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Preface

Resonance is one of the fundamental phenomena exhibited by nonlinear systems
and is important in physics, engineering and biology. It refers to a realization of a
maximum response of a dynamical system. In an oscillating system, the response
is primarily due to the ability of the system to store and transfer energy received
from an external forcing source into an internal oscillating mode. Resonance can
be deterministic or stochastic and can be realized in microscopic and macroscopic
systems. Both single and coupled systems can display resonance behaviour. It is
beneficial in many applications and also leads to instability and disasters in certain
systems.

Resonance can be induced in dynamical systems by means of external forces.
Different kinds of external forces give rise to distinct types of resonances. An
enhanced maximum response of a system at a frequency due to an external periodic
force is termed a forced resonance or simply a resonance. Some of the other
fascinating types of resonances are (1) stochastic resonance—induced by a weak
noise at the frequency of the applied periodic force, (2) vibrational resonance—
induced by a high-frequency force at the low-frequency of the external force,
(3) coherence resonance—induced by an external noise in the absence of any
external periodic force, (4) ghost resonance—induced by a multi-frequency force
at a frequency absent in the external force, (5) parametric resonance—induced
by a periodic variation of a parameter of the system, (6) autoresonance—induced
by an external force with time-dependent frequency and (7) chaotic resonance
due to a perturbation of chaotic nature. Among these types, the resonance due
to an additive force with a single frequency and parametric resonance occur both
in linear and nonlinear systems. Other resonances take place only in nonlinear
systems. In addition to the above resonances, in certain systems the amplitude of
the response is found to be either zero or minimum at one or more frequencies or
at certain values of a control parameter. This phenomenon is termed antiresonance.
Salient features of the above-mentioned resonances and antiresonance have been
investigated in mathematical model equations of physically interesting systems and
in real experimental systems. Theoretical procedures and statistical measures are
developed to identify and explore the various features of resonances.

vii



viii Preface

In the near future, the features of resonances are expected to lead to advanced
technological applications. For example, many macro, micro and nanoscale oscil-
lators and devices working in resonant modes as filters, nonlinear mixers, sensors,
atomic scale imaging and amplifiers are found to give rise to higher efficiency and
greatly improved performance.

This book presents basic aspects and salient features of the above-mentioned
various nonlinear resonances and antiresonance. Particularly, for each resonance, it
covers theoretical concepts, illustration, case studies, mechanism, characterization,
numerical simulation, experimental realization, quantum analogue, applications
and significant progresses made over the years. It is self-contained, mathematical
derivations show all the main steps, and the techniques involved in numerical
simulation are clearly described so that a reader is able to reproduce the results
presented. This is written in a simple language and prototype and paradigmatic
model equations are used to illustrate the mechanisms of resonances and describe
the theoretical procedures. This is primarily developed as a text at the postgraduate
level and also as a reference book for researchers working and/or interested in the
dynamics of resonances.

This book is structured into 14 chapters and 3 appendices. The book begins
with a detailed introduction to the phenomenon of a forced resonance in Chap. 1.
Through a theoretical treatment, the occurrence of resonance in certain physically
interesting nonlinear systems driven by a single deterministic periodic external
force is discussed. Some notable applications of forced resonances are mentioned.
Chapter 2 presents theory, characterization and applications of stochastic resonance,
and a quantum analogue of stochastic resonance is pointed out. Chapter 3 is devoted
to the theoretical analysis of the biharmonic force induced vibrational resonance
in monostable nonlinear systems. Resonance with nonsinusoidal periodic forces,
the effect of noise and the role of asymmetry of a potential on resonance are
discussed. The features of both stochastic and vibrational resonances in multistable
and excitable systems are presented in Chap. 4. Occurrences of both stochastic and
vibrational resonances in spatially periodic potential (pendulum) system and in a
modified Chua’s circuit model equation with periodic characteristic curve of Chua’s
diode are analysed in Chap.5. The role of the number of equilibrium points on
resonances is explored. Furthermore, the characteristic differences between these
two types of resonances are enumerated.

Chapter 6 mainly deals with vibrational resonances in the Duffing oscillator
with time-delayed feedback. Notable examples of time-delay in different branches
of science are enumerated. The role of constant single time-delay, multiple time-
delay, integrative time-delay, distributed time-delay and state-dependent time-delay
and the influence of strength of time-delayed feedback are analysed. Next, Chap. 7
reports on the resonance enhanced signal propagation in unidirectionally coupled
nonlinear systems. Particularly, the influence of forced, vibrational and stochastic
resonances on signal propagation is explored. Chapter 8 covers experimental
observation of vibrational resonance in single Chua’s circuit, overdamped bistable
system, vertical cavity surface emitting laser system, an excitable electronic circuit
and unidirectionally coupled Chua’s circuits. In the next chapter, ghost-stochastic
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resonance induced by noise and ghost-vibrational resonance due to a high-frequency
force are covered. Both single and coupled systems are taken for analysis. The phe-
nomenon of parametric resonance is dealt in Chap. 10. Particularly, its occurrence in
certain linear and nonlinear systems, analog circuit simulation results and its certain
signatures in quantum systems are presented.

Chapter 11 is devoted to autoresonance. The role of limiting phase trajectories
on autoresonance is examined. The features of autoresonance in optical waveguides
and four-wave mixing are elucidated. Its quantum analogue is shown to be ladder
climbing of energy with time. Coherence resonance and chaotic resonance are
treated in Chap. 12. Theory of coherence resonance is presented with reference
to a two-state noise driven system. Resonance-like behaviour induced by certain
kinds of chaotic perturbations and Gaussian white noise is analysed. The response
of linear and nonlinear systems to time-varying frequency of the driving external
force and monotonic increase of a parameter with time are discussed in the next
chapter. Such perturbations are shown to give rise to a slow passage of trajectories
through resonance and resonance tongues. The role of initial conditions on the
maximum response is discussed. The final chapter is primarily concerned with the
identification and analysis of antiresonance in both single and coupled oscillators.
Analog circuit simulation results are also presented. Finally, equilibrium point
analysis, analytical expression for the roots of a cubic equation and description of
analog circuit construction for an ordinary differential equation are presented in the
appendices.

