abbreviations are used

J d J
Lip = 3, Lou(9).Vul0), Eg= J E(Lu), U=_

Consider first the matrix B with the elements
T T
Bij = Un[Lovolmj = [LyglimUnj,
where the elements of matrices U and L, are given by

du; 9L
= b) [L7V(P]n1] - 8@] avm.

Using these formulas for U and L ., we compute B;; explicitly

COuw 0 L @ IL duy

Bi = 50 9g; v~ 01 dvm d9;
- a( d 8L)7 9> JL
T 009 v " @id@; dvm
0 d JL 22 IJL
(ttm

=90, 31 dvn) T 30,001 v
L9 9L 0 0aL
T 00 "0 v A0 " gr dvm
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where the identity of mixed derivatives
92 92
200 .('):a ) ()
PioQ; Pjo o

has been taken into account. Since u,, and v,, are 2x-periodic in each variable ¢,
so are the expressions in the above parentheses. Thus, it follows immediately that

- B,‘j =0.

Next, we turn to the vector Q = U Tg (L,u), whose components are

du JL d
gy _ 9%k _
Qi = Uy Er(L,u) 90, (Vaqk (u, Vu) aqu(u,Vu))
o 8uk ) J JL _8uk JL
=90, wj@(pj e (u, Vu) 90; du (u, Vu)
o d JL 8uk JdL ) 82uk 31/!]( JL
= wja(pj [avk (u, Vu) a(Pi} ~ ow (u,Vu)a)]a(pja(pi — 90; duy (u,Vu).
Noticing that

82uk d 8uk d(pj 8vk

P 9000~ dg g di gy

the expression for Q; reduces to

d . dL dug, JL
0= ; [ (u, Vu) ] — .
IP;j Ik @i 09
Using the periodicity condition of u# and v with respect to ¢, we see that the integral
of Q; on the torus also vanishes

/ UXEi(L,u) = 0.
Tn

EXERCISE 7.10. Simulate numerically the solutions of equations (7.30) satisfying
the initial conditions x(0) = 1, ¥(0) =0 and y(0) =1, y(0) =0 fore = 0.1, a =1,
and x = 1.2. Plot the curves x(¢), (), and x(¢)y(¢) and compare them with the cor-
responding curves obtained from the slow flow system (7.33). Explain why synchro-
nization leads to the stationary behavior of the amplitude modulation of x(¢)y(¢).

Solution. In order to compare the numerical solutions x(¢), y(¢) of the exact equa-
tions (7.30) and their amplitude modulations obeying the slow flow equations (7.33),
we need to refer (7.33) to the same time variable. Thus, it is necessary to solve the
slow flow equations in T = @t by changing from 1 to T according to

d d dr 1d

dn ()= dr(.)dn € dr(.)'
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The following pieces of code in Mathematica provide the numerical solutions to the
systems (7.30) and (7.33). The curves x(¢) and y(¢) corresponding to the numerical
solution of (7.30) as well as their amplitude modulations are shown in Fig. 7.19.

sol = NDSolve[{x' '[e] +x[t] +ex (x[t] -y[t]) -e (1-x[t]?) x'[t] =0,
y''[E]l+ (1+ea) y[t] -ex (x[t] -¥[t]) -€ (1-¥y[e]?) ¥'[£] =0,
x[0] =1, %' [0] = 0, y[0] =1, ¥'[0] = 0}, {x[t], ¥[t]}, {t, 0, 5x10%}];

al[t]?
1-

2
slow = NDSolve[{— al'[t] == al[t]
€

] +xa2[t] sin[o[t]],

2 [ a2t 2]
—a2'[t] = a2([t] [1- -xal[t] sin[e[t]],
€ 4

2 a2[t] ail[t]
Z'[t] = a+xCos[p[t]] [ - ),a1[o] =1, a2[0] =1, @[0] = o},
€ allt] a2[t]

{allt], a2[t], ¢[t]}, {t, 0, 500}];

Based on the variational-asymptotic analysis we can present the asymptotic so-
lution (in the first approximation) to the equations of coupled oscillators in the form

xo(t,1) = ai(n)cos(wt —¢1(n)), yo(t,n) = az(n)cos(wt — $(n)),

where 11 = €7 = ewt. Using the product rule of trigonometric functions, we compute
their product

20(t,m) =xo(t,M)yo(t,n) = ;al(n)az(n)[cos@wtf o1 (n) — ¢2(n)) +cosp(n)].

In the expression in square brackets the first summand containing the fast variable ¢
describes the fast oscillating contribution to the product with the amplitude éalaz,
while the second summand describes the slow oscillating contribution with the same
amplitude. Thus, the amplitude modulation of x(z)y(¢) at large time can be described
asymptotically as

a(m) = S (M)as () (1 + cosg()).

We see that if strong synchronization occurs, then a(7) must approach a constant
value. The curve x(¢)y(¢) corresponding to the numerical solution of (7.30) as well
as its amplitude modulation, shown in Fig. 7.20, indicates the occurrence of strong
synchronization and confirms the analysis provided in Section 7.4.

EXERCISE 7.11. Recheck the slow flow equations (7.33).

Solution. We recall the equations of slow flow for A;(1) and B;(n) obtained in
Section 7.4

A
2419 = —2kiB1+A — | (A +B}) + k(B — By),

4
By

2B1y =2kiA1 + By — 4 (A2 +B3) + k(A3 —A)),
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"””” ol

tio: (dhdl )

A
, A3+ B3) + k(B —By).

B
2By = 2kiAy — Ay + By — 42 (A3 +B3) + k(A1 — Az).

20y = —2kiBy+aBy +Ay —

Multiplying the first equation by Ay, the second by B, and adding them, then per-
forming the similar operations for the third and the fourth equations, we obtain

1
2(A1A1y +BiB1y) = Af +Bi — 4 (AT+B7)* + K(A2B1 — A1 By),
1
4 (A3 +B3)° — k(A1 — A1),
Expressing A; and B; in terms of ai, a, and ¢y, ¢», this system can be rewritten as

2(AyAr + ByBy ) = A3+ B3 —

o
2aya1 = at — 41+K axsin(¢ — ),

4

2ayay y = %*ZZ—K axsin(¢; — ¢),
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which is equivalent to

2aip=ai(1—- )+ Kassing,

aj
4
2
2ar y = ax(1 - 42) —Kapsin g,

where ¢ = ¢; — ¢ is the phase difference.
Returning to the system of slow flow equations, we rewrite them in terms of ay,
ay, ¢1, ¢ as follows

2(ay ncos ¢y —aysin@ ¢y ) = —2kja; sin gy + aj cos @

- ia?cosd}l + x(a; sing; —azsingy),
2(ay psingy +ajcos @191 ) = 2kja; cos ¢y + a; sin @,

— ia% sin@; + K(acos gy — ajcos ),
2(asncos @y —arsin ¢ ) = —2kiaz sin ¢ + aa; sin ¢y + a» cos ¢,

1
4a%cos¢2+ K(azsin ¢y — a;singy),

2(aznsingy +azcos pr ¢ ) = 2kjaz cos ¢ — auaz cos ¢, + a sin ¢y

1
— 4a§ sin, + K(ajcos @y — azcos ).

Multiplying the first equation by sin ¢y, the second by cos ¢;, subtracting the first
equation from the second one, and using the identity sin® ¢ 4 cos? ¢ = 1, we obtain

a
201 =2k — K+ xa? cos(dy — ¢).

In a similar manner, we multiply the third equation by sin ¢, the fourth by cos ¢
and subtract one from another to get

20, =2k — 00— K+ K‘Zl cos(91 — ).
2

The evolution equation for the phase difference ¢ = ¢; — ¢ is easily derived by
subtracting one from another of two equations just obtained yielding

a ap
20 = Oc—l—(a] - az)cosq).

EXERCISE 7.12. Solve the slow flow system (7.33) numerically for & = 1, and x =
1.2, with the initial conditions a;(0) = 1, @2(0) = 1, and ¢(0) = 1. Plot the curves
ay(t), ax(t), and @(z), and observe their behavior as 7 becomes large.
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Fig. 7.22 The phase difference ¢(¢) of the weakly coupled van der Pol’s oscillators

Solution. The numerical solution of the system can be obtained via the NDSolve
command provided in Mathematica. The plotted curves of amplitudes a;(¢) and
ay(t) are shown adjacent to each other in Fig. 7.21, where it can be seen that they
stay constant as time ¢ tends to infinity. The next Figure 7.22 shows the plot of the
phase difference ¢(z). Observe that the phase difference also approaches a constant
value as time goes to infinity. The figures illustrated here are generated using the
numerical solution obtained with the following piece of code.

al[t]?

2
slow = NDSolve[{— alt[t] == al[t] [1 - +xa2[t] Sinfe[t]],

€

—a2'[t] = a2[t]
€
2 a2[t] ail[t]
Z'[t] = a+xCos[p[t]] [ - ),a1[o] =1, a2[0] =1, @[0] = }
€ allt] a2[t]

{allt], a2[t], ¢[t]}, {t, 0, 500}];

2 ( a2[t]2]
1- -xal[t] sin[e[t]],

The behavior of the amplitudes and of the phase difference indicates that, after
a short transient time of unsynchronized oscillations of the amplitudes, the steady-
state synchronized vibrations of the coupled oscillators occur. This is also confirmed
by the analysis of the coupled self-excited oscillators provided in Section 7.4 and
by Fig. 7.14.



Chapter 8
Nonlinear Waves

This Chapter studies several nonlinear equations of wave propagation which admit
the exact solutions by the inverse scattering transform. It analyzes also the amplitude
and slope modulations obtained by the variational-asymptotic method which may be
applied to non-integrable systems as well.

8.1 Solitary and Periodic Waves

Korteweg-de Vries Equation. Let us begin our study of nonlinear waves with the
Korteweg-de Vries (KdV) equation [26]

Uy 46Ul x+ U e = 0. (8.1)

This equation arose originally in the theory of shallow water waves, but it is now
widely used to describe dispersive waves in various nonlinear media.! The constant
factor 6 in front of the nonlinear term is conventional but of no great significance.
The last term accounts for the dispersion. Due to the balanced effects of nonlinearity
and dispersion, waves may propagate without changing their shape. To demonstrate
this let us seek a particular solution of (8.1) in form of wave traveling with constant
velocity ¢
u=¢(&), &=x—c,

which is similar to d’Alembert’s solution for linear hyperbolic waves. Substitution
of this Ansatz into (8.1) gives

—c¢'+69¢"+¢" =0,
with prime denoting the derivative with respect to £. The integration yields

! Particularly, Zabusky and Kruskal [54] have shown that the KdV equation is the continuum
limit of the equations governing the Fermi-Pasta-Ulam chain. Note that the original KdV
equation [53] differs from (8.1) but can be brought to this form by a simple transformation.
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9" =3¢’ +co—g,
where g is an integration constant. This resembles the equation of motion of mass-
spring oscillator with a unit mass and a nonlinear restoring force derivable from the
cubic potential energy U (@) = ¢ — éc([)2 +go.
The first integral of the above equation
is

@’ 1(0/2 =—¢’+ 1C(pz—g(p—l—h.

2 2
In the special case when ¢ and its first
derivative tend to zero as & — H-o0, we
may set g = h = 0. Then the first inte-
gral becomes

011

O.‘1 O‘.Z 0‘.3 0‘4 05 >"p
9% =¢*(c—2¢).

The corresponding phase curve in the
(@, ¢')-plane is the separatrix shown
in Fig. 8.1 for ¢ = 1. It is seen that ¢
increases from zero at £ = —eoo, rises
to a maximum ¢, = ¢/2 and then de-
Fig. 8.1 Separatrix creases to zero as & — oo, The solution
of the last equation can be found ex-
plicitly by quadrature and is given by

Q!

9(8) = sech’

This particular solution is called a soliton. Mention that the solution remains still
valid if & = x — ¢t —d, where d is any constant. Looking at this solution we can
observe that: i) the wave speed of the soliton is twice its amplitude, ii) the width
of the soliton is inversely proportional to the square root of the wave speed and
therefore taller solitons are narrower in width and move faster than shorter ones.
The shape of the solitary wave for ¢ = 1 is shown in Fig. 8.2.

In general g and & differ from zero and

(p/2 = P((P),

where p(¢) is a cubic polynomial having three simple zeros. For bounded solutions
all zeros must be real, and the periodic solution must oscillate between two of them.
Let the zeros be by, by, b3, and we order them such that by > b, > b3. Then

(@) = —=2(@—b1)(@ —b2)(@ —b3).



8.1 Solitary and Periodic Waves 345
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Fig. 8.2 Solitary wave of KdV equation

Since p(@) > 0 for @ € (by,b;), the solution oscillates between b, and b;. So, let
us define a = b; — b, as the amplitude of the wave. Comparing p(¢) with that in the
first integral, we find

c=2(by+by+b3), g=biby+bibs+brby, h=bbybs.

It can easily be checked that the solution of the first integral is expressed in terms of
Jacobian elliptic function cn as follows (see exercise 8.1)

P(8) = b+ (b1 —ba)en’(V/ (b1 —b3) 28, m), m = Z: :Zi.

Such periodic solutions are called cnoidal waves. As the period of cn2(u,m) in its
argument u is 2K (m), with K (m) being the complete elliptic integral of the first kind,

the wave length is
2K
A= (m) (8.2)
V(b1 —b3)/2
The phase velocity of this periodic wave packet is ¢ = 2(b| + b, + b3). The solution
can also be presented in the form

¢(6) = y(0) = y(kx — ax),

where y(0) is the periodic function of period 27. Since k = 27 /A, we have for the
frequency
w=ck= 2([91 +by+ b3)k.

From (8.2), by — b3 is a function of A and a = by — b,. In the special case b, = 0
the root b3 can be expressed through a and the dispersion relation for these periodic
waves takes the form

o= Q(k,a).