We are indebted to J. Kurths, K. Thamilmaran, V. Chinnathambi, V.M. Gand-
himathi, S. Jeyakumari, V. Ravichandran, S. Arathi, C. Jeevarathinam, R. Joth-
imurugan, J.M. Casado, M. Coccolo, A. Daza, J. Seoane, G. Litak, J. Used,
A. Wagemakers, J.H. Yang, S. Zambrano, K. Abirami and S. Rajamani for many
years of collaboration without which it would not have been possible to write this
book. One of us (S.R) thanks P. Philominathan, T. Arivudainambi, A. Venkatesan
and K. Murali for their suggestions and encouragement. All the analog circuit
simulation studies presented in this book are prepared in collaboration with
K. Thamilmaran and R. Jothimurugan. It is a great pleasure to thank them. Finally,
we extend our thanks to our family members for their great support, cooperation and
encouragement during the course of preparation of this work.

Tiruchirapalli, Tamil Nadu, India S. Rajasekar
Méstoles, Madrid, Spain Miguel A.F. Sanjuan
July 2015
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Chapter 1
Harmonic and Nonlinear Resonances

A physical system can be constituted by a single particle or a collection of particles.
When a system exhibits a to-and-fro motion it is called an oscillator. A familiar
example of an oscillator is a wall-clock pendulum. The oscillation of an oscillator
can be periodic, quasiperiodic or even chaotic (which is a bounded nonperiodic
motion of a deterministic nonlinear system with a high sensitive dependence on the
initial conditions [1-3]). Oscillations are called free or natural when they take place
after some initial action on a system in absence of any external forces. In a real
physical system the amplitude of the natural oscillations decay due to the energy
dissipation, and in the long time limit the system comes to a rest state which is an
equilibrium position.

When the oscillations are due to the effect of an applied external periodic force,
they are commonly termed as forced. Typically, a forced oscillation gets its steady
state after a transient motion. The period of the forced periodic oscillation is an
integral multiple of the period of the periodic driving force. Suppose that we increase
the frequency w of the external periodic force from a small value. In a typical case,
the amplitude of the oscillation increases, reaches a significantly large value at a
certain value of the frequency and then decreases with further increase in the value
of the frequency w. This phenomenon where a maximum amplitude appears is called
aresonance [4-T]. For example, a pendulum can be excited to a high amplitude with
a weak periodic driving force by varying the angular frequency w of the driving
force. The frequency at which the amplitude of oscillation becomes maximum is
termed as resonant frequency. When the system is linear and the damping is weak
the resonant frequency is approximately equal to the natural frequency wy of the
system. At the resonant frequency, even a small amplitude periodic driving force
will be able to produce large amplitude oscillations.

The term resonance (from Latin resonantia ‘echo, from resonare ‘resound’)
originates from the field of acoustics, particularly realized in musical instruments,
e.g., when strings, without direct excitation by the player, started to vibrate and to
produce sound. In the year 1739 the Swiss mathematician and physicist Leonhard
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2 1 Harmonic and Nonlinear Resonances

Euler (1707-1783) solved the ordinary differential equation governing a forced
harmonic oscillator and found the resonance phenomenon. Taking an initially
cautionary approach to resonance analysis, the Italo-French mathematician Joseph
Louis Lagrange (1736—1813) first explored the various concepts of resonance by
working with sound and music. Later, Hermann von Helmholtz (1821-1894),
a German physicist, also wrote extensively on the phenomenon of resonance,
particularly with respect to the physics of music, sound waves and the mechanics
of the human ear. Of special importance is his book On the Sensations of Tone as a
Physiological Basis for the Theory of Music [8] where it first appeared a nonlinear
system with a quadratic nonlinearity.

Resonance occurs in linear and nonlinear systems. However, there are some
similarities and differences between linear and nonlinear resonances. Resonance
occurs in many branches of physics, engineering and biology. We have mechanical
resonance (resonant vibrations of mechanical devices like a playground swing and
a quartz watch), acoustic resonance (resonant vibrations in musical instruments and
human vocal cords), electrical resonance (resonance of tuned circuits in televisions
and radios) and optical resonance (creation of coherent light in a laser cavity).
Certain objects show resonance due to vibrations inside them (called resonators).
Examples include vibrating strings, quartz crystals, microwave cavities and laser
rods.

The present chapter discusses resonance in deterministic dynamical systems,
both linear and nonlinear, induced by a single periodic force and then it points out
some of its applications.

1.1 Simple Examples of Resonance

A classic and simple example of resonance is the oscillatory motion of a swing in
a playground. The rest state of the swing is its stable equilibrium position. Suppose
a mother is pushing her child on a swing. To start with, the mother pulls the seat
of the swing back and releases it. The swing moves toward the equilibrium position
then moves up again on the other side. At the equilibrium point its speed is the
largest. When the speed becomes zero at the other side, then the swing reverses its
direction. If the mother gives no further pushes then due to the friction of the chain
of the swing against the support along the bar, the amplitude of the oscillation of
the swing decreases and finally it would come to a halt. In order to make the swing
to move to-and-fro without a halt, the mother has to push the swing at the right
time. The right time is the one at which the swing is at its maximum amplitude. At
this moment, the pushing motion of the mother and the motion of the swing are in
resonance.

Galileo Galilei (1564—1642) described an instance of resonance that is still used
in the ringing of heavy free-swinging tower bells:

“Even as a boy, I observed that one man alone by giving impulses at the right
instant was able to ring a bell so large that when four, or even six, men seized the
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Fig. 1.1 An experimental R
setup to realize a large ®
vibration due to resonance

@~

@ w
ow

rope and tried to stop it they were lifted from the ground, all of them together being
unable to counterbalance the momentum which a single man, by properly timed
pulls, had given it.”

1.1.1 What is the Effect of Resonance?

The effect of resonance is to produce a large vibration. This can be easily realizable.
Consider an apparatus consisting of, say, three set of two identical plastic bobs
mounted on an elastic metal pole which are then mounted on a metal bar as shown
in Fig. 1.1 (http://www.physicsclassroom.com). The lengths of the metal poles are
different so that the natural frequencies of vibrations of the attached bobs are
different. To distinguish the bobs they can be coloured. Let the bobs attached with
longer and shorter poles to be coloured red and blue, respectively. The bob attached
to the intermediate pole is coloured green. The natural frequency of the red colour
bob is smaller, while that of the blue colour bob is the highest. Suppose a red bob
is disturbed. It does not only vibrate with its natural frequency, but it also forces
the attached bar to exhibit a vibration at the same frequency. This in turn drives the
other red bob into vibration at the same natural frequency. The mechanism for the
vibration of the second red bob is precisely the resonance. The first red bob vibrating
at a given natural frequency forces the second red bob with the same frequency.
Though the green and blue bobs are also disturbed by the vibration of the first bob,
only the second red bob vibrates with a large amplitude.

1.1.2 Realization of Periodic Forces

In the context of the resonance one speaks about systems driven by one or more
external periodic forces. Often, a periodic force is treated as a simple external
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perturbation to induce oscillatory motion and different nonlinear phenomena in
damped nonlinear oscillators. In many physical, engineering and biological systems,
as well as in electronic circuits, it is not only easy to introduce a periodic force but it
also represents an inherent part of them. For example, a periodic force represents
a periodic seasonal variation in ecological systems [9], an injection current in
lasers [10], imaging and audio pumping waves in an acoustic field [11], oscillations
introduced to mechanical devices by means of a electromagnetic vibration generator
[3], an input voltage/current source in electronic circuits [3, 12], membrane current
in neuronal axons [13, 14], pacemakers’ activity in real life systems [15], an applied
illumination in photolithography-assisted techniques in chemical reactions [16, 17]
and so on.

1.2 Nonlinear Resonance in the Duffing Oscillator

For certain types of nonlinear systems, particularly oscillators with polynomial type
potentials or forces, it is possible to obtain an approximate theoretical expression
for the oscillation amplitude and then one can analyse the occurrence of resonance
as well as the effect of various parameters on the resonance. This section considers
this for the ubiquitous Duffing oscillator.

Consider the Duffing oscillator equation

5&+d)'c+w§x+,3x3 =fcoswt. (1.1)

This model was introduced by the German Electrical Engineer Georg Caspar
Duffing (1861-1944) in 1918 [18] to describe the hardening spring effect observed
in several mechanical problems and is used as a prototype model to investigate
various nonlinear phenomena. In Eq.(1.1) wy is the natural frequency, B is the
stiffness constant and d is the damping constant. Equation (1.1) can be treated as
the equation of motion of a particle of unit mass in the potential well

1 1
Vix) = Ea)gxz + Z,Bx4 (1.2)

subjected to a viscous drag force of strength d and driven by an external periodic
force of frequency w and amplitude f. In recent years micro- and nano-mechanical
oscillators are developed as an alternative to the conventional oscillators (such as
quartz oscillators) due to their compatibility with typical semiconductor processing
and high sensitivity. The most popular and the simplest resonator utilized in micro-
and nano-mechanical resonant sensors is the clamped-clamped (c-c) beam resonator
[19]. The dynamics of a c-c beam is modelled by the damped and forced Duffing
oscillator equation. Resonance behaviour has been studied in an experimental



1.2 Nonlinear Resonance in the Duffing Oscillator 5

system consisting of a short, cylindrical ferrite magnet hanging from a soft steel
spring [20]. The mathematical model equation of this system is shown to be the
Duffing oscillator equation.

1.2.1 Theoretical Equation for the Amplitude of Oscillation

For small values of 8 and f it is reasonable to expect a periodic motion of the
system with period 27 /w. Suppose a)g and 8 > 0. Then in absence of the driving
force f cos wt, the system (1.1) has only one equilibrium point and is (x, x) = (0, 0).
The determination of equilibrium points (fixed points) and their stability analysis
are presented in the Appendix A. The equilibrium points of (1.1) without f cos wt
can be obtained by substituting x = 0 and X = 0. Obviously the equilibrium point
(x,x) = (0,0) is unstable in the presence of the driving force. Oscillatory motion
takes place about this equilibrium point.
Assume the periodic solution of (1.1) as

x(t) = a(t) coswt + b(f) sinwt , (1.3)

where a(t) and b(r) are slowly varying functions of time . If an oscillatory motion
occurs in a system about a point which is not the origin, then in Eq. (1.3) one can add
c(#). For example, when w? < 0 and B > 0 the system (1.1) has three equilibrium

points and are (xo,%) = (0,0) and (x+,%) = (&./|w|/B,0). The origin is
unstable while the other two are stable for f = 0. For |f| < 1 periodic orbits with
period 27t /w occurs about the points (x4, Xo). In this case, it is necessary to include
¢(?) in the solution (1.3). Furthermore, if the potential of the system is asymmetric
about the origin, then c(¢) is necessary in the solution (1.3).

Substitution of the solution (1.3) and

3
X 7 (a* + b*) (acoswt + bsinwi) (1.4)

in Eq. (1.1), neglecting &, b, da and db as they are assumed to be small and then
equating the coefficients of sin wt and cos wt separately to zero give

. b 3 1

a:—%[ 2—w§—z,3(a2+b2):|—§dav (1.52)

. a 3 1 f

bh=—|w*—w} =B (a*+b) |- zdb+ — . 1.5b
2a)|: © =7 (a® + b) 5 +2w (1.5b)

Introducing the transformation

a(t) = A(t)cosp(t), b(t) = A(t)sing(t) (1.6)
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with A% = a® + b2, Eq. (1.5) become

. 1
A=—zdA+ —2fw sin @, (1.7)
. A 3 f

A=~ |:a)2 —wf — ZﬁAz} + 5 cosd . (1.7b)

In the long time limit, after a transient motion, the solution (1.3) becomes periodic
with period 277 /w provided a(t) and b(f) become constants as t — oo. The limiting
values of a and b are related to the equilibrium points of Eq. (1.7) and are obtained
by setting A = ¢ = 0, A(f) = A*, ¢(r) = ¢* and dropping ‘*’ in A and ¢ for
simplicity. The result is

dAw = fsin ¢, (1.8a)
3

A[a)g—wz—i—zﬂAz} =fcos¢ . (1.8b)

From Eq. (1.8) it is easy to obtain

3 2
A? (wg — 0’ + ZﬂAZ) +d0? | -f2=0 (1.9)
and
dow

=tan'| ——-——— | . 1.10

We define the quantity A/f as the response amplitude Q. The oscillation
amplitude A or the response amplitude Q of the Duffing oscillator is given through
Eq.(1.9) and is called frequency-response equation [3, 7]. For fixed values of the
parameters, A or Q can be determined by solving Eq. (1.9). The frequency-response
analysis is widely utilized by practising engineers to understand the behaviour of a
system.