We see that the dispersion relation for nonlinear waves involves the amplitude, what
is quite similar to nonlinear vibrations where the frequency depends also on the
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amplitude. If the amplitude of the wave is small, a < 1 and m — 0 then 2K (m) ~
T, SO ® ~ 2bzk ~ —41{21{ = —k3, and we recover the dispersion relation of the
linearized KdV equation

Uy + Uy =0.

In contrary, if b3 — 0, m — 1, and a = by — ¢/2, then the wavelength A tends to
infinity, and the solution approaches that of soliton.

Nonlinear Klein-Gordon Equation. We turn next to the nonlinear equation which
is derivable from the following Lagrangian

1 1
L= 2“’2’_ 2M?X—U(u).

Euler-Lagrange’s equation reads
Uy — U+ U'(u) =0. (8.3)

This is the so-called non-linear Klein-Gordon equation which arises in various phys-
ical situations. This is especially true of the case U(u) = 1 — cosu known as the
Sine-Gordon equation for which U’(u) = sinu. It describes for instance free tor-
sional vibrations of an elastic rod along which rigid pendulums are attached at close
intervals. The pendulums cause additional restoring forces proportional to sinu. An-
other mechanical problem leading to this equation deals with the motion of dislo-
cations in crystals, where the sinu term occurs due to the periodic structure of the
crystal lattice. Besides, it is used in modeling Josephson junctions, laser pulses and
many other phenomena. The alternative choice U (1) = u?/2 + au*/4 arises in the
problem of free vibrations of a pre-stretched string along which nonlinear springs
with the cubic nonlinearity are attached at close intervals. Mention also that the
small amplitude expansion of the Sine-Gordon equation leads to this model with

o=-1/6.
We look first for the soliton travel- )
ing with a constant velocity ¢ < 1 in the e

form: u = @(&), & = x — ct. Substitution
of this Ansatz into (8.3) gives

(1-c%)g" ~U'(9) =0. !

This resembles the equation of motion ! 4 s .
of mass-spring oscillator with a mass
m = 1—¢? and a nonlinear restoring -if
force derivable from the potential energy
—U (). The first integral is =

1
2’”‘9/2—U(<P) =h.

Fig. 8.3 Separatrix



8.1 Solitary and Periodic Waves 347

If @ and its first derivative tend to zero as & — oo, then h = 0. For definiteness we
consider U(¢) = ¢*/2 + aup* /4 with a negative a. The first integral with 4 = 0

1
¢? = m<p2(1 +a¢?/)2)

plots as the separatrix in the (¢, ¢’)-plane shown in Fig. 8.3 forc =1/2, a« = —0.1.
Thus ¢ increases from zero at & = —oo, rises to a maximum ¢,, = /2/| | and then
decreases to zero as & — oo, The solution of the last equation can be found explicitly
by quadrature and is given by

2 20 k1=

0(8)= o] 4 e20E1/V/1-¢2

This solitary wave is shown in Fig. 8.4. Mention that the solution remains still valid
if £ = x—ct —d, where d is any constant. We can observe that: i) the amplitude of
the soliton is constant and independent of the wave speed, ii) the width of the soliton
is proportional to v/1 — ¢2, so the narrower soliton moves faster than the wider one.

Fig. 8.4 Solitary wave of Klein-Gordon equation

Let us find now the periodic solutions of Klein-Gordon equation. They are ob-
tained by taking u = y(0), with 8 = kx — ¢, where we assume that y(0) is 27-
periodic function. Substituting u = y(0) into (8.3), we get

(@~ )" +U'(y) =0.

The finding of y(0) is equivalent to searching for the 27-periodic extremal of the
following functional

Op+2m |

M=, @ —E)* ~U(y)as, (8.4)

where 6y may be set equal to zero without limiting the generality. The first integral
of Lagrange’s equation reads
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1

L (@ =Ky +U(y) =h.

Its solution can be found by the separation of variables. The result is

V-2 dy
VA s

If U(y) is either a cubic, a quartic, or a trigonometric function, then y(6) can be
expressed in terms of standard elliptic functions. Periodic solutions are obtained
when v oscillates between two simple zeros of A — U (). At the zeros y'(0) =0,
and the solution has a maximum (crest) or a minimum (trough); these points occur
at finite values of 6 since the above integral converges when the zeros are simple.
We denote the zeros by y; and y», and consider the case

vi<y<y, h-U(y)>0, o’ —k>0.

As the period of y(6) is assumed to be 27,

Vo2 dy
m="" f\/h_U(w). (8.5)

The contour integral in this formula denotes the integral over a complete oscillation
of v from y; up to Y, and back, so it is equal to twice the integral from y; to y»
because the sign of the square root has to be changed appropriately in the two parts
of the contour. This integral may also be interpreted as the contour integral around
a cut from yq to Y, in the complex y-plane.

In the linear case U(y) = 51//2, and, as we know, the 27-periodic solution is

a2

y(0) =acosf, h= 5
so the amplitude a cancels out in the integral on the right-hand side of (8.5). Then

(8.5) becomes the linear dispersion relation
0>~k =1,

obtained previously for the linear Klein-Gordon equation. This dispersion relation is
also the solvability condition of the variational problem (8.4). In the nonlinear case
the parameter s does not drop out of (8.5) and we have the typical dependence of the
dispersion relation on the amplitude. Consider for example the case U (@) = ¢?/2+
o.@* /4 with small c. Then (8.4) is exactly the variational problem (5.4) studied by
the variational-asymptotic (or Lindstedt-Poincaré) method in Section 5.1, with @?
replaced by @”> — k? and € by a. Therefore the following asymptotic formulas

3 3
\/a)z—l<2:1—|—80ea2 = a)z—k2:1+4oca2,
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and
3

y(6) =acosO + a;zz (cos36 —cos0)

follow at once.

Behavior of Solitons. Through extensive
numerical simulations of the KdV equa-
tion? the following remarkable behavior
of solitons was discovered. If we con-
sider two solitons traveling from left to
right with the taller one behind as shown u(x,1)
in Fig. 8.5, then since the taller soliton
moves faster than the shorter soliton, they
will collide. After a short collision time
of nonlinear interaction and overlapping
the solitons separate again, with the taller u(x,1)
one now ahead, and the amplitudes and
velocities regain their initial values. The
only effect of nonlinear interaction are
phase shifts, that is the centers of solitons
are slightly shifted from the places where
they should have been as if there had been
no interaction (see Fig. 8.6). This resem-
bles the collision of particles; so similar to particles the name soliton was given to
these special waves.

u(x,f)

Fig. 8.5 2 traveling solitons

0.4

Fig. 8.6 Two-soliton solution of the KdV equation

This remarkable numerical discovery led to a series of first integrals of the KdV
equation. All these first integrals are of the form

2 First initiated by Zabusky and Kruskal in 1965 [54].
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o dlu
Ij:/_ij(u,u_’x,..., &xj)dx:const,

where P; are polynomials. For example, the first three integrals are (see exercise 8.3)

oo oo oo 1
14 :[ udx, IO:[ Wdx, I :[ (u372ui)dx.

In searching for further first integrals of the KdV equation Miura discovered the
following transformation: if v is a solution of the modified KdV equation

Vi— 6v2v_,x +V o =0,

then
U= —(v2 +vy)

satisfies KdV equation. This is readily seen from the relation
Uy + 06Ul x+ oo = —(2v+0x) (v — 6v2v_,x +V x)-

The equation u = —(v2 +v ) may be viewed as Riccati’s equation for v in terms of
u. It can be transformed to a linear equation by substituting v = y /. This yields

Yo +uy =0.

Since the KdV equation is Galilean invariant, that is invariant under the transforma-
tion '
(x,t,u(x,1)) = (x—ct,t,u(x,7) + 60),

it is natural to replace u by u — A and consider the equation

Vo Huy = Ay.

This is nothing else but the stationary Schrodinger equation which has been studied
extensively in context of the scattering problem, where function —u(x,#) plays the
role of the scattering potential. The association of the Schrodinger equation with
the KdV equation led Gardner, Green, Kruskal, and Miura later [16] to the fruitful
development of a beautiful mathematical method called inverse scattering transform
which can be used to fully integrate a wide class of nonlinear partial differential
equations [1]. We consider this method in the next Section.

8.2 Inverse Scattering Transform

This Section presents the analytical solution of KdV equation based on the inverse
scattering transform.>

3 See the detailed derivations in [1].
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Lax Pair. Let us consider the KdV equation (8.1) subject to the initial condition
u(x,0) = up(x),

where ug(x) decays sufficiently rapidly as |x| — . Since the KdV equation is non-
linear, the Fourier transform cannot directly be applied to solve this initial-value
problem. However, as motivated in the previous Section, we can relate this equation
to the stationary Schrodinger equation

Ly =Ay, (8.6)

where L is the linear operator defined by

Ly =y +ulx,1)y.

The idea is based on the following construction proposed by Lax [30]. Assume that
W evolves in time in accordance with

v =Ay. 8.7)

Thus, A is the linear operator governing the time evolution of y. Now we calculate
the time derivative of equation (8.6)

Liy+Ly,=Ay+Ay,.
Taking into account (8.7) we transform the above equation to
(Ly+LA—AL)y =2, y.
Thus, if AJ = 0, then the so-called Lax equation
L;+[LA]=0, [LA]=LA—-AL,

holds true. The problem reduces then to finding A so that Lax’s equation is compat-
ible with the KdV equation. It is easy to show by the direct inspection (see exercise
8.4) that Lax’s equation is compatible with the KdV equation if we choose A as
follows

Ay = (Y+ux)y— (44 +2u)y,, (8.8)

where 7 is an arbitrary constant. The byproduct of Lax’s construction is that the
KdV equation possesses an infinite number of first integrals since all eigenvalues
of Ly = Ay are such first integrals. The linear operators L and A, called Lax’s
pair, have been found later on for a wide class of nonlinear partial differential
equations, including the Sine-Gordon equation, the nonlinear Schrodinger
equation, the Kadomtsev-Petviashvili equation and many other equations of
mathematical physics.*

4 The list of fully integrable nonlinear equations can be found in [1].
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Inverse Scattering Transform. Based on the Lax representation we can now solve
the KdV equation, corresponding to u — 0 as |x| — oo, in three steps sketched below.
The mathematical justification will be given in the next paragraph.

i) First step. At time ¢ = 0 the initial condition u(x,0) = up(x) is known. With
these given initial data we solve the direct scattering problem: find the eigenvalues
and the corresponding eigenfunctions of (8.6). One can show that the spectrum of
the Schrodinger equation with u(x,7) — 0 as |x| — oo is discrete for A > 0 and con-
tinuous for A < 0. Denote the discrete eigenvaluesby A = k2,n=1,2,...,N and the
continuous eigenvalues by A = —k?. It turns out that the normalized eigenfunctions
corresponding to the discrete eigenvalues behave asymptotically as x — oo according
to

— KnX

Wy (x,1) ~ oy(t)e ,

with the normalization condition
/ vldx=1.

For the continuous spectrum the asymptotic behaviors of the eigenfunctions are
described by

v(x,t) ~e 4 p(k,1)e™  asx— oo,
w(x,1) ~ t(k,t)e ™ asx — —oo,

where p (k,t) is the reflection coefficient and 7(k,7) the transmission coefficient. At
t = 0 the obtained scattering data

S(2,0) = ({Ka, 04(0)}3=1. P (k,0), 7(k,0))

serve as the input data for the next step.

ii) Second step. We use now the evolution equation (8.7) with A from (8.8) to de-
termine the time dependence of the scattering data. We know that k;, are unchanged.
It will be shown that, forn=1,2,...,N

Gu(t) = 0,(0)e* !

and

Thus, the scattering data at time ¢ are given by

S(A’t) = <{Kﬂ’G”(t)}nNzlvp(k’t)vr(k’t» N

We use this as the input data for the last step.
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iii) Third (last) step. At this final step we solve the inverse scattering problem:
reconstruct the potential u(x,#) which is the solution of the KdV equation from the
knowledge of the scattering data S(2,7). The results may be summarized as follows.
From the scattering data we find the function

N
2”2 e / p(k,t)e™dk.

We then solve the linear integral equation
K(x,y,t) + F(x+y,1) +/ K(x,z,1)F(z+y,1)dz=0, (8.9)
X
called Gelfand-Levitan equation. Finally we compute u(x,?) in accordance with

d
u(x,t) = 28x [K (x,x,1)].

As we see, this method is conceptually quite similar to the Fourier transform used
for solving linear equations (cf. Chapter 4), except that the last step of solving the
inverse scattering problem is highly nontrivial. Schematically, the described steps
may be summarized in the following diagram

direct scattering
—

u(x,0) S(1,0)

time evolution
u(x, t) inversﬁltering S(), 7 t)
In this diagram the direct scattering plays the role of the Fourier transform, while the
inverse scattering the inverse Fourier transform. The time evolution of the scattering
data is similar to the multiplication of the Fourier image with function ¢>®) which
accounts for the dispersion. Note that at each step we have to deal just with linear
problems which are “doable”.

Mathematical Justification. In this paragraph we present briefly the justification of
the above results based on the direct and inverse scattering problems.> In the direct
scattering problem it is convenient to put A = —k? and write (8.6) as

W+ [u(x,1) + Ky = 0.

For a given k we let ¢ (x,k), ¢ (x,k) and w(x,k), W(x,k) be the corresponding eigen-
functions which satisfy the following asymptotic behaviors

O(x,k) ~ ™, (x,k) ~e ™ as x — oo,
W(x,k) ~ e ™ (x k) ~ as x — —oo.