1.2.2 Resonance in a Linear System

Before studying the resonance in the nonlinear system (1.1) using Eq. (1.9) we will
consider the linear system (8 = 0) with a)g = 1 and f = 0.1. The response
amplitude of the oscillation of the linear system is given by

0=-=—, S:(wg—w2)2+d2w2. (1.11)
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Fig. 1.2 Frequency-response 6 .
curves of the linear version of
Eq. (1.1) (B = 0) for few
values of the damping

coefficient d with w3 = 1 and 4+
f=01
<
2L
(0]

The condition for Q to be maximum is dS/dw = 0 and d?S/dw? < 0. From these
conditions the value of w at which Q becomes maximum is obtained as

Omax = /05 — = . (1.12)

There is no resonance ford > |/2w;. Figure 1.2 shows the influence of the damping

coefficient d on the response amplitude Q. For each fixed value of d < /2w? as
w increases from a small value, Q increases and reaches a maximum value at w =
Wmax given by Eq. (1.12) and then decreases. The value of Q at wp,x decreases for
increasing values of d. Furthermore, Q is a single-valued function of w. Moreover,
in Fig. 1.2 notice that the linear system always responds in the same manner as
we sweep the angular frequency  in the forward and reverse directions. However,
nonlinear systems display different responses for forward and reverse sweep for
certain range of parameter values as shown in the following.

1.2.3 Hysteresis and Jump Phenomenon in the Duffing
Oscillator

For the Duffing oscillator system in Eq.(1.9) the powers of A are even and the
highest power is 6. Hence, with A’ = A? the frequency-response Eq. (1.9) becomes
a cubic equation for the amplitude A’. Since +A and —A represent oscillatory
solutions with the same amplitude, Eq. (1.9) can have either three real roots or only
one real root. Ready-made formulas are available for the roots of cubic Eq.(1.9)
[21]. In this book cubic equations occur at many places in studying the resonance
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dynamics. All the real roots of them have to be determined for the analysis of the
underlying resonance behaviour. Therefore, in Appendix B the analytical method of
determining all the roots of a general cubic equation is presented. For Eq. (1.9) there
is another simple way for the calculation of a possible value of A.

From Eq. (1.9) one can write

) _ ! (20 —d*) £ (2a—d2)2+4(f—2—oc2) (1.13a)
) A2 ’ ’

where
2, 3,0
o =w)+ Z'BA . (1.13b)

This equation can be used to draw the frequency-response (w — A) or (w — Q)
curve. Start with a small value of A with increment, say, 0.005. For each value of A
calculate the corresponding values of w and then plot w versus Q(= A/f).

Figure 1.3 shows the plot of Q versus o for a)g =1,d = 0.1, 8 = 2 and
f = 0.2. The frequency-response is not symmetric about @ = wy, but it leans to
the right (for § > 0) of @ = wp. For w; < w < w, there are three possible values
of O and only one value for the rest of the intervals of w. The multi-valuedness
of Q leads to jump or hysteresis phenomenon. When the angular frequency @ of
the external periodic force increases from a small value, the response amplitude O
increases steadily and reaches a maximum value ¢ at @ = w,. Further increase of
o gives rise to a sudden discontinuous jump of Q from ¢ to ¢’. When w is varied in
the forward direction from a small value, then Q follows the path abcc’d. In contrast
to this, if @ decreases from a large value, then Q follows the path d¢’b’ba. That is,

Fig. 1.3 Frequency-response
of the Duffing oscillator,

Eq. (1.1), with w? = 1,
d=0.1,=2andf =0.2
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there is no jump at @ = w,, however there occurs a jump at ® = w; from a lower
value to a higher value of Q. The response amplitude traces two different paths in
the interval [w;, ;] when w is varied in the forward and reverse directions resulting
in the hysteresis phenomenon. The portion b’c of the response curve is unstable and
cannot be realized in numerical and experimental simulations. The values of w; and
w, obtained in the numerical simulation are 1.31 and 1.74, respectively, while their
values calculated from theoretical analysis are 1.31 and 1.73, respectively.

We can numerically integrate Eq.(1.1) with an initial condition (x(0), x(0))
starting near the origin for the starting value of w. Leave the solution corresponding
to, say, first 500 drive cycles as a transient and then using the solution over the
next few drive cycles compute the oscillation amplitude A (Q is then A/f). For the
next value of @ we can use the last value of (x,x) of the previous w as the initial
condition. Continuing this process over the chosen range of values of w, the path
abec’d can be realized. To observe dc’b’ba, we can repeat the above by starting from
the large value of @ and decreasing it step by step.

For o < w; and w > w, the system (1.1) admits only one periodic solution
with period T = 27 /w. For w € [w], w,] there are two stable periodic solutions
(corresponding to the branches bc and b’c’) and one unstable solution (the branch
b’c). Figure 1.4 displays the phase portrait of the orbits for w = 1(< wy), 1.4 (lying
in the interval [w;, ®;]) and 2(> w,). For ® = 1.4 there are two stable periodic
orbits. One orbit has a small amplitude while the amplitude of the other orbit is
relatively large. These two orbits are realized for a different set of initial conditions.

The effect of the parameters d, f and f on the resonance can be studied from
Eq. (1.9). Figure 1.5a illustrates the effect of the nonlinear coefficient 8. For § < 0
and > 0 the response amplitude curves lean towards left-side and right-side,
respectively. In quasiperiodic photonic crystals based on the so-called Thue-Morse
sequence and with the Kerr (or cubic) nonlinearity, an intensity-dependent self-
phase modulation is noticed. This effect is found to shift the resonance frequencies.
The direction of the shift depends on the sign of the coefficient of the nonlinearity.
For a positive nonlinear coefficient the resonances in the transmission spectrum is
found to bend towards the bandgap regions [22].

(@) 15 (b) 15 (c) o8

w=1

w=14
w0 C) ‘8 OGD ‘8 o' ¢

~
J
-1.5 -1.5 -0.8
-1 0 1 -1 0 1 -0.4 0 0.4
€T T T

Fig. 1.4 Phase portrait of the orbits of the Duffing oscillator Eq.(1.1) for three values of w.
(@) w = 1,(b) w = 1.4 and (¢) @ = 2. The values of the other parameters are a)g =1,d =0.1,
B=2andf =02
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w

Fig. 1.5 Q versus o for few values of (a) 8 and (b) d for the Duffing oscillator with w? = 1 and
f = 0.2. In the subplot (a) the values of f for the curves 1-5 are —2, —0.5, 0, 2 and 5, respectively
and d = 0.1. For the subplot (b) the value of § is 2

The role of the damping coefficient d on the resonance is clearly seen in Fig. 1.5b.
Both wnax and Onax decrease for increasing values of d. For d values greater than
a critical value, there is no resonance. For example, in Fig. 1.5b ford = 1.6, Q
decreases continuously with .