5 See the detailed expositions in [1].
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Equation (8.6) is a linear second order differential equation. Therefore, between
these eigenfunctions there are linear relationships

W (x,k) = a(k) (x.k) + b(k)§ (x,k),
W (x.k) = —a(k)g (x.k) + (k)¢ (x,k).

where a(k) and b(k) satisfy the following symmetry properties
a(k) = —a(—k) = —a*(k*), b(k) =b(—k)=b*(k").
Besides, the following identity holds true
a(k)a(k) +b(k)b(k) = —1.
This can easily be checked by computing the Wronskians giving
W (y(x,k), 9 (x,—k)) = [a(k)a(k) + b(R)b(K)|W (¢ (x,k), 6 (x,k)).

We introduce t(k) = 1/a(k) and p (k) = b(k)/a(k) as the transmission and reflection
coefficients, respectively and consider the normalized eigenfunction y(x,k)/a as in
the previous paragraph. It is easy to see that |p (k)|> +|7(k)|> = 1.

We turn now to the time dependence of the scattering data. The evolution of
y(x,k,t) is described by (8.7), with A from (8.8). We introduce the modified eigen-
function N(x,k,t) such that

Clzl;/(x,k,t) — Nk r)e
Then N satisfies the equation
= (Y — 4ik> + u , + 2iku)N + (4k* — 2u)N
The asymptotic behavior of y(x,k,¢) implies that

N(x,k,t) — t(k,t) asx— —eo,

N(x,k,t) = 1+ p(k,t)e*™  asx — oo,

By considering the above equation for N(x,k,t) as x — —eo and using the fact that
u and its first derivative tend to zero in this limit, we obtain

= (y—4ik®)1.

Thus, the choice y = 4ik® makes the transmission coefficient 7(k) independent of 7.
Then, in the other limit x — co we get

pi=8ip = plk.1)=p(k0)et*",
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Concerning the discrete spectrum we know that the eigenvalues A = k2 are posi-
tive and time independent. Denote by ), (x, k;,,¢) the eigenfunctions with the asymp-
totic behavior y, ~ e~ ¥ as x — o and assume that Y, (x,) = 0, (¢) xn (x, Ky, 7). With
(8.6) and (8.7) it is easy to check that

d oo oo
dr mefdx:—SKSmefdx.

Taking into account the normalization condition we have
1
2
0, 1) = .
n( ) fim X}% d.x

Thus,
3 3
02(t) = 62(0)®" = 0,(t) = 0,(0)e*".

The rigorous derivation of the Gelfand-Levitan integral equation requires a
deeper insight into the spectral analysis [18] than that provided so far. Let us show
nevertheless how to obtain, at least formally, this equation by working with the
Schrodinger equation in an equivalent “time domain”. We consider equation (8.6)
as the Fourier transform of the “wave” equation

Qxx— Qoo +up =0, (8.10)

where function @(x, 0,7) is the Fourier image of y/(x, k,t) with respect to k

o(x,0,1) = / - v(x,k,1)e™® dk.

We suppress at present the true time variable 7. Consider an incident wave ¢ =
O(x+ 0) from x = oo and let the reflected wave be F(x — 6). Thus,

O~ Qo=0x+6)+F(x—0) asx— oo

We propose that the corresponding solution of (8.10) may be written

0(x.0) = 0. (x.0)+ | K(x2)9.(x,0)dz,

what is equivalent to a crucial step in Gelfand-Levitan’s work. By direct substitution
in (8.10) we verify that there is such a solution provided

Ky—Ko+uk=0, z>x

ulx)=2 a;K(x,x),

d
K,K;—0 asx— oo,

This is a well-posed problem, therefore K (x,z) exists. From the causality property
of the wave equation we know that ¢ must vanish for x4+ 6 < 0. Therefore
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0o (x,0) + /DQK(x,z)(pw(x, 0)dz=0 forx+6<D0.
x
Introducing the expression for @..(x, 6) in this equation we get
K(x,—0)+F(x—0) +/MK(x,z)F(z— 0)dz=0 forx+6<0.
x
With 6 = —y this becomes Gelfand-Levitan equation (8.9). At a fixed time #, F is
determined from the direct scattering problem in terms of u(x,?) as
N

1 [ .
Flr—0) — 204\, —Kn(x—6) / ik(x—8) g
(x—0)=> o;(r)e —1-271_ _wp(k,t)e dk

With 8 = —y and with the scattering data at time ¢ we obtain the expression for
in the Gelfand-Levitan equation.

Reflectionless Potential. The solution of the Gelfand-Levitan equation simplifies
considerably if the reflection coefficient is zero. In this case we obtain the special
soliton solutions by the separation of variables. Indeed, if p (k,7) = 0, then we have
for function F(x,t)

N
=Y aH(e ™,
n=1

with o,(r) = O'n(O)e4’<'?’ > 0 and distinct x, > 0, n =1,2,...,N. So the Gelfand-
Levitan equation becomes
N oo N
K(xy.0)+ Y, op(1)e ™0t +/ K(x,z,1) Y, op(t)e ) dz =0,

n=1 x n=1

We seek the solution of this equation in the form

oy
x ,)51) 2 Onvn(x "

Substituting this solution Ansatz into the integral equation we getform=1,2,....N

(Km+r<n)x =0 (f)e K.
+; A () = ou(r)e

This is a system of N algebraic equations which can be written in the matrix form
as
(I+C)v=f, (8.11)

where v= (vi,va,...,v3)T, = (f1, f>,-.., fv)! with f,, = Oe ™* m=1,2,...,N,
I is the identity matrix and C is a symmetric N X N matrix with elements
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Opm(t)op(t) _
Con = (1)en(r) (KntK)x o n=1,2,...,N.
Kin + Kn
A sufficient condition for the system (8.11) to have a unique solution is that C is
positive definite. The latter holds true because the quadratic form

_ Al O (t)0n(t)Em&n ~(mt)x [ J —Kpx ’
gcg=3 3 OO SE e | (ﬂz]ano)&ne ) "

is clearly positive for an arbitrary & # 0. The unique solution to the KdV equation

in this case is 5

u(x,1) = Indet(I+ C)]. (8.12)

28x2[

Soliton Solutions. Consider first the simplest case N = 1 for which

C = Glz(t) e*ZK']X — 612(0) 672K1x+81('?l
2K'1 2K'1 '

Introducing & = x — ¢t — d, where

1 0
cead d=— 10

K1 2K1 ’

we may write C = ¢~ 2515, Then

2

2 92 = 2xfsech?(x; &)

u(x,t) = [In(1+C)] = 8x?

C
(14+C)?
coincides with the one soliton solution obtained in Section 8.1.

For N = 2 we have

A=det(I+C)=1+ 2K + o228 + e—2K1§1—2K2§2+A12’

with

K1 — K2
=x—4K’t—d, A;p=21 .
gn X n ny 12 n<K1+KZ)

This formula implies that the only effect of the interaction of two solitary waves is a
phase shift. Indeed, consider the trajectory &; = const, and assume that k> k> > 0.
Then

A~ l+e 28 agt— —oo,
A ~ e 208 + e 2K 208+ ot oo



358 8 Nonlinear Waves

Therefore, from (8.12) it follows that for fixed &;
2

2, 2(In4)~ 2xPsech® (k&) +8iF)  ast — too,
X

u(x,t) =

with
1

51+:2

Aja, 3; =0.
Similarly, for fixed &,
2 anh2 +
u(x,r) ~2K5sech” (k28 +05°)  ast — oo,

with |
5;20, 52_: 2A12.

Thus, for large negative time, the taller soliton is behind the shorter one, and vice-
versa for large positive time. The phase shifts of solitons are Aj/2 and —A2/2,
respectively.

The calculations for N solitons show the similar behavior. If k1 > K, > ... >
Ky > 0, then for fixed &,

u(x,t) ~2x2sech®(k,&, + 85)  ast — oo,
where X
N n—
Ky — K Kin — K,
5 = zln(" m), 5n:21n<m )
m=n+1 Kn + Kin m=1 Kin + Kn

Therefore, the n-th soliton undergoes a phase shift given by

N n—1
s+ s— z Kn — Km 72 K — Kn
5n*5n 6,, B ln( > m]ln(Km“FKn).

m=n-+1 Kn + K

We see that the total phase shift is equal to the sum of phase shifts resulted from
pair interaction with every other soliton.

To illustrate the relationship between the initial condition and the number of soli-
tons, let us take the initial condition in the form

u(x,n) = N(N + 1)sech’x.
In this case the scattering problem, with A = k2, reads
Vo + [N(N + 1)sech’x — K2y = 0.

If we make the transformation g = tanhx, then this equation becomes

>y dy K
J— 2 J— J—
(1—u )dﬂz Z'udu +[N(N+1) -

2
,lw=0, (8.13)
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which is the associate Legendre equation (see [3]). Equation (8.13) has N distinct
eigenvalues x;, = 1,2,..., N and bounded eigenfunctions in terms of Legendre poly-

nomials
—nx

W (x) = 1Py (tanhx) ~ cpe as X — oo,

where ¢, is determined from the normalization condition. The N-soliton solution of
the KdV equation is given by (8.12), where

Coun = Cm+Cn ei(mﬁk”)x.
m+n

In particular, the two-soliton solution of the KdV equation satisfying the above
initial condition for N = 2 reads

3+ 4cosh(2x — 8¢) + cosh(4x — 64¢)

1) =12 .
ux) [3cosh(x — 28¢) + cosh(3x — 361)]2

If we introduce & = x — 16t and &, = x — 4t, then the two-soliton solution can be
expressed as

3+4cosh(2&; +241) 4 cosh(4&;)

ulx,r) =12 [3cosh(&; — 127) + cosh(3&; + 121)]%’

and, alternatively,

3+4cosh(2&;) + cosh(4&, — 48r)

M =12 5 cosh(&, - 241) + cosh(3E, — 241)]2

Expanding these formulas, keeping &; (alternatively &) fixed, it is easy to see that
ast — oo

1 1
u(x,t) ~ 2sech? (& + 5 In3) 4 8sech?(2&; 7 5 In3).

Thus, the phase shifts are +1n3/2 in this case.

8.3 Energy Method

In this Section we are going to apply the variational-asymptotic method to general
variational problems of wave propagation.

Variational-Asymptotic Method. Consider the variational problem in form of
Hamilton’s variational principle: find the extremal of the action functional

Hui(x,1)] = //L(ui,ui,a,ui,z)dxdt, (8.14)
R
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where R =V X (fo,1) is any finite and fixed region in (d + 1)-dimensional space-
time. We assume that u; are prescribed at the boundary dR. We look for the extremal
of this variational problem in form of a slowly varying wave packet®

ui:llli(eaxat)a (815)

where 0 is a function of x and ¢, y; are 27-periodic functions with respect to 6.
Function 6 plays the role of the phase, while 8 , and —6, correspond to the wave
vector ko and the frequency @, respectively. As in the linear case we assume that
functions 6 ¢, 6, and y;(6,X,t)|g—const change slowly in one wavelength A and one
period 7. The latter are defined as the best constants in the inequalities

2r 2r

0al< " 6= (8.16)

The characteristic length- and time-scales A and T of changes of the functions 0 4,
0, and y;(0,X,1)|g=const are defined as the best constants in the inequalities

2n 2n 2n 2n
|9’aﬁ‘§l/\’ |9’w‘§lT’ 9,at|§TA, |9,tt|§TTa

o < Vi PATARS Vi ol < W 8.1

Gail = s ldwil < o [Wiel < Wi, (8.17)

where dg W; = dy;/dxy with 8 = const, and d; y; = dy;/dr with 6 = const. There-
fore it makes sense to call 0 “fast” variable as opposed to the “slow” variables x
and ¢. Thus, in this variational problem we have two small parameters A /A and
T/T.

We now calculate the derivatives u; o and u;;. According to (8.15)

Ui = 0o Wi+ VioOo, Uiy =0 Wi+ Ye0;.
Because of (8.16) and (8.17) they can be approximately replaced by
Uio = VYi90o, Uis=Ye0,.

Keeping in the action functional (8.14) the asymptotically principal terms, we obtain
in the first approximation

Io[wi] = //L(l/f,-, Vio8.0s Vo8, ) dxdr.
R

Similar to the linear case we decompose the domain R into the (d + 1)-dimensional
strips bounded by the d-dimensional phase surfaces 0 = 27n, n = 0,£1,£2,....
The integral over R can then be replaced by the sum of the integrals over the strips

6 The amplitudes a; appear later.
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//dedt - 2//L(y/,-,%799,a,q/i7997,);<d9d§, (8.18)

R

where  are the coordinates along the phase surface 6 = const, and « is the Jaco-
bian of transformation from x,7 to 8, {y. In the first approximation we may regard
K, 04 and 0, in each strip as independent from 6. Therefore we obtain the same
problem in each strip at the first step of the variational-asymptotic procedure [8]:
find the extremal of the functional

_ 27
Wil = [ L. VioOa. i06,)do (8.19)

among 27-periodic functions y;(0). Since the quantities ko = 6, and — = 6,
change little within one strip, they are regarded as constants in the functional (8.19).
The Euler-Lagrange equation of this functional is a system of » nonlinear second-
order ordinary differential equations. Its solutions contain 2n arbitrary constants: n
of them is determined from the conditions that y;(60) are 27-periodic functions, the
other n conditions can be chosen by fixing the amplitudes a; as follows: max y; =
|la;|, where a; are arbitrary real constants.” We call this variational problem strip
problem.

Let us denote by 27L the value of the functional (8.19) at its extremal. The quan-
tity L is a function of a;,0 o and 6. The sum (8.18), as A /A — 0 and 7/T — 0, can
again be replaced by the integral

/ / L(ai,0,,0,)dxdr. (8.20)
R

Euler-Lagrange’s equations of the average functional (8.20) read

L 9oL 9 oL

2a =0, =0. (8.21)

9690, " 0xy 904

We will see that equations (8.21); express the solvability condition for the strip
problem leading to the nonlinear dispersion relation, while (8.21), is equivalent to
the equation of energy propagation.