1.2.4 Analog Circuit Simulation

The resonance behaviour found in the Duffing oscillator can be realized in the
real experimental systems including the analog circuit simulation of Eq.(1.1). In
this book certain resonance phenomena will be demonstrated through an analog
circuit simulation of the equation of motion of certain systems. In view of this in
Appendix C the construction of analog circuits for the evolution equations described
by ordinary differential equations is shown. One can construct an analog circuit for
certain types of ordinary differential equations either using real electronic circuit
elements or through a circuit simulation software.

The details of the construction of an analog circuit for the Duffing oscillator
is presented in Appendix C. Figure C.5 shows an analog circuit for Eq.(1.1). In
this circuit instead of the driving force cos wt the force sin wt is used. The circuit
is constructed using real circuit elements. In the circuit, we fix the values of the
parameters as R1 = 100k2, R2 = 10k€2, and R3 = 10k, C = 100nf and
F = 0.1V. The corresponding values of the parameters in Eq.(C.15) are then
computed as d = 0.1, a)g = 1,8 = 1and f = 0.1. Figure 1.6a, b present the
frequency-response curves obtained in the numerical and analog circuit simulation
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) (b)

w2

500 1000 w; 1500
w w (rad/s)

Fig. 1.6 Frequency-response curves of the Duffing oscillator obtained by (a) numerical and (b)
analog circuit simulations

of Eq.(C.14). The qualitative features of the curves in the two simulations are
the same. In the numerical simulation the values of w; and w, are 1.23 and
1.15, respectively. In the analog circuit simulation @; and w, are 1.26 and 1.19,
respectively.

1.2.5 Resonance in the Overdamped Duffing Oscillator

The overdamped version of the system (1.1) is given by
)'c+w§x+,3x3 = fcoswt . (1.14)
Seeking the solution of the form of Eq. (1.3) gives
A= —a)gA—%,BA3+fcos¢, (1.15a)
Ap = Aw —fsing . (1.15b)

From the steady state solution of Eq. (1.15) the equations for A and ¢ are obtained
as

2
A? |:a)2 + (wg + %,BAZ) ] =2 (1.16)

and

_ w
¢ = tan 1<w§+—%ﬂA2), (1.17)
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Fig. 1.7 Frequency-response T T T T T T T
curve for the overdamped
Duffing system with w? = 1,
f = 0.2 and for the two
values of

Figure 1.7 shows Q(= A/f) as a function of  for = 0 and 2 with w3 = 1 and
f = 0.2. Q decreases rapidly with w and there is no resonance in both linear and
nonlinear systems.

The next few sections are devoted to a brief discussion about the resonant
dynamics in certain physically important linear and nonlinear systems.

1.3 Pendulum System

The equation of motion of a pendulum bob in a resistive medium with damping
coefficient d and driven by a periodic force is given by

é+dé+sin9:fcosa)t. (1.18)

The above equation is widely studied because it models many physical phenom-
ena. For example, it describes the dynamics of rf-driven Josephson junction and
phase-locked voltage-controlled oscillations. A detailed review of the theoretical
and experimental investigation of various nonlinear dynamics of Eq.(1.18) was
presented in [23-26]. In the absence of damping and external periodic force the
potential of the pendulum system is V(6) = —cos6 and is spatially periodic.
A feature of the undamped and periodically driven pendulum is that it exhibits
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anomalous and normal diffusions for a range of values of the angular frequency
 [27-29].

Seeking the solution of (1.18) in the form (1.3) and for small values of f, a(¢) and
b(t), approximating

1
sinf ~ 0 — = 6°
6
1
A acoswt + bsinwt — 3 (a2 + bz) (acoswt + bsinwt)  (1.19)

and following the same procedure used for the Duffing oscillator in the previous
section lead to (with A2 = a2 + b?)

2
A? [(1 -’ — éAZ) + d2w2:| —-f2=0. (1.20)

We compare the frequency-response Eq. (1.20) of the pendulum system with that
of the Duffing oscillator given by Eq. (1.9). In the approximation (1.19), since the
coefficient of the nonlinear term becomes negative the response amplitude lean
towards the left-side as shown in Fig. 1.8a, where d = 0.04 and f = 0.05. When w
is increased from a small value, the response amplitude Q follows the path abcc’d
and a sudden jump from a lower value to a higher value takes place at @ = 0.9385.
As w decreases from a large value the jump occurs at @ = 0.856. The effect of the
damping strength d on the response amplitude is shown in Fig. 1.8b. The effect of d
is to reduce the oscillation amplitude.

(@)
30

20

&

10

Fig. 1.8 Variation of Q with w for the pendulum system (1.18) with f = 0.05. The value of d for
the subplot (a) is 0.04
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1.4 Morse Oscillator

Another interesting nonlinear oscillator is the damped and driven Morse oscillator
given by

i4+di+Be ™ (1—e) =fcoswt. (1.21)

The Morse potential is named after physicist Philip M. Morse. Philip McCord Morse
(1903-1985), was an American physicist, administrator and pioneer of operations
research in World War II. He is considered to be the father of operations research in
the U.S. The Morse potential was introduced as a useful model for the interatomic
potential and fitting the vibrational spectra of diatomic molecules. It is also used
to describe the photo-dissociation of molecules, multi-photon excitation of the
diatomic molecules in dense medium or in gaseous cell under high pressure and
pumping of a local model of a polyatomic molecule by an infrared laser [30-33].
The existence and bifurcations of periodic orbits have been studied in detail [34, 35].
In absence of damping and forcing the potential of the system is

Vix) = %ﬂ e (e —2) . (1.22)

Figure 1.9 shows the plot of V(x) for 8 = 1. The equilibrium point of the unforced
system is (x, x) = (0, 0). Oscillatory motion of the periodically driven system (1.21)
occurs around the origin. However, from the shape of the potential it is clear that the
centre of the forced oscillation need not be always the origin. Therefore, we write

Fig. 1.9 Shape of the
potential of the Morse
oscillator
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the solution of (1.21) for small values of the amplitude of the driving force as

x(t) = c(t) + a(t) cos wt + b(¢) sin wt

= c(t) + u(?) . (1.23)
With
—x ¢ 1, 15
e xe l—u—i—iu—gu , (1.24a)
4
e ¥ e [1 —2u +2u* — §u3i| , (1.24b)
1
W~ 3 ( 24 b2) , (1.24¢)
3
W~ 2 ( 24+ bz) (acos wt + bsin wt) (1.244d)

and A = a® + b? the frequency-response relation is

1
A? |:a)2 +Be (1 —2e) + ge—c = 8e_C)A2:|

+d*w?A? = [, (1.25a)
. (4+4)
i = 0. (1.25b)

As done for the other systems, one can draw the frequency-response curve by
calculating the w values for fixed values of A in a suitable range. Figure 1.10a shows

a T T T b ™ T T
()3°’f:0-04,/3:0-5 . ()30’f:0.04,d:0.08 -
20 20 |
& &
10 10+
(0] : . . 0 .
0.3 0.6 0.9 1.2 0 1 2

w

Fig. 1.10 Dependence of Q versus w of the Morse oscillator on (a) the damping coefficient d and
(b) B, coefficient of the nonlinear term. The continuous and dashed curves represent stable and
unstable branches, respectively
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Fig. 1.11 Phase portrait of T T T T
the two coexisting periodic 5
orbits of the Morse oscillator
for f = 0.04, 8 = 0.5,

d = 0.08 and @ = 0.55.
Note that the centers of the
orbits are not the origin

0.5 | _

the response amplitude Q versus w for a few fixed values of d where f = 0.04 and
B =0.5.

For d = 0.08, the theoretically predicted values of w at which jumps in the
response curve occur are 0.47 and 0.57, while in the numerical simulation jumps
occur at 0.5 and 0.58. Figure 1.11 shows the coexistence of small and large
amplitude periodic orbits for @ = 0.55. The centers of the orbits are not the origin,
that is, ¢ # 0 in Eq. (1.23). The effect of 8 on the response is depicted in Fig. 1.10b
for d = 0.08. As § increases the response curve moves in the forward direction and
the maximum amplitude decreases with the increase of §.

1.5 Linear and Nonlinear Jerk Systems

Consider the third-order system of the form
X+di+ax+F(x)=0. (1.26)

An equation of the above form is called a jerk equation [36-38]. The third derivative
term X is called jerk. Such equations model the jerk circuit introduced to generate a
family of scroll grid attractors [39—41]. For the linear form of F(x) = a)gx and driven
by the periodic force f cos wt the general solution of (1.26) is x(f) = xn(f) + x,(?).
Xp, the solution of the homogeneous part of the jerk equation is given by

Xp = Cle’”" + Cze”’z’ + C3e”’3’ R (1.27)
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where m;, my and mj3 are the roots of the cubic equation
3 2 2 _
m’ +dm”+am+ wy =0 (1.28)

and Cy, C; and C3 are integration constants. Assuming the particular solution of the
jerk equation as x,(#) = A cos(wt + ¢), the amplitude A is determined as

A= ! —7 (1.29)
[a)z (@? — a2’ + (0} — dw?) ]
and
S B (“)2 —a)
¢ = tan |:—a)§ o ] . (1.30)

For a real and bounded solution, the requirement is that the real part of all the roots
of (1.28) should be negative. Even if one of the roots has a positive real part, then
the solution will diverge with time ¢. The Routh—-Hurwitz criterion [42] for all the
roots of Eq. (1.28) to have negative real part is a, d > 0 and ad®> > a)g. When this
condition is satisfied x,(f) — 0 in the limit # — oo and in the long time limit, the
solution of the periodically driven linear jerk equation is given by

x(t) = Acos(wt + ¢) . (1.31)

The response amplitude becomes maximum at

1/2
—u; =+ ,/u% — 4u,
W = Wpax = > , (1.32a)
where
_ % 2~ 2 _ l 4 2
Uy = 3 (d 2a ), Uy = 3 (a Zdwo) . (1.32b)

Figure 1.12a shows Q versus w for a few values of d, where a = 1, a)g =1
and f = 0.1. For d < 1 the motion of the system is unbounded. As d increases
from 1 both wn,x and Omax decrease. The effect of @ on Q is shown in Fig. 1.12b for
d = 1.1. wmax increases (while Qpn.x decreases) with increase in a.
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Fig. 1.12 Frequency-response curve for the linear jerk equation for (a) four values of d witha = 1
and (b) four values of a with d = 1.1. The values of a)g and f are 1 and 0.1, respectively

@ o B

Fig. 1.13 Q versus w for the nonlinear jerk system for (a)d = 2.7, a = 1,f = 0.1, a)g =1 and
B = 8. Continuous and dashed curves represent stable and unstable branches. (b) Q versus o for
B = 4 (curve 1), 8 (curve 2) and 12 (curve 3)

Next, we consider the periodically driven jerk equation with the nonlinear
function F(x) = a)gx + Bx*. The frequency-response equation is worked out as

2
A? [(wg —dw® + %,BAZ) + * (a— wz)z} =f. (1.33)

Now, we compare Eq. (1.33) with the frequency-response Eq. (1.9) of the Duffing
oscillator. Figure 1.13a presents Q versus o ford = 2.7, a = 1, wg = 1 and
B = 8. The hysteresis and the jump phenomenon are clearly evident. Jump in the
response amplitude occurs at @ = 0.775 and 0.83 when w is varied in the forward
and reverse directions, respectively. In Fig. 1.13b the frequency-response curves for
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three values of § are plotted. For B = 4 there is no hysteresis and jump in the
response amplitude. The stable and unstable branches of the response curve are well
separated. For 8 = 8 and 12, these two branches are smoothly joined and further
for a range of values of w, the response has multi-valuedness leading to hysteresis.
The unstable branch of the response curve of a jerk system is quite different from
other systems considered earlier in this chapter.

1.6 Van der Pol Oscillator

The damping term in the systems considered so far in this chapter is linear. There are
numerous physically and biologically interesting systems with nonlinear damping.
One such a famous and prototype nonlinearly damped system is the van der Pol
oscillator [3]. Balthasar van der Pol (1889-1959) was a Dutch physicist. The van
der Pol oscillator appeared first in the year 1928 in [43] written in collaboration
with Jan van der Mark (1893-1961).

The dynamics of the van der Pol oscillator with a periodic driving force is
governed by the equation

¥—e(l—x") i+ wfx =fcoswt . (1.34)

In the absence of the external force (f = 0) the damping is positive for |x| < 1 and
negative for |x| > 1. The origin is the equilibrium point and is stable for ¢ < 0.
For € > 0 the equilibrium point is unstable, however, a stable limit cycle orbit is
developed [3].