Strip Problems. As an example let us consider the strip problem for the nonlinear
Klein-Gordon equation, whose Lagrangian is given by

1 1
L= 2“"2’_ 2M?X—U(u).

In this case the average Lagrangian must be calculated according to

7 This choice is dictated by the phase portrait of the strip problem. We will see later that, in
some cases, the constants must be chosen by fixing the slopes rather than the amplitudes.
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_ 1 27 1
L=_ min / [, (@ — )2~ U(y))de,
0
where @ = —0; and k = 0 are regarded as constants. We use the first integral
1
(@ R+ U(y) = U(a) = h

to express L in the form

i= /zn(a)z—kz)w’zde—h
21 Jo '

Changing the variable 6 — y, we obtain finally

2n

=l (a)z—kz)/ vdy—h= 1 \/2((»2 —k2) 75 Vh—U(y)dy—h. (8.22)
2r 0 2r

The contour integral in (8.22) denotes the integral over a complete oscillation of
from b, with U (b) = U(a), up to a and back, so it is equal to twice the integral from
b to a because the sign of the square root has to be changed appropriately in the two
parts of the contour. This integral may also be interpreted as the contour integral
around a cut from b to a in the complex y-plane, where y plays the role of the
variable of integration.

Now let us consider the average variational problem (8.20) in which L is given
by (8.22) with h = U(a), @ = —6,, and k = 6. Euler-Lagrange’s equations of this
problem read

JdLdh 0 oL d JdL
dhda” " Torde " vy k

It is easy to see that differentiation of L with respect to & gives

=0. (8.23)

oL 1 \/co2

oh 2 %\/h Uy

Thus, the first equation of (8.23) is nothing else but the nonlinear dispersion relation
(8.5) for the nonlinear Klein-Gordon equation. Together with the kinematic relation

ki+@g=0, (8.24)

they form a system of nonlinear coupled equations describing the amplitude modu-
lations.

The strip problems for two or more unknown functions reduce to the problem
of finding the nonlinear normal modes already solved in Chapter 7. Consider for
example the wave equations which are Euler-Lagrange’s equations of the following
Lagrangian

1
L= u%,x+u%,x)7u(ulvu2)'

2 2
uy, + ”2,t) - 2(

5
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This Lagrangian arises in the problem of coupled vibrations of two pre-stretched
strings along which nonlinear springs with the cubic nonlinearity are attached at
close intervals, where function U (uy,u;) describes the potential energy density of
the springs. The strip problem becomes: find the 27-periodic functions y; and y»
which minimize the following functional

27 ]
Wiy el = [ L (@ =) (Wo + Vo)~ Ulya y2)]de.

Denoting ®> — k> = m, we write the corresponding Lagrange’s equations in the form

U U
my ge = _31111 , MYyn e = —3%-

This is nothing else but equations (7.7) studied in connection with the nonlinear
normal modes in Section 7.2. If we seek the nonlinear normal modes as 27-periodic
solutions by assuming > as a function of yj, then the problem reduces to solving
the modal equation

, U, au

which is the ordinary differential equation of second order, where the prime denotes
the derivative with respect to y; and £ is a constant in the first integral

1
2mll/12,9(1 + ) +U(y1,y) = h.

Particularly, if U (y1, y») equals

1 o o
W%wm:gw+2W+%+2ﬁ+@wf%W,

then the normal modes become similar modes y, = cyq, with

1 1
=1,—-1,1— + 1/4 —
€=5HT5 2K K'\// %

where k¥ = 3/ o is the coupling factor. The strip problem reduces then to the prob-
lem with one unknown function admitting the analytical solution (see exercise 8.7).
Thus, for k¥ < 1/4, there are two additional normal modes bifurcated out of the
antisymmetric mode W, = — 1 (vibrations in counter-phases) at k¥ = 1/4. This in-
dicates the bifurcation of amplitude modulations in our original problem of wave
propagation.

Hamilton’s Equations for the Strip Problem. It is quite straightforward to trans-
form Lagrange’s equations of the strip problem to the equivalent Hamilton’s form.
We take the differential of the Lagrange function A (y;, y!) = L(y;, ko W/, — W)
as function of y; and ¥ = y; ¢
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n9A IA
dA = dyi+ 2 dy).
,21(3% Vit oy V)

We introduce new variables p; = dA /dy; and the Hamilton function H (v, p;) as
Legendre’s transform of A (y;, y/) with respect to y/

H(yi,pi) ZPIV/ A.

The Lagrange’s equations of the strip problem are equivalent to

,  OH ,_ OH
ll/z - apia pl - all/l’
for all i = 1,2,...,n. These replace n differential equations of second order by the

system of 2n differential equations of first order. The functional (8.19) may now be
written as

2 N
[l//tapz */ ZPI‘I/ H l//,,p,

It is easy to check that the extremal of this functional among 27-periodic functions
y;(0) and p;(0) corresponds to the extremal of the functional (8.19). If the Hamilton
function does not depend explicitly on 0, then the first integral follows

Adiabatic Invariants. If we consider wave propagation in weakly inhomogeneous
media or wave propagation under some external forces which change slowly in
space and time, then the Lagrangian depends explicitly on x and ¢. This is quite
similar to the vibrations of a non-autonomous mechanical system where one pa-
rameter of the system changes slowly in time.® It turns out that some quantities,
called adiabatic invariants, remain constant in this situation. The finding of these
adiabatic invariants can be done by the variational-asymptotic method. For simplic-
ity let us consider a nonlinear oscillator with one degree of freedom ¢(¢) and one
slowly varying parameter A (¢). Hamilton’s variational principle states that

t
§ [ Lig.q,2)di =0.
T

We first calculate the average Lagrange function for the periodic motion with 4
held fixed. Since the period is 7 = 27/, we have

- o (T
= L(g,g,A)dt
M/O (9,4,2)

8 For example, the vibration of a pendulum with slowly changing length.
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With A = const the conservation of energy

JdL
j..—L=h
q 94
holds true. This equation may be solved with respect to ¢ so that the generalized
momentum p = dL/d¢ can be expressed as

p=r(q,hA).

Using the same conservation of energy we may calculate the average Lagrange func-
tion as follows

L= w/T 'dtfh—w]{ (g hA)dg—h (8.25)
72”Opq *2” pqaa q ) .

where § pdq means the integral over one complete period of vibration which corre-
sponds to the close orbit in the phase plane. We now allow a slow change of 4 in
time, and consider the average variational problem obtained as the particular case
of (8.20)
1 _
0 L(a,0;,A)dt=0.
To

Here 0; = —®, with w being the frequency of vibration. Lagrange’s equations of
this variational problem read

dL _oLdh 9 oL _ oL _

da ~ onda " 9190, ordw (8:26)

The first equation is nothing else but the frequency-amplitude equation of this non-
linear oscillator (see exercise 8.8). The second equation leads to the conservation of
the action variable
oL 1
I(w,h) = o = 2 f.p(q,h,l)dq = const,
which is just the classical result of the adiabatic invariant [5]. From (8.25) and (8.26)
the period is given by

which is also classical.

From this analysis we see that for waves the quantities dL/d® and dL/dk, are
akin to the adiabatic invariants with respect to time and space. If the wave packet is
uniform in space but responding to changes of the medium in time, then we must
have

= const.

W
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Alternatively, for a wave packet of fixed frequency moving in a weakly inhomoge-
neous medium dependent only on one coordinate x, we have

= const.

dk

In general, modulations in space and time balance according to the equation

9L 9 oL _

IO xg dhg

which describes the propagation of the amplitude modulations.

Effect of Damping. If the medium in which waves propagate possesses some vis-
cosity, then the energy is not only transported by the waves, but also dissipated
during the process of wave propagation. The average equations of amplitude mod-
ulations can be obtained by the variational-asymptotic method for the case of small
dissipation. Let us illustrate this on the example of the nonlinear Klein-Gordon equa-
tion with a small resistance force

Ugr — U+ U (1) = fu,uy),

where f(u,u;) = —dD/du, is a small term of the order (7/T )u, with D(u,u ;) being
the dissipation function assumed as homogeneous of order 2 with respect to u;. It
is easy to show that this equation can be obtained from the variational equation

3//[;@— ;ufx—U(u)]dxdt+//f(u,u,,)5udxdt:0. (8.27)

In the first step of the variational-asymptotic method we neglect the last term in
(8.27) as small compared with other terms and seek for the solution in the form

u= uO(eaxat)a

where up and 6 behave in the same way as in (8.15). So, the analysis provided in
the first paragraph of this Section leads to the following strip problem

1 1 2 2y, 2
mar){lul(?:a<2(w —k )MO,G_U(M0)>7

where (.) = 2171 02” .d0 denotes the averaging over the strip, and where ® = —0;
and k = 6, are treated as constants. Let L(a, @, k) be the minimum and up = y/(a, )
the corresponding minimizer of this strip problem.

It can be shown that the second step brings correction of the order u; ~ (7/T )ug
in u and corrections of the order (7/ T)zu(z) in the average Lagrangian and dissipation
causing no influence on the average equations for a and 6.

To find the average equations let us substitute u = y/(a, 6) into the original vari-
ational equation (8.27) and keep the asymptotically principal terms up to the order
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(t/T)y? of smallness. Replacing the sums over the strips by the integrals in the
limit /A — 0 and 7/T — 0, we obtain

6//Z( _9,.6, dxdt+// ye0)8y(a,0))dxdr =0,

Substitution of Sy = y,0a+ Y 00 into this equation yields

6//L a,—0,,6; dxdt—l—// ) (Wada+ e88)) dxds = 0.

It is easy to see that the term containing da in the second integral brings just a small
correction to the dispersion relation, so it can be neglected. Since the dissipation
function D(u,u,) is a homogeneous function of second order with respect to u,,

2 2 _
(f(v,—ypm)yed0) = w<D(‘lf’—llfew)>59= wD397

where D is the average dissipation function. Thus, the average variational equation

reads
5//L —0;,0 dxdt+// DS86dxdt =0. (8.28)

Varying equation (8.28) with respect to a, we obtain

oL

da =0,

which shows that the dispersion relation remains exactly the same as in the case
without dissipation. Varying (8.28) with respect to 6, we derive the following equa-
tion _ _

ddJdL JIL 2 _

dtdw dxdk o

This equation shows the loss in wave action due to dissipation. We see also that the
term on the right-hand side must be maintained because it is of the same order of
smallness as the terms standing on the left-hand side. The energy balance equation,
which can easily be obtained from here, reads

(wLy—L); —(0Ly)=—2D.

We see that some portion of energy is transported by the energy flux —wLy, and
some is simply dissipated against the resistance due to viscosity. To complete the
system of average equations of amplitude modulations we have to include also

k,t + CO,X = Oa

which is simply the kinematic relation. It is easy to generalize this result to higher
dimensions and more unknown functions.
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8.4 Amplitude and Slope Modulation

This Section studies the theory of amplitude (or slope) modulation of nonlinear
dispersive waves and presents some of its selected applications.’

The Near-Linear Case. As we know already from the previous Section, the ampli-
tude modulation in 1-D case is described by the equations

l—47a :O, k7t+w7x:O,

(Lo)s—(Li)x=0. (8.29)

The first equation corresponds to the nonlinear dispersion relation. The near-linear
theory is obtained by expanding L in powers of the amplitude. This expansion may
be taken as

L=G(w,k)a®+Gy(w,k)a* +....

Computing L ,, we may solve (8.29); with respect to @ to have explicitly
o =Q(k,a) = Qok) + Q(k)d> + ..., (8.30)

where
- 2Go(Qo(k), k)

G.w(Qo(k),k)"

We see that the dispersion relation @ = Q(k,a) couples the remaining equations
(8.29). With (8.30) equation (8.29), becomes

G(Q()ak) =0, QZ(k) =

k. + [Q4 (k) + Q5 (k)a* k. + Qo (k) (a?) » = 0.

The important coupling term is 2, (k)(a?) . because it leads to the correction O(a)
to the characteristic velocities. The other new term €} (k)a’k , merely contributes
the correction of oder O(az). Concerning (8.29)3 the inclusion of terms of order
a* would provide corrections of order a” to the existing terms. Therefore in the
first assessment of nonlinear effects we leave in the dispersion relation only one

additional term €2, (k)a® and consider

k + Q(k)k x + 2 (k) (a?) » =0,

8.31
(@) + (@(0?) =0, (&30

This system of equations admits the characteristic form. To see this let us multiply
the first equation by p and the second by ¢ and then add them together. The resulting
equation is

[Pk, + (py+ qQ(')’az)k,x] + [q(az),, + (p&r + qQé)(az)’x] =0.

9 Various applications of the theory of amplitude modulations to laser beams and water
waves can be found in [53].
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We want to choose p and g so that the expressions in the square brackets represent
full derivatives of k and a> along the same characteristic curve. This is possible if

P q 2y (k
Q+aQia ~ p@ a2y P
pLy+qfya P +qf, 2( )

We may choose p = 1. Then, the characteristic form of (8.31) read

; \/gf((/]j)) (signQf/ (k))dk+da =0

on the characteristics

dx

=)+ V2209 (K)a. (8.32)

This simple near-linear version of the theory of amplitude modulation already shows
some interesting results. In the case Q,(k)Q(/(k) > 0, the characteristics are real
and the system is hyperbolic. The double characteristic velocity splits under the
nonlinear correction and we have the two velocities given by (8.32). In general, an
initial disturbance or modulating source will introduce disturbances on both families
of characteristics. If the initial disturbance is concentrated in a compact domain, it
will eventually split into two.

When Q5 (k)Q{/ (k) < 0, the characteristics are imaginary and the system is ellip-
tic. This leads to ill-posed problems in the wave propagation context. It means that
small perturbations will grow in time leading to the instability of the wave packet.
This case turns out to be not rare. For example, the Klein-Gordon equation with
U(p) = ¢*/2+ ap*/4, a being small, gives

Q=V1+k, Q= za/\/1+k2.

Thus, the sign of €,(k)Q{/ (k) coincides with the sign of o; the modulation equa-
tions are hyperbolic for ov > 0 and elliptic for @ < 0. For waves of small up to mod-
erate amplitudes, the Sine-Gordon equation has o = —1/6 > 0. Thus, the waves
of small amplitudes governed by the Sine-Gordon equation are unstable. This con-
sequence of the near-linear theory, already non-trivial, is not easy to obtain by the
direct stability analysis of the Sine-Gordon equation.

Characteristic Form of the Equations of Amplitude Modulation. Also the gov-
erning equations (8.29) of fully nonlinear theory of amplitude modulation admit
the characteristic form. This can be obtained by doing Legendre transform of the
average Lagrangian L(a, k, ®) with respect to ®

H(a,k,]) = oLy —L=ol—L,
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where I = L 4. Due to the property of Legendre transform we have
L_’k = 7H_yk =—J, o= H_y[. (8.33)
Therefore equations (8.29), 3 become

k,t + (H,l),x = Oa
[J + (H,k),x =0.

Recalling that L, = —H , = 0 due to the first equation of (8.29), we rewrite the

above equations in the vector form as

v, +Mv, =0,

k H . Hp
V= , M= ’ ).
(1 ) (H,kk H

Proceeding similarly as for equations (8.31) we get the characteristic equations

where

VH udk £ \/H ;dl =0

on the characteristics 4
X
I Hy £ /HpH 1.

If the characteristics are real, then the system (8.29) is hyperbolic. In the opposite
case the system is elliptic. The type of the equations depends thus on the sign of
H 1 H g1

Slope Modulation of Waves Governed by Sine-Gordon Equation. The phase por-
trait of the strip problem for the Sine-Gordon equation

Uy — Uy = Sinu (8.34)

exhibits in the subsonic regime quite different behavior than that of non-linear
Klein-Gordon equation with o > 0. This behavior dictates the fixing of slope rather
than amplitude for its solution. To see this, let us start from the variational formula-
tion of (8.34): find the extremal of the functional

Hu(x,t)] = //[;uz,f ;u?x—(l —cosu)|dxdt.

The variational asymptotic procedure using the multi-scale Ansatz u = y(0,x,1),
developed in the previous Section, leads to the following strip problem: find the
extremal of the functional

2r
W)=, [ (@ -R)wh (1 —cosy)]ag
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among functions y(0) satisfying the conditions

y2m) = y(0)+27, ve(2m) = ye(0). (8.35)

In this strip problem, the wave number k = 0, and the frequency @w = —0; are
regarded as constants. Since we are interested in the subsonic regime @w? < k2, it
is convenient to change the sign of this functional which does not influence Euler-
Lagrange’s equation. Thus, we need to find the extremal of the functional

1 2r ] »
- /0 [zml//_o — (cosy—1)]d6 (8.36)

among functions y(0) satisfying the conditions (8.35), where m = k* — ®”. Varia-
tional problem (8.36) possesses an obvious first integral

1
2ml//729 +(cosy—1)=h

resembling that of the mathematical pendulum in the upward position. The corre-
sponding phase portrait is plotted in Fig. 8.7. Looking at this phase portrait, we see
that the determination of the phase curves as extremals of (8.36) outside the separa-
trix requires, in addition to (8.35), the fixing of the maximal slope of y as follows:

max|yig| = p. (8.37)

where p is an arbitrary real and positive number.

y

2
IF ]

2

Fig. 8.7 Phase portrait of a pendulum with m = 1
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Let us denote by L the average Lagrangian (extremum of functional (8.36)) which
is a function of p, k = 0, and @ = —0,. The sum of integrals over the strips, as the
wave length goes to zero, can again be replaced by the integral

Tolp, 6] = //L(p,Qx,—Q,)dxdt.
Euler-Lagrange’s equations of this average functional read

dL oLoh _ d oL 9L

ap onap - dtow axor

The first equation yields the nonlinear dispersion relation, while the second equation
is the equation of slope modulation.

Using the above integral, we find the solution in terms of elliptic functions and
then the average Lagrangian according to

~

1 2m 5 1 2r
27[/0 my’y 27:/0 my/ gdy

Now, to find the explicit dependence of L on p and m we use condition (8.37). Since
the maximal slope of y is achieved at 6 = 7 (see Fig. 8.7), this condition implies
that %mp2 —2 =h. We require i > 0, so p > 2/+/m. Then, from the first integral it
follows

L(p,k,0) = f(h)—h, (8.38)

21

where f(h) is the function expressed in terms of the complete elliptic integral

2n
F(h) = /O Vh—cosy+ 1dy = 2VhE(~2/h) + V2 + hE(2/(2 + 1))
According to (8.38) the dispersion relation reads

\/me,

. (h)—1=0. (8.39)

Keeping in mind this dispersion relation, let us find the derivatives

L V2 my V2om V2 Kk
ok 2m 2\/mf(h)+< o f(h)l> he=on \/mf(h)’

and
L V2 mg V2m V2 e
do  2m 2\/mf(h)+ ( o (h)l> ho==1, \/mf(h)’

where the last terms in these formulas vanish due to (8.39). Now we substitute these
derivatives into the equation of slope modulation and compute the partial derivatives
with respect to x and . After some algebra we get
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f(h)
my/m

where ¢ = p? and

2
T gk —2koo, — 0*o,) +

T
Jl(a),k) + \/2m \/2

(kgx+q,) =0, (8.40)

A (0,k) =Ko, — 0’k + 2k,

The equation of slope modulation in terms of 6 is obtained if we replace in (8.40)
k= 6 and w = —0,. Equivalently, equation (8.40) can be solved together with the
consistency condition

0+k;=0.

Asymptotic Solution to the Equation of Slope Modulation. From numerous nu-
merical simulations and n-soliton exact solutions of the Sine-Gordon equation we
know that, at large time, the solitons become non-interacting and propagating along
the straight lines x/¢ = const. Since the phase increases by 27 when one soliton is
passed, let us look for the phase in the following form

0(x,1) =g(8(x,1)),  &(x,1) =x/t.
According to this Ansatz we have

1 1
k=0,=g(8),, 0=-0,=5@); k=g, 4D

X 1 x? X
0x= O+ p 0= (SO +200)) ).

It is now straightforward to check that .#) (@, k) = 0, so the equation of slope mod-
ulation takes the form

295 (w,k) +m(kq .+ wq,) =0, (8.42)
where
I (w,k) = Kk, — 2koo, — 0*o,
12 —x? 2 x (12—
e () ~wer i (T).
and
2 2 ealt X
m=k"—o"=g'&) 4 (8.43)

Substituting these formulas into (8.42), we obtain

291" (&) (1> — x*) — 28/ (& )xt] + &' ()% (tq .« + xq,) = 0. (8.44)
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Equation (8.44) is the partial differential equation of first order which can be
solved by the method of characteristics. The characteristic curves are determined by

the equation
dx

dt  x’
yielding
?—x*=a>0.

Along any characteristic curve (8.44) becomes an ordinary differential equation

dfj +244(1)Qa(t) =0, (8.45)

where o remains constant along each curve, Qu (f) = g(x¢(),), and

_a g'&(n) 2 _ Xq(1) _
A= 2 gla) "o SO RO =V
A standard integration of (8.45) leads to
_ ,
Qol) =CO g ooy

with C(¢r) being a function of ¢. Turning back to the original coordinates x and ¢,

we obtain

l‘4

g'(E(x1)*

q(x,1) = (1> —x*)?

Era)=",

and thus,
2
p(x,1) = /q(x,1) = C(t* = x?) .
g'(5(x,1))

As g(&) describes the phase, function g’(&) can be identified with 27p (§), where
p (&) is the density of solitons (or the number of solitons per unit length).

The unknown function C(¢> — x) should be determined from the dispersion rela-
tion (8.39). Using the solution given by (8.46) and formula (8.43) for m, we obtain

(8.46)

1 1
h= _mp*>—2=

5 2( 2o -2 -2,

Since m goes to zero as ¢t goes to infinity, the dispersion relation is fulfilled at large
time if and only if 4 goes to zero. '* Thus,

2
C(*—x) = ,
L

and the final asymptotic formula for the slope reads

10 Strictly speaking, the exact fulfillment of the dispersion relation is warranted if 4 is of the
order m/2 as t — oo, but this does not affect the asymptotically leading term for p.
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22

g(E(x 1)Vt —x2 (8.47)

p(x,t):

Comparison with the Exact Solution. Let us compare the asymptotic solution
(8.47) with the exact solution of Sine-Gordon equation obtained by the inverse scat-
tering transform. It turns out that the exact solution of Sine-Gordon equation is inti-
mately related to that of KdV equation. Note, however, that while the exact solution
of KdV equation is given explicitly, the solution of Sine-Gordon equation is only
obtainable through its slope u x. It is convenient to solve the Sine-Gordon equation
in cone coordinates

1 1
X= (xt0), T= (x—1). (8.48)

Knowing the solution in X and 7', the solution in the physical coordinates x and ¢
can easily be found through a simple change of variables.

uy(X,7) u(x.t)
12
61
ny=1 =2 ;=3
Vi=-1/4 | V=116 | Vi=-1/25
- 8 4n
A=4 4,8 A=12
j\ | |
. . . X . . . . . Ly
-30 -25 -20 -15 -10 -5 0 -110 -100  -90 -80 -70 -60 -50

Fig. 8.8 3-soliton solution in physical coordinates (right) and its slope in cone coordinates
(left). The eigenvalues, velocities and amplitudes of solitons and their slope are presented in
the respective tables.

The solution reads (see [2])

1/ du\? 9? *
b (ax) = e [det (T4+AA™Y)], (8.49)
where
T)c: (T
aim = VAT i )

&—=&n
and ¢;(T) = ¢joexp (—iT /2§;). In the above formulas the asterisk is used to denote
complex conjugate, while I corresponds to the identity matrix. Constants c;q charac-
terize the initial state of solitons, while {; = in; are different purely imaginary eigen-
values of the linear operator associated with the Sine-Gordon equation (see [1,2] for
the setting of the eigenvalue problem). Distinct types of solutions of this equation
are determined by different choices of pairs of eigenvalues §; and §,, = {". We shall
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concentrate on the traveling solitons, so the discrete and distinct imaginary eigenval-
ues are henceforth sufficient for our comparison purpose. Fig. 8.8 shows a 3-soliton
solution (with solitons propagating to the left) together with its slope. By adding
three other solitons (dislocations) propagating to the right and having the negative
slope we may get the shape of the symmetrically propagating crack.

uX,T) u(X.T)
16 == mm e 16 F=mmm e
B r=112. Y r=176
BF - ) RREEEEEEEEEEEEEEERE
4f - ][ ————— 4f - —ﬁ ——————————
X : - X
-75 60 -45 -30 15 0 =75 -60 45  -30 15 0
16 [~ 16 == =mm o
B r=240 B r=304
B ) RREEEEEEEEEEEEEEEE &
4f-mn- ][ 7777777777777 4r-- JK 777777777777777777
X - X
=75 60 -45 -30 15 0 =75 -60 45 -30 15 0

Fig. 8.9 Slope of 4-soliton solution in cone coordinates

As seen from Fig. 8.8 the slope of n-soliton solution to Sine-Gordon equation
is itself n solitons having different shape. For this reason it makes sense to denote
by V; the velocities of solitons, which mark the velocities of points where maxima
are achieved (centers of solitons), and by A; the corresponding maxima. They are
computed according to the following formulas

1
Vi=-— ) Aj= 4TI s
ey T
in which the minus sign indicates that the solitons travel to the left. The velocities
of the j-th soliton in real space-time can be obtained through the change of variable
(8.48)
1+ Vj

ij—livj.

In Fig. 8.9, several snap-shots at different time instants of the slope of 4-soliton solu-
tion constructed with the eigenvalues 1; = j, velocities V; = —1/4 7% and amplitudes
Aj = 4j are shown in cone coordinates.
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ux(X,T)
20 ¢

15 T=1000 ,

10 | L7

D ¢
-250 -200 -150 -100 -50 O

Fig. 8.10 Slope of 5-soliton in cone coordinates versus slope modulation: a) exact solution
u x (bold line), b) asymptotic law 2\/ T/|X| (dashed line)

To compare with the asymptotic solution obtained in the previous paragraph we
note that for the slowly varying wave packet and to the first approximation,

ux =uyx+u; =yolk—m).

Since the maximum of y g in one wavelength is chosen to be p, we expect that
p(k— w), with p being given by (8.47), should serve as the asymptotic envelope for
the exact slope of soliton solution. Using (8.41) and (8.48), this quantity is given in
cone coordinates by

t—x T
plk—w)= 2\/t2 e 2\/ X (8.50)
Formula (8.50) holds true for solitons traveling to the left. For solitons traveling to
the right and having the negative slope, the signs inside and in front of the square
root should be changed. Note also that this asymptotic law which can be used to
predict, among others, the shape of the propagating crack regarded as the wave
packet of moving dislocations in crystals, is universal and does not depend on the
distribution of solitons. Fig. 8.10 shows the slope of the exact 5-soliton solution
and the graph of 2,/T /|X| (see exercise 8.10). From this Figure it is seen that, at
large time, the curve 2\/ T/|X| can serve as the asymptotic envelope for the slope
of solitons.

8.5 Amplitude Modulations for KdV Equation

This last Section studies Whitham’s theory of amplitude modulations of waves gov-
erned by the KdV equation.