For 0 < € « 1 and for |f|] < 1 unlike the case of the systems with linear
damping, it is reasonable to expect the presence of periodic components with
both the frequencies wy and w in the long time solution. This is supported by the
numerical simulation.

1.6.1 Theoretical Treatment

For resonance analysis we assume that the solution of the system (1.34) in the long
time limit as

X = aj coswt + by sin wt + a cos wyt + by sin wyt (1.35)

and carrying out the analysis as done for the other systems in this chapter, so that
the equations for the amplitudes A; and A, with a; = A, cos 6;, b; = A; sin 6; can be
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obtained. For  # wy and Aw = |® — wp| is not very small the equations for A,
and A, are
2
8 16 (0 — »?) 16f2
6 4 0 2 —
Al — §A1 + ? |:1 + 202 Al - 9e20)2 =0, (1363)

Ay = \[4—242 (1.36b)

The equations for A;(w) and A,(wp) are decoupled. With A? = A/, Eq.(1.36a)
becomes a cubic equation for A|. For the case of w = wy with x(1) = acoswpt +
bsinwyt and a = A cos 8 and b = A sin 0 the result is

o

AP —d4A+ = =0. (1.37)
€W

On the other hand, for ®* > w? Eq. (1.36a) can be approximated as

8 16 w?
2| 44 2 ~
A |:A1_§A1+_9 (1+ 62):| ~0. (1.38)
Its roots are
4 w
2 _ 2 _ T .
A1=0, A= 3 (1 i1—6) . (1.39)

That is, for w? > a)g the only possible real value of A; is zero and therefore, A, = 2.

1.6.2 Numerical Verification

Fix the values of the parameters as € = 0.01, a)g = 1,f = 0.1 and vary the
frequency w. With Q(w) = Aj(w)/f and Q(wy) = Ax(wy)/f, Fig. 1.14 presents the
dependence of Q(w) and Q(wp) on w. Both theoretically and numerically computed
values of Q(w) and Q(wy) are plotted in this figure. Q(w) versus w displays a typical
resonance curve similar to that of a linear system. Both theoretical treatment and
numerical simulation support the presence of both the frequencies @ and wy in the
response. When w increases from a small value Q(w) [or Aj(w)] increases from a
small value while Q(wy) [or A;(wp)] decreases from 20. That is, A;(wp) decreases
from the value 2. For small values of A;(w), Eq.(1.36b) can be approximated as
Az(a)()) 2.
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Fig. 1.14 Q(w) and Q(wy) versus w for the van der Pol oscillator with ¢ = 0.01, a)g = 1and
f = 0.1. The continuous and dashed curves are numerically computed values of Q(w) and Q(wy),
respectively. The symbols mark the theoretical prediction

When w = wy the response amplitude equation is Eq. (1.37). For f = 0.1, ¢ =
0.01 and wy = 1 the cubic Eq. (1.37) has only one real root and is

2
A= "_ (3 4?3, = 3.25587. (1.40)
7 ). ¢

That is, A = 3.80832 and O = 38.0832. The same result is realized in the
numerical computation of Q at @ = . Resonance occurs at @ = wp. An
interesting observation in Fig. 1.14 is that on either side of @ = wy the amplitude
of the component of the solution with the frequency w decreases rapidly from
the maximum value with the variation of w. For w <« wy and w > wy the
dominant frequency present in the solution is wy. In the linearly damped oscillators
the amplitude of oscillation decays to zero for w > wo where wy is the natural
frequency of oscillation. In contrast to this in the van der Pol oscillator when the
damping is nonlinear and the sign of the damping term depends on the value of x(7),
the oscillation continues. The readers can investigate the response behaviour in the
van der Pol oscillator with the addition of a cubic term Bx>.

In a linearly damped and periodically driven weak nonlinear oscillator the
frequency of the response is the same as the frequency w of the driving force. The
response does not contain the natural frequency of the system because the response
of the unforced system is decaying due to the linear damping. In the nonlinearly
damped (but weak) and unforced systems (self-excited systems), like the van der
Pol oscillator for € « 1, this frequency is the natural frequency w, of the system. In
forced self-excited systems, it is reasonable to expect the response to contain both
the frequencies w and wy with different response amplitude. When |@ — wp| is small
enough, then as seen in the van der Pol oscillator the dominant frequency is the
frequency w of the driving force. The system is then said to be frequency-locked
or phase-locked. The external force has entrained the self-excited oscillator and the
oscillation of the unforced self-excited system is said to be quenched.
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Fig. 1.15 Analog circuit for the van der Pol oscillator equation

1.6.3 Analog Circuit Simulation

The theoretically and numerically predicted results can be also realized in an analog
circuit simulation. A PSpice circuit simulation of the van der Pol oscillator equation
has been performed. The relevant analog circuit for the van der Pol oscillator
equation is given in Fig. 1.15. In terms of the parameters of the circuit elements the
equations governing the evolution of the variables u and v representing the output
voltages of the operational amplifiers OA1 and OA3, respectively, are given by

i Ly . ww’ +F/' 't (1.41a)
U=——|——-—= —sinw't| , 4la
C|lRi R 100R3 R
)= — (1.41b)
V= —. .
RC
In term of v the above equation is written as
1 1 F
RC?5 —RC [ — — )i+ > = sinat, (142)
R, 100R; R, R

where in the last term F” is replaced by —F as it is a sinusoidal term. Introduction
of the change of variables

t=RCt, o =RCw, v=x, F =f (1.43)
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Fig. 1.16 Power spectrum of the state variable v of the van der Pol analog circuit for four values
of

transforms Eq. (1.42) into the dimension less form

R R R
}é—R—Z(l— 1002R3x2))'c+R—1x:fsinwt. (1.44)
Defining
R , R
e=-—., Ry=10kQ, R, = 100Rs, 0} = — (1.45)
R R

brings Eq. (1.44) into Eq. (1.34). For € = 0.01, @} = 1 in the circuit one has to
choose R = 10k2 and R; = R = 10k£2. The value of C was fixed as 100 nF. For
€ =0.01,w = 1 andf = 0.1 power spectrum was obtained for four values of . In
Fig. 1.16a for ' = 850 (rad/s) (in dimensionless form the corresponding value of @
is 0.85) the power spectrum has two peaks one at the frequency 2 = @’ = 850 and
another at the natural frequency 1000 (wy = 1). The dominant frequency present in
the output signal is the natural frequency of the system. For @’ = 960 (Fig. 1.16b)
the dominant frequency is the frequency of the driving periodic force. In Fig. 1.16d
for @ = 1150 the amplitude of the periodic component of the output signal with
the frequency w’ is much weaker than the amplitude of the component with the
natural frequency wy = 1000. The power spectrum clearly shows the presence of
the frequencies @’ and wy. A(w’) and A(wp) were obtained for a range of values of
@’ and are presented in Fig. 1.17. The results in this figure are the same as those
obtained through analytical and numerical analysis.
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Fig. 1.17 (a) A(«’) and (b) A(w,) measured as a function of the frequency of the driving periodic
force in the analog simulation of van der Pol oscillator equation