Derivation of Whitham’s Equations. In view of the exact analytical solution of
KdV equation by the inverse scattering transform, it is tempting to develop the
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theory of amplitude modulations for the KdV equation and to compare its asymp-
totic law with the exact solution. Unfortunately, in contrast to the Sine-Gordon equa-
tion the KdV equation does not admit a direct variational formulation. However,
keeping in mind that the KdV equation is derivable from the Boussinesq’s equa-
tion which admits a variational formulation, we may associate this equation with a
variational principle by substituting # = 7, into (8.1) to get the equation

Mot + 6127 xx + Norer = 0.

The latter can be obtained from the stationarity of the following functional

1 1
0] = [[ (= nama—ni+ i), (851)

We shall use this indirect variational formulation through 1 to derive the equations
of amplitude modulations for u. We look for the extremal of this variational problem
in form of slowly varying wave packet

n(x’t) = (p(eaxat)Jr%(xat)a

with ¢ a function of fast variable 8 and slow variables x and . We assume that
¢ is 2m-periodic with respect to 0. The fast variable 0, being itself a function of
slow variables x and ¢, plays the role of the phase, with 6, and —0, corresponding
to the wave number k and the frequency @, respectively. Besides, the derivative
B = x.x accounts for the mean value of u over one 0-period. We calculate the partial
derivatives of 1 in accordance with this Ansatz

Ni=000:+hP+xx, Ni=000;+d0+ X,
Max = 0.000% + 000 +20:060 + 20+ Y v

Based on the assumptions similar to those in (8.17), one recognizes immediately
that the underlined terms are negligibly small compared with their first respective
terms. Besides, the wave number and the frequency change slowly in one wave
length and one period. We assume further that the mean value 8 = yx , changes also
slowly in one wavelength so that its derivative 8, = y., can be neglected in the first
approximation. Taking all these circumstances into account, the derivatives of 1] can
approximately be replaced by

Ne=0o0x+Xes Mi=000+% Nax=Pop07,

where y = —y; is assumed to change slowly in one period. Substituting these for-
mulas into (8.51), we obtain the functional

1 1
101,61 = [[1=3 (000 + 2:)(@005-+ 2.0 — (90 B>+ O40gldrcr
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In accordance with the method developed in Section 8.3, we formulate the strip
problem as follows: find the extremal of the functional

1 /271 1
ve | @00+ Vkpa-+B)— (kpo+B) + Kgholdo (.52

among functions @(0) satisfying 27-periodicity conditions

o(2m) =0(0), @e(27)=06(0), ¢0(27)= 0 06(0).

In this strip problem &, @, B, and y are considered as constants. Let us denote by
¢ = o/k the phase velocity.

To reduce the order of the resulting differential equations, let us make a change
of unknown function

O =kpo+p.

It is natural to use this new unknown function in the strip problem because it repre-
sents the approximate solution of KdV equation. According to it we have

Po= (P;ﬁ, b6 =k 0.
As function @(0) is 2x-periodic, the introduced new function ¢(6) should satisfy

the constraint
1 2

2 ¢ T on
Thus, we replace the functional (8.52) by

(kg o+ B)do =p. (8.53)

1 27 1,¢— 1
27[/0 [2<¢kﬁw+y)¢—¢3+2k2¢,%}de

1 21 1 1
= | ye0? =07+ K}lao+  (r—cB)B.

which must be minimized among 27-periodic functions ¢(6) satisfying the con-
straint (8.53). To get rid of constraint (8.53) we introduce the Lagrange multiplier
and consider the following equivalent variational problem: find the extremal of the
functional

1 21 1
o LR 46— 0%Nd0+ (BB AL, [ 0d0-B)
1

2r ] 2.2 A 1 A
= e RO —U©.c2)d0+ ) (y—cB)B+ 1B

among A and ¢(0) satisfying the periodicity conditions

0(2m) = ¢(0), ¢9(2m)=90(0),
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where the function of three arguments U (¢,c, 1) is given by

U(0.c.A)= 07— Le” + 20,

This variational problem leads to Lagrange’s equation of second order in terms of
¢(0), which possesses an obvious first integral

;k%p?e +U(¢,c,A)=h.

Using this formula and introducing an elliptic integral

W (e, A h) = zlnf\/thZU(q),c,?L)dq) — 2;7{\/2h721¢+c¢272¢3d¢,

we find the average Lagrangian as the minimum of the above functional in the form

L0 Bk w) = kW (D 1)+ ;w— VBB +AB

Then the variational-asymptotic analysis leads to the following average varia-
tional problem

3//[‘(}'?%,)67_x,lvhyegm_e_’[)dxdt = 0

The Euler-Lagrange’s equations for A and y read

Bi— Gt Y7 cB)a=0.

= —kW
B FE

From the last equation and from the consistency condition 8, + 7, = 0 it follows
that y can be taken as y = ¢ — A. Thus, B = —kW,, y = —ckW; — 4, and the
consistency condition becomes

(kW;L)J—&-(ckW;L +21),=0. (8.54)
For h and 6 we have
KWy =1, (Lm)_, — (I:_’k)ﬂ =0.

Multiplying the last equation by k and using the chain rule of differentiation together
with the consistency condition k; 4+ @, = 0, we obtain

(kLw); — (kLy) x+Lowx+ Lk =0. (8.55)

On the other hand, differentiation of the average Lagrangian L with respect to x
gives

Lyi=Likst+Loox+LpBitLytx

Lk +L oo+ (ﬁl:,ﬁ),x -B (L,ﬁ),x —(BLy)s+B(Ly)ss
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which implies
Lowy+Liky=Lx—(BLg)x+(BLy)s+BI(Ly):—(Lg)al
The last term vanishes due to the Lagrange’s equation for y yielding
Loox+Likx=Ly—(BLg)x+(BLy),. (8.56)
Substituting (8.56) into (8.55), we obtain the so-called wave momentum equation
(kLo +BLy) s+ (L—kLy—BLg)r=0,
which can replace the Lagrange’s equation for 8. In our case, this equation becomes
(kWe) + (ckWe—h) ,=0. (8.57)
Again, the consistency condition
ki+(ck) =0 (8.58)

has to be included. Equations (8.54), (8.57), and (8.58) may be viewed as three
equations for i, A, and ¢, with k given by the dispersion relation k = 1/W . A more
symmetric equivalent form of this system is

D D D
Dr (W) =Wex, Dt (Wi)=—Wid,, Dt (We) =Wph s, (8.59)
where
D_d, .0
Dt dr Ox

In terms of these unknown functions the wave number, the frequency, and the mean
value of u, i1 = 3, are given by

The amplitude is obtained by relating the zeros of the cubic polynomial in W to the
coefficients i, A, and c.

The Characteristic Equations. It turns out that the system (8.59) is hyperbolic and
can be written in the characteristic form. If the zeros by, by, b3 of the cubic equation

¢3—;c¢2+/1¢—h=0 (8.60)

are used as new unknown functions instead of %, A, ¢, Whitham’s equations may be
put in a simple characteristic form as
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D
Dt,,j_H/jer:()7 ji=1,2,3, (nosum!)

where r\ = by + b3, Vi = W,/ (W),) 5, together with similar equations for r, and r3
in cyclic permutation. In the following we sketch a brief proof for the first of these
equations. Let us factorize the cubic polynomial (8.60) as

1
9 = 0%+ A9 —h=(9—b1)(9 —b2)(9 — b3).
According to this identity the unknowns ¢, A, h are related to the zeros by, by, b3 by
=2(bi+by+b3), A=biby+bib3+brb;, h=bbybs.

Differentiating these relations with respect to x, we rewrite Whitham’s equations
(8.59) in terms of new unknown functions b; in the form

Db, Db, Db
(‘/V,h),bl Dt +(Wh),b2 Dt +(W )b3 Dt *2Wh(b]x+b2x+b3x)
Db Db Db
Wado, p, +Wadss S+ Wadsy * == Wal(ba+b3)bi (8.61)
+ (b1 +b3)bs x + (b1 4 b2)b3 4],
Db, Db, Db;
(We)p, Dt +(We) s, Dt +(We) s Dt = Wy(bab3by x +b1b3by «+ b1byb3 ).

We introduce
£(9) =2h =249 +c¢> =20 = ~2(¢ —b1)(9 — b2)(¢ — b3),
and denote the elliptic integral as follows
W (e, A h) = jf\/zh 206+ c62—26%6 = f\/f

With this notation at hand we compute W, Wi W,

1 do ¢d¢ 1 0%d¢
W’h_Zﬂf\/f(q))’ A 27:74 We = 27:7{2\/]"((,))'

Next, differentiating these formulas with respect to b;, we obtain

1 1
R e

_ ¢
R I

iy 02
LR P
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Similar formulas hold true for the derivatives with respect to b, and b3. Now the
trick comes to play at this step. We multiply the first equation of (8.61) by p, the
second by ¢, and the third by r, add them, and choose p, g,  in such a way that
the coefficient of by, on the right-hand side vanishes, while those of b; , and b3 ,
are equal. This leads to the two following conditions

2p —q(by + b3) + rbabz =0,
2p —q(by+b3) +rbibs =2p — q(by + b2) + rb1b,.

The solution of the above system reads
,
g=rby, p= 2(b1b2 +b1b3 — bab3),

in which r can be chosen arbitrarily. Let us choose = 2 for convenience and obtain
the explicit expressions for g and p

r=2, q=2by, p=biby+bibz—Dbybs.

With this choice, the right-hand side of the equation resulted from these operations
takes the form

RHS = [Z(blbz +b1b; 7b2b3) — 2b1(b1 erg) +2b1b3]wh(b2 +b3)_yx
= —2(by — b3)(by —b3)W,(by + b3) 1. (8.62)

Let us turn now to the left-hand side and denote by K, K,, and K3 the coefficients
of Dby /Dt, Db, /Dt, and Dbs / Dt, respectively. Then we have

Ki=pWan) b, +qWy) b +1(We) s,
_ 1 %b1b2+b1b3bzb32b1¢+¢2
an (@ —b1)\V/f(9)
Ky =pWp) b, +qW3) e, +7(We) b,
_ 1 j{blbﬁblbg —baby—2b19 +¢°
4n (0 —b2)\/f(9)
K3 =pWh) by +q(W2) s +17(We) s
_ 1 %b]b2+b1b3*b2b3*2bl¢+¢2
an (¢ —b3)\/£(9)

One can prove the following identities (see exercise 8.11)

do,

o,

do.

K =0, K, =Ksj. (8.63)
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Furthermore, we can rewrite the coefficients K> and K3 as

by — by o — b3 1 [ ¢>—2byp +b\by+brbs—bib3
Kr=— do -+ o,
="} 6 b/ 7)™ inf (6 - b2)/f(6) ¢
by — b3 o —by 1 [ ¢>—2b3¢ +b\b3+brbs —biby
Ky =— do + do.
=} 6—b3)y/F) " inf (6—b3)/£(6) ¢

The last terms in K, and K3 vanish because their integrands are again full differen-
tials. Thus,

Ky = —(b1 = ba)Wy, —2(b1 — b2) (b2 — b3) (W) by »

LLLPA)

K3 = —(b1 —b3)W), —2(by — b3) (b3 — b2) (W) by -
Equality K> = K3 gives
Wy =2[(b1 — b2) (W) p, + (b1 —b3) (W) b5 ],
which implies
Ky = K3 = =2(b1 = b2) (b1 — b3)[(Wan) b, + (Wn) 5.
Due to the identity

1 /
W) oy + W) by +(Wh) by = Ar f];/g?q)))dﬁb =0,

we can write the last formula in the form

Ky, = K3 =2(b; —by)(by —b3)("V7h)7b1. (8.64)
With (8.62) and (8.64) we get one of the Whitham’s equations in the characteristic
form

D W,
by +b ’
Dt( 2+ b3) + W),

which shows that b, 4 b3 is the Riemann’s invariant. The other two equations for r;
and r3 in cyclic permutations can be established in the same manner.

(by+b3) =0,

Alternative Representation of Whitham’s Equations. Whitham’s equations in-
volve three unknown functions, namely ¢, A, and A. In order to find the amplitude
modulation in particular cases such as wave of small up to moderate amplitudes or
trains of solitons one have to relate them to the amplitude a = b1 — b;. Then, using
Whitham’s equation in the characteristic form, different types of solution can be
found. Here and below we consider an alternative but equivalent version of system
of equations which directly involves the amplitude. For this purpose let us define
the amplitude in a slightly different way
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a=max¢.

Note that the amplitude defined in this way is nothing else but b;. Using this defini-
tion, we rewrite the average Lagrangian as follows

L= k\7{2 /a VU(a,e, M) =U(¢,¢,2)do —U(a,c,A)+AB+ ;(}/fcﬁ)ﬁ, (8.65)
by

where the energy level & has been replaced by U(a,c,A), namely h = U(a,c,A).
Observe that the integrand in the above integral vanishes at three zeros a, by, b3 due
to

Ula,c,A) =U(9,¢,4) = (a—9)(9 —b2) (¢ — b3).

This circumstance will be used later when one differentiates the average Lagrangian.
The Euler-Lagrange’s equations associated with this average Lagrangian read

81_,_0 88L_88Z_0
da 7 drdw Ixdk

_ _ - (8.66)
oL d0JL 9 JL

9 =% oy oxop

The first equation is nothing else but the dispersion relation, whereas the third equa-
tion is equivalent to the constraint (8.53). To express these equations in terms of a,
¢, and A let us compute the derivative of L from (8.65) with respect to @ and A

JL _ aU k\/Z/ do )
da = 9a by JU(a,c,A) = U(9,c,A)
oL aU k\/2/ d¢ ]
dA 31 bz\/Uacl U(¢,c,A)

m od¢
/bz VU (a,e,A) —U(¢,c,7) F-

Thus, the dispersion relation and the constraint associated with A follow at once

k\/2 d¢
—1=0 8.67
/bz VU(a,e,A) = U(¢,c,7) ’ (867

k\/2 ddo ol
/bz VU(a,e, M) =U(¢,¢,\) p=o. (8.68)

Let us turn now to the equation of amplitude modulation. First, we compute the
derivative of L with respect to @
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8Z_8U(ac)‘8ck\/2/ do .Y
do  dc 80) 21 Jo, \JU(a,c,2)—U(,c,2)
V2 B> V2 B*
+4”F(a,c,7t)f o = 4”F(a,c,l)72k,

where 2
¢°do
Flac,2) /bz VU@ e, ) —U(9,e, 1)

Differentiation of L with respect to k gives

oL 2 4
8k:\7/7: /b \/U(a,c,l)—U((D,C,l)d(b

oU 8c k\/2 o

+ac(a ak 2717/bz\/Uacl U(g,c,A) -1
86‘ k\/2/ qu) . 1ﬁ2}
ak A Jp, \/U (a,c,A)—U(¢p,c,A) 2

_ V2 oL
- T Az\/U(a,c,l)—U(ﬁb,C,)«)dﬁb—C&w

Plugging these derivatives into (8.66),, we obtain the Euler-Lagrange’s equation
for 0

V2 0F JdF oF V2
Ax [3 (a;+cay)+ e (ci+cex)+ I (As+cAy)|+ Ax F(a,c,A)cx

2
[(i)z-&-(ﬁ \/28/\/Uacl U(p,c,A)dp =0.
by

1
2 k" T ox

Further, using the dispersion relation (8.67) and constraint (8.68), we compute the
derivative

a a
_ ax/b VU(a,e, 1) —U(9,c,2)do

n U 1 . x |
= 2 00 Nyt b Bt e e

Finally, substituting this expression into the above equation and dividing the latter
by V2 /4w, we obtain the equation of amplitude modulation in terms of @, ¢ and A

F OF OF
\/2 Ja (ay+cay)+ e (cq +c2_,x) + I 27L_,, +chy)
+ 7V {@Pex— 20U (a.e, ) a +2(B —a)z,x—k[(i ),,Jr(cliC )al} =0
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As indicated in the previous paragraph, the equation for y will be automatically
satisfied if the parameters are chosen such that

y=cB—A. (8.70)

The four equations (8.67)-(8.70) constitute a system of differential equations which
is equivalent to (8.59) plus the dispersion relation kW) = 1.

Trains of Solitons. In the limit A — 0 and & — 0, the wave packet becomes a train
of solitary waves. For the wave packet consisting of n solitons we know that the
solitons cease to interact at large time in such a way that each of them propagates
with a constant velocity along the line x/# = const. Based on this observation we
look for the solution a = a(x,t) of (8.69) using the following Ansatz for 6 and

O(X,t):q(ﬁ(x,t)), x(x,t):p(é(x,t)), g(xvt):x/t'

Differentiating 6 (x,#) and j (x,7) in accordance with these Ansatz, we find k, ®, c,
B, and ¥ in the form

1 x X

k= tq/(é)’ a):tgq(g)’ = ’

B= 7). 7=10@)

t

It is easy to see that B and y from the last equations satisfy (8.70), provided A = 0.
Besides, the following equation

2
b =0
is fulfilled identically. Furthermore, if the amplitude is searched among functions of
the form
a(x,t) = g(&(x,1)),
oF

the term 9 (a, + ca ) vanishes, so (8.69) reduces to

g(§)* —20.U(5(8),8,0)g'(§) =0,
where d,U(a,c,A) = 3a® — ca+ A. The last equation can also be rewritten as
g(§)* — (68(8)* —2£8(£))g'() =0,
which is equivalent to
8(&) — (6g(8) —28)g'(§) =o0. (8.71)

General solution of (8.71) contains one constant of integration that should be de-
termined from the dispersion relation. In the following we shall guess a particular



388 8 Nonlinear Waves

solution of (8.71) and prove its validity by verifying the fulfillment of dispersion re-
lation at large time. Looking at this equation, we see that one of its possible solutions
is the linear function

g(&)=Cié+G.

Substituting this guess into (8.71) and equating the coefficient of first power of £
and the free one to zero, we find

Ci=1/2, G =0.

Thus, a simple particular solution of (8.69) reads

alx,t) = ;t. (8.72)

To see the fulfillment of the dispersion relation at large time we rewrite (8.67) in an

equivalent form
k:T[I\/(asz)/Z7 m— a—bg’
mK(m) a—bs

where K (m) is the complete elliptic integral. In the limit A — 0, 4 — 0, the roots by
and b3 g0 t0 0, so m — 1. Provided the derivative ¢'(x/1) is finite, the left- and right-
hand sides of the dispersion relation tend to O as t — oo, so the dispersion relation is
satisfied asymptotically at large time.

Recalling that a soliton of amplitude a moves with the velocity 2a, one can easily
recognize that (8.72) represents a large-time asymptotic envelope of a sequence of
solitons each retaining a constant amplitude and moving on the path x = 2ar as
shown in Fig. 8.11. Another way of obtaining this amplitude modulation of soliton
solution is to derive the system of equations

k;+ (2ak), =0, a;+2aa,=0, k= 2]; (8.73)
directly from the conservation laws of the KdV equation and integrate it. Note that,
due to the nonlinearity and hyperbolicity of the system (8.73), the shock wave will
develop sooner or later which violates the amplitude modulation. However, in this
case equations (8.73) can be used to justify the jump conditions at the shock waves
(see exercise 8.12).

Thus, we are now at the end of these lectures. Before closing, let us summarize
shortly. Looking back, one sees that we have learned a lot of things. Among them,
we would put on the first place Hamilton’s variational principle of least action and
its generalizations for the derivation of the equations of motion. We have studied
also various methods of solving these equations and finding laws of behavior of the
solutions. Some of the numerical methods, in particular finite element method, were
not touched at all. But fortunately there are other excellent courses where one can
learn those methods (see, for instance, [41,55]). One thing is for sure: with numer-
ical methods alone one can hardly establish any behavioral law for the solutions.
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Fig. 8.11 A train of solitons (bold line) and the amplitude modulation (dashed line): a) at
small time, b) at large time

To establish such laws, which are often quite useful in engineering applications,
analytical skills have to be trained and cultivated. For those problems containing
small parameters, the variational-asymptotic method turns out quite effective, and it
is hoped that this course has helped students a little bit in mastering it. Last but not
least, one should not forget about the exercises. Just remember “Ubung macht den
Meister” (practice makes perfect), as Germans say.

8.6 Exercises

EXERCISE 8.1. Use the identities for the Jacobian elliptic functions sn, cn, and dn
given in Section 5.1 to check that (&) = acn?(\/b/2&,a/b), with & = x — ct, is
the periodic solution of the KdV equation (in this case b1 = a, b, =0, b3 = a —b).

Solution. In the special case
b] =da, bzIO, b3 :a—b,

where a and b > a are two real and positive numbers, the first integral for the peri-
odic solution of the KdV equation reduces to

¢?=2(a—9)p(¢+b—a).

Let us check that
¢(&) = acn’(\/b/2&,a/b)

satisfies this equation. Differentiating ¢ with respect to & and using the formulas
for the Jacobian elliptic functions sn, cn, and dn given in Section 5.1, we get

@' = —2a\/b/2cn(\/b/2E a/b)sn(\/b/2& ,a/b)dn(~\/b/2E ,a/b).

Squaring both sides of this formula and using the identities sn> = 1 —cn? and dn®> =
1 —m+men?, with m = a/b, one can easily show that (&) = acn’(1/b/2&,a/b)
satisfies the above equation.
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EXERCISE 8.2. Show that
u(x,t) = 4arctane”*=)
with y = 1/4/1 — ¢2 is the soliton solution of the Sine-Gordon equation.
Solution. Consider the Sine-Gordon equation
Uy — Uy +sinu=0.

We look for the soliton solution in the form
u(x,1) = @(x—ct),
with ¢ being a constant. Substitution in the above equation gives
(*—1)@" +singp =0,

where prime denotes the derivative with respect to & = x — ct. The last equation can
be presented in the form
m(PN - U/((P) =0,

with
m=1-c* U(p)=1-cose.

This resembles the equation of motion of mass-spring oscillator with a mass m =
1 — ¢? and a nonlinear restoring force derivable from the potential energy —U ().
The first integral is

9~ U(g) = h

If ¢ and its first derivative tend to zero as & — +oo, then & = 0. In this case

dzﬁmwn

Integrating this equation by separating the variables £ and ¢, we obtain
Vmn[tan(¢/4)] = ¢, (8.74)

and, thus,
(x—ct)

u(x,1) = (&) = 4arctane” .
EXERCISE 8.3. Use the conservation law of the KdV equation

u;+ (3u2 +U) =0

I :/ udx

to show that
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is the first integral. Show that the conservation laws of the KdV equation for Iy and
I are

(uz)_,, + (4u3 + 22Ut — uzx)x =0,

1 9 1
(u3 - 2”*2")" + (2u4 + 3u2u7m — 6uu72x — U xU yxx + 2“,2xx)-,x =0.

Solution. It is easy to see that the equation
u;+ (3u2 +U) =0

follows at once from the KdV equation. Integrating this equation over x from —ee to
oo and taking into account the behavior of the solution at infinity, we obtain

d 1)
gt /_mudx:0,

so I_1 is conserved. Differentiating the second equation, we have
2uu; + 12u2u7x + 20 U + 20l oy — 20 1ty = 0,

and it is again the consequence of the KdV equation. Integrating this conservation
law over x from —eo to oo, we can establish that [ is conserved. To show that the
third conservation law also follows from the KdV equation, we differentiate the
expressions in the brackets to obtain

3u2u7, — U Uy + 18u3u7x + Out U + 3u2u7xxx

— 6u?x — 1201 Ut xx — U ol v — Ul oorx + U ol oo = 0.
The underlined terms represent the product of u , with the derivative of the KdV
equation with respect to x, taken with minus sign, while the remaining terms give

the product of 3u” with the KdV equation. So, the third conservation law is also the
consequence of the KdV equation, and hence, /; is conserved.

EXERCISE 8.4. With the Lax’s pair

Ly =y tulx)y, Ay = (y+u)y— (41 +2u)y,,

show that the Lax equation L; + [L,A] = 0 (which expresses the compatibility con-
dition between Ly = Ay and v, = Ay) is satisfied if and only if the KdV equation
is fulfilled.

Solution. As shown in Section 8.2, the Lax equation is fulfilled if and only if A, =0.
But if A, = 0, then the differentiation of the equation ., + uy = Ay with respect
to ¢ yields

Yor +u +uy=2Ay;.

Replacing y; in this equation by Ay = (y+u )y — (44 + 2u) y,, we obtain
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Voo = (A =) (Y uz) —udy — (A —u) (44 +2u)y .

On the other side, if we differentiate the evolution equation y; = Ay with respect
to x, then
Wi = (YF ) W+ W — (44 +20) Yo — 2u Yy

Replacing v, by (1 — u)y, we obtain

Vi = (Y Hux) Wt oW — (44 +2u) (A —u)y — 2u Y.

Differentiating this again with respect to x with the use of the condition y,,, =
(A —u)y leads to

Wiy = [(Y+ ux) (A — 1) 4 th oy + Outt W — (A — u) (42 + 2u) y .

Thus, the two equations for y s and Y, are compatible (Y s = W) if and only
if u satisfies KAV equation.

EXERCISE 8.5. Consider two linear equations
vy=Xv, v,;=Ty,

where v is an n-dimensional vector and X and T are n X n matrices. Provided these
equations are compatible, that is v y; = v ;,, show that X and T satisfy

X, —T,+[X,T|=0.

The pair X and T is similar to Lax’s pair L and A, and the last equation may lead to
various interesting equations of mathematical physics [1].

Solution. Let us differentiate the first equation with respect to ¢
Voo =X, v+ Xv,.
Replacing v, by Tv in accordance with the second equation, we obtain
v =(X;+XT)v.
Analogously, the differentiation of the second equation with respect to x leads to
Vi = (T +TX)v.
Thus, the above equations are compatible (v, = v 1) if
X, =T +[X,T|=0.
EXERCISE 8.6. Consider the two-soliton solution

3+ 4cosh(2x — 8¢) + cosh(4x — 64¢)

1) =12 .
ux) [3cosh(x — 28¢) + cosh(3x — 361)]2
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Fig. 8.12 Two solitons before, during, and after collision

Plot this function for the time instants before, during, and after the collision. Observe
the behavior of the amplitudes and phases.

Solution. After opening a notebook in Mathematica we first define function u(x,t)
given above representing the two-soliton solution. Then, by typing the following
command
Plot[u[x, -0.5], {x,—10, 10}, PlotRange — All],

we plot this function at time instant t = —0.5. Doing the same for the time instants
t = —0.1 and t = 0.5, we obtain the sequence of graphs representing two solitons
moving to the right before, during, and after collision as shown in Fig. 8.12. One can
observe that the solitons maintain their original shapes after the collision. The only
change is the phase shift. The graph of this function in the (x,7)-plane was shown in
Fig. 8.6.

EXERCISE 8.7. Find the average Lagrangian by solving the minimization problem

1

_ ) 2r 1
L=, min [ [ (@ =)W+ Vo)~ Ulya,ya)]de.
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where

B

1 o o
Uy ye) =, Wi+, wi+vi+ vi+ 0 (ya—w)'],

among 27-periodic functions for which y» = cy.

Solution. Let y; = y. Substitute the relation y, = cy (which describes the similar
normal mode) into the above variational problem for the average Lagrangian, we
reduce it to

. 1 . 2r 1 ) 5 b
L= Zﬂmb{?ll;lllzafo [2(00 =k )(1+c)yp —Ui(y,c)]db
where 1 5
o
Ui(y.o) = [+ +  (+chyt+ 0 (1= o)y,

Let prime denote the derivative with respect to 6. We use the first integral
1
, (@ =)+ )Y +Ui(y,c) = Ui(a,c) =h

to express L in the form

2
I— 1/ (@02 —K2)(1+A)y2do —h.
21 Jo

Changing the variable 6 — y, we obtain finally
- 1
L:2 (0> — k) (1+¢?) f\//dy/fh
2(w h—U( dy—h.
27_[ \/ f. \/ 1 Wa ) V-

The contour integral in this formula denotes the integral over a complete oscillation
of y from b, with U; (b,c) = U, (a,c), up to a and back, so it is equal to twice the
integral from b to a because the sign of the square root has to be changed appro-
priately in the two parts of the contour. This integral may also be interpreted as the
contour integral around a cut from b to a in the complex y-plane, where y plays
the role of the variable of integration.

EXERCISE 8.8. For the average Lagrange function

- o [T 0)
- 1dt —h = hA)dg—h
27[/0 Pq 27[7{19(61, ,A)dq

of an oscillator depending on the slowly changing parameter A show that dL/dh =0
coincides with the amplitude-frequency equation.

Solution. We use the conservation of energy
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L,
U(g,A)=nh
P TU@A)
to express the impulse p in terms of g
p=2m\/h—U(q,2).

Substitute this into the formula for the average Lagrange function to obtain

L

;;T\/zmjf\/h—U(q,;L)dq—h.

Let us differentiate this average Lagrange function with respect to &
L o \/ m 7{ dq :
oh 2m\ 2J \/h—-U(gA)

Thus, the equation L, = 0 is equivalent to

2r

F aminevian ™
V2/m/h=U(g.2) @

The last equation is nothing else but the amplitude-frequency (or amplitude-period)
relation; cf. (5.3).

=T.

EXERCISE 8.9. Show that the Sine-Gordon equation in cone coordinates takes the
form
UXT = sinu.

Develop the theory of slope modulation for this equation.

Solution. Using the cone-coordinates (8.48), we can establish, in our case, the fol-
lowing chain rule of differentiation

d doJdX JJdT 1, 4 d

o " ox o Torar —2l9x " aor)
0 _ 99 001 10 0
ox ox ax Tor ar  2'ax Tor

Then the second derivatives follow
2> 1 97 9? 0? 9? 1. 92 0? 0?
2= 4oy = + o) 2= 4oy +2 + o)
ot 40X 0XoT = dT ox 4°0X 0XdT  oT
Thus, the left-hand side of Sine-Gordon can be replaced by
82 82 82
( - )u = u,
ot?  Ix? 0XaT

and consequently, the Sine-Gordon equation in cone coordinates reads
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—uxr+ sinu=0 = UxT = sinu.

The strip problem associated with this form of Sine-Gordon equation is stated as
follows: find the extremal of the functional

21
/ [zka)q/_ze — (1 —cosy)]do (8.75)
0 :
among functions y(0) satisfying

y2m) = y(0)+27, ve(2m) = ye(0). (8.76)

The maximal slope of solution is defined as before: p = max |y g|, with p being an
arbitrary real and positive number. The construction of average Lagrangian as well
as the associated functional has been discussed in Section 8.4. However, there are
two modifications. Firstly, the first integral should read now

1
2ml//_%+(l —cosy)=h, m=ko.

The phase portrait is shown in Fig. 8.13, where it can be seen that the maximal slope
is achieved at y = 0. This implies mp>/2 = h. Secondly, the average Lagrangian
need be slightly modified as follows

L(p.k,0) =

-2 -2

Fig. 8.13 Phase portrait associated with the strip problem with m = 1
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where f(h) is the function expressed in terms of the complete elliptic integral.

21
1) = [ /i (1=cosyay.

The latter is nothing else but the time required for a pendulum with mass m = 2 and
unit length to complete its full circular motion in the gravitational field. Note that the
average Lagrangian does not change its form compared to (8.38), so the dispersion
relation remains unchanged in its form. To derive the equation of slope modulation
let us compute the derivatives

oL \/2 mj \/Zm , B \/2 ) B \/2

ok 21 2\/mf(h)+( o f'(h)=Dhy= An \/kwf(h)— 47t\/cf(h)’
oL V2 mg V2m B V2 ok B V2 1

e 4 2\/mf(h)+( o £ =Dho=, \/kcof(h) = r \/cf(h)’

where ¢ = @/k and the dispersion relation (8.38) has been used in two steps. Next,
we compute their derivatives with respect to X and T

aax 3112 - ﬁ [zcj/(cf () + écf "(h) (kx o+ oxk)p* + V; 7 ()m(p*) x),
88T 35) - 21/2 *2?;#[ () + 2\1/cf () (kro+ork)p + 2\1/cf/(h)m(P2),T]

Subtracting the second equation from the first one and dividing the result by the
common factor v/2 /47, we get, after some algebra,

! 2 /
f(h) (C7T + CC7x) + J;\(/hc) q(k7x (1]){ + 2(1)7)((1) — C()_’Tk) + J;\(/hc)

where the square of maximal slope is denoted by ¢ = p?.

We shall find only a particular solution to this equation using the Ansatz for the
phase as before: 0(X,T) =g(&(X,T)), E(X,T) =X /T. With this Ansatz the above
equation reduces to

(C()zq_rx — ka)qj) = 0,

AT (&) +Xg"(E)a(X, T)+Tg'(§)(Xqx —Tqr)=0.

The last equation is the partial differential equation of first order which can be solved
by the method of characteristics and whose solution is given by

T4

_ 2 _X
Q(X’T)_W(XT) g/(é(x,T))zv g(XvT)_Tv

and thus, 5
T
p(X,T)=/q(X,T) = WXT) e x.1y)° (8.77)
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The unknown function W(XT') should be determined from the expression for 4 in
the limit 7 — 2, which corresponds to the separatrix in the phase portrait

2

1 1
h= _mp*= _XTxW(XT)?> = W(XT)= )
,MPT =, (XT) (XT) JXT

The final asymptotic formula for the slope reads

_ 2TVT
VIXIg'(E(X,T))
EXERCISE 8.10. Use the analytical soliton solution for the Sine-Gordon equation

given in cone coordinates by (8.49) to simulate the 5-soliton solution and compare
it with the asymptotic formula 2,/7 /|X| at large time.

p(X,T)

Solution. We use formula (8.49) representing the exact analytical solution of the
Sine-Gordon equation. The Mathematica code which enables one to simulate this
solution is reproduced below.

createDelta[n_, c0_] := Block[{matrixc, ¥, num, m, k, n}, num = Length[n];

T 1 1

1=Table[Exp[—(n|Ik]] +n[n]) X - — [ + ]], {k, num}, {n, num}]:
4 \nlkl] nln]

matrixC = Table[Null, {k, num}, {n, num}];

For[k =1, k <num, k++,

For[n =1, n<k, n++,

i num ¥k, m] ¥[m, n]
matrixC[k, n] = Z.“ c0m] vV cO[k] cO[n] ;
=1 (nIk] +nml) (nlm] +nIn])

matrixCl[n, k] = matrixC[k, n]]”;
Return|[Det [IdentityMatrix[num] +matrixC]];

|

A = createDelta[Table[k, {k, 5}], Table[1l, {5}]1];

D[A, {X, 2}] A- (8xA)?
du = Simplify[A ] ;

A2

To explain this code let us first consider elements of matrix C = AA*. Since the
eigenvalues are purely imaginary, we have

G — &y = i(Mk+Ma).

Therefore, function ¢, (T) and, consequently, its conjugate, turn out to be real func-
tions

cx(T) = croexp(—=T/2mx), c(T)" = cx(T).

It is now easy to write the elements of matrix A and A*
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I\/CkoCno «  /Crocno
An:_ nX7T7 An: nvaa
¢ mtm, T A= ) X T)
(x,7) =exp |-(me+mx— - (L + 1)
n\A, =eXp | — n - .
Ye p k 4\ T

Thus,

Ykm(Xa T)ymﬂ (Xv T)

N N
Cin =D, AkmAyn = 2, Cm0\/Ck0Cn .
¢ rrg] ¢ mgll 0\/ K0 0(nk+nm)(nm+rln)

Denoting A = det[I + C], we differentiate the right-hand side of the expression for
the slope solution to get

2 AD2A — 2
d InA — dxA — (dxA) ’
X2 A2
which implies further
du_\/A%RA - (3xA)
=2 .
1224 A

The first piece of the above code is used to generate the determinant A = det[I+ C],
while the next one is aimed at computing the slope du/dX. The graph of du/dX
is plotted with the usual Plot Command. Using this Mathematica code, one can
reproduce Fig. 8.10 shown at the end of Section 8.4.

EXERCISE 8.11. Prove the identities K| = 0, K, = K3.

Solution. Since K is given as an integral over a closed contour, K vanishes if its
integrand is a full differential of a function. To show that this is the case let us
compute the following derivative

_d [, J6-b)o-by)
D‘d¢[2¢ b9 ]

- 0=by o=by 1 [(9=b2)(9—b3)
(¢ —b2) (b1 —0) (0 —b3)(b1—¢) b1—¢ b1 —¢

1 2
“o-h \/f(¢) (6=b2)(9 = 1)+ (6= b2)(6 = b1) — (6= b2) (6 —ba)]

V2(¢2 —2b1¢ + biby + byb3 — bybs)
(¢ —b1)V/f(9)

where f(¢) is equal to

b

f(9) =2(b1 —¢)(¢ —b2)(¢ —b3).
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We see that Dy /+/2 is exactly the integrand standing in the integral of K, which
implies that K; vanishes.

Now, we prove that the difference K, — K3 also vanishes using the same argument.
Subtracting K3 from K;, we obtain

K~ K3 =

bz—ba74¢2—2b1¢+b1b2+b1b3—b2b3d¢

4n (0 —b2) (¢ — b3)\/f(9)

Then we consider the following derivative

Dz—d\/ 2(61 - 9)
do |\ (¢ —b2)(¢ —b3)

_ by—¢ B by—¢
V@) (9—b)\/f(9) (9 —b3)\/f(9)
(0 =02)(¢ —b3)+ (b1 —9) (¢ —b2) + (b1 — 9) (¢ — b3)
(¢ —b2)(9 —b3)\/F(9)
02 —=2b1¢ +b1by + b1bs — bybs
(9 —b2) (9 —b3)\/f(9)

Thus, the integrand in the above formula for K, — K3 is again the full differential
and consequently, the integral vanishes.

EXERCISE 8.12. Derive equations (8.73) directly from the conservation law of
KdV equation
u;+ (3u2 +u) e =0.

Find its solution.

Solution. Let us average the above equation over a unit length (having k solitons) to
obtain
ﬂ,t + 3(“2)7)( =0.

Since there are k solitons in a unit length, the average values should be

b_l:/_C/ uydx, uzzl_c/ uldx,

where 1] is a single soliton solution having the amplitude a, and the integrals are
computed approximately by extending the unit interval to the whole real axis. Now,
for the single soliton given by

u; = asech’[\/a/2(x —2at)),
the integration yields

2= 4\/2]_6113/2.

i=2V2kva, u ;
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The average equation becomes
(kv/a) , + (2ka>/?) . = 0.

Keeping in mind that the phase velocity c, in case of solitons, is ¢ = 2a, we obtain
from the kinematic condition k; + (ck) » = 0 the following equation

]_C_’[ + (Zal_() x = 0.

We rewrite the above equation as (kv/a), + (cky/a) » = 0, expand the derivatives
and factorize appropriately to obtain

Valk, + (ck) ]+ 2\k/a (a;+cay) =0.

The second equation of (8.73) follows from the above equation plus the consistency
condition.

In this approximation the system is not strictly hyperbolic, but @ may be found
by integration along the characteristics dx/dt = 2a. Along this curve, the amplitude
a remains constant, due to

da dx

dr Mt g 9= 0.

Thus,

@ _oi—ac = *—oc
dt t

where C is a constant characterizing such a curve. By varying this constant, one can
obtain the solution a = a(x,t) spanned in the whole plane (x,?)

X

a(x,t) = o

With this solution the first equation, after some algebra, is reduced to
0 (tk) +xk = 0.
Changing the unknown function g = tk, we obtain
q:+ );(I,x =0,

which admits a simple solution g(x,7) = f(x/t), where f is an arbitrary function.
Thus, the average number of solitons is

1 x

k= f().

ot
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However, to achieve the full agreement, solution a(x,t) = x/2¢ has to be cut off
at some leading solitary wave in the sequence. This is equivalent to posing jump
conditions on the shock waves. If we accept (8.73), the jump conditions have to be

~V[kv/a] + [2ka’?] = 0,
—VI[k] + [2ak] =0,

where V is the velocity of the discontinuity and [[-]] denotes the jump. A jump from
a = 0 to a nonzero value a'®) would therefore have V = 24(?). This is the phase
velocity and the result indicates that the solution a(x,7) = x/2¢ may be cut off at a
leading solitary wave in the sequence.



Notation

Time ¢

Generalized coordinates g = (g1, ..,qn)
Generalized velocities ¢ = (41, ..,4n)
Generalized accelerations ¢ = (¢i,.-.,gn)

Generalized impulses p = (p1,...,pn)

Kinetic energy K(q,q)

Potential energy U (q)

Lagrange function L(q,q) = K(q,4) — U(q)

Hamilton function H(q, p)

Dissipation function D(q,q)

Frequency w

Period T

Amplitude a

Wave number k

Wavelength A

Phase 6

Element of volume, area, and length dx, da, ds

Greek indices run through 1,2,3 and denote the cartesian components of vectors and
tensors

Latin indices run through 1,...,n and numerate the degrees of freedom
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