1.7 Resonance in Micro- and Nano-Electromechanical
Resonators

Nano-electromechanical (NEM) resonators are useful in various mechanical and
electrical devices, particularly, for oscillators, filters and sensors [44—46]. The
realization of NEM devices is due to the great advances made in the fabrication and
detection techniques. For example, NEM resonators based on graphene [47-50],
3C-SiC [51, 52] and Cr-Au [53], micromechanical resonators made of Pd and Au
[54] and electrostatically actuated resonators [55] have been fabricated and studied.
A variety of useful applications can be implemented by applying external driving
forces. Resonance is a simple phenomenon that can be realized by varying the
frequency of an external force. As a consequence of it, a deeper understanding of
resonance dynamics in NEM resonators is necessary for choosing specific operating
conditions. In many applications of NEM resonators the nonlinear resonance region
is the highly useful region of operation.

The graphene and nanotube resonators, when actuated electrostatically by
employing an oscillating voltage between the resonators and gate electrode, act as a
frequency mixer. They yield a mixing current that has a characteristic shape similar
to a typical nonlinear resonance curve of the Duffing oscillator [56]. Nonlinear
resonance is noticed in a theoretical model equation of response of a carbon
nanotube-cantilever with a tip-mass subjected to an electrostatic excitation. Such
resonators are useful for detecting tiny masses. The resonance dynamics was found
with increasing applied voltage and tip-mass [57]. The resonances were affected
by increasing the applied ac and dc voltages. A resonance curve similar to the one
shown in Fig. 1.3 including the jump phenomenon has been experimentally realized
with a microcantilever system driven by an ac excitation amplitude and at a vacuum
pressure. The mathematical model equation of this system is obtained as

P4 (di + dr?) i+ 24 Bz = feoswt, (1.46)
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where z is the normalized vertical displacement of the cantilever [58]. Two examples
of a NEM resonator experimental setup fabricated and its observed resonance
observed has been reported in [51, 53] and are presented in the remaining part of
this section.

1.7.1 A Double Clamped 3C-SiC Nanoscale Beam

Single crystal 3C-SiC films were prepared on silicon wafer employing the chemical
vapour deposition method [51]. In the preparation a mixture of propane and
silane and hydrogen were used at a heteroepitaxial atmospheric pressure. The
precursors were propane and silane and the carrier gas was hydrogen. By the
e-beam lithography process, doubly clamped nanoscale beams were fabricated
making use of the 3C-SiC grown silicon substrate. The pattern was defined by the
e-beam lithography. It was developed in a methyl isobutyl ketone. Conductivity
for magnetometer transduction was improved by depositing a metallic layer by a
thermal evaporator. Additional metallic layer of Al was used in the samples. The
SiC-grown wafer was then etched employing the reactive ion etching process with
a CF4/0, gas mixture at 300 mTorr and for 3 min.

Figure 1.18 depicts the experimental setup where clamped-clamped nano-beams
were suspended for magnetomotive excitation. In this figure the electromagnetic
excitation principle is represented by arrows. The dimensions of the resonators
were 12 um long 100 um wide and 30 nm thickness. The resonators were kept in
a vacuum chamber at room temperature and at 1 Tesla magnetic field. An Agilent
E5071C network analyzer was used for radio-frequency excitation and frequency
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Fig. 1.18 Fabricated clamped-clamped resonators and schematic measurement setup [51].
(Reproduced with permission from Seong Chan Jun et al., New J. Phys. 12, 043023 (2010).
Copyrighted by IOP Publishing & Deutsche Physikalische Gesellschaft. CC BY-NC-SA.)
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domain measurement. A few tens of WV ac drive was applied through the beam
in a vertical magnetic filed. This has induced lateral vibrations of the beam. The
resulting electromotive force voltage was measured.

The evolution equation for the lateral displacement y of the beam is constructed
as [51]

y+y (2)/1 + yzyz) + wgy + ,3y3 = fo + f1 cos wt, (1.47)

where the parameters in the above equation are suitably rescaled parameters of the
experimental system.

The system was in a linear regime for low level (for example 10 wV) of driving
voltage V,. and driven to a nonlinear region by applying a sufficiently large V.
Response amplitude Vgyr was measured by varying the frequency of the ac drive at
zero dc power for several fixed values of V.

Figure 1.19 reports both experimental and theoretical resonance curves for three
fixed values of the amplitude of the driving power. The theoretically computed Vemr
values closely match with the Vgyp measured in the experiment. For illustrative
purposes, the frequency in Fig. 1.19 is stated as the actual frequency minus the
resonance frequency in the linear region, that is, the resonance frequency at a small
value of driving power. Both shift in the resonance frequency and increase in Vgvr
at resonance were clearly observed with increase in the driving power.

~——— Simulation
» Experimental

VEMF (x10 nV)

20uVv 40uV

-0.1 0.0 0.1 -0.1 0.0 0.1 0.1 0.0 0.1
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Fig. 1.19 VgumE versus the rescaled driving frequency for three fixed values of the driving power
for the NEM resonators system [51]. The continuous curve and the solid circles are the theoretical
and experimental results, respectively. (Reproduced with permission from Seong Chan Jun et al.,
New J. Phys. 12, 043023 (2010). Copyrighted by IOP Publishing & Deutsche Physikalische
Gesellschaft. CC BY-NC-SA.)
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1.7.2 A Doubly Clamped Cr-Au Bilayer NEM Resonator

The experimental setup used for the resonance study with a doubly clamped Cr-
Au bilayer NEM resonators is shown in Fig. 1.20a [53]. The dimension of the
structure was 500 nm width, 5 pum of length and 110 nm of thickness. To make the
device to work near zero dc bias voltage a constant offset voltage Vo = —4V was
applied.

Figure 1.20b presents the variation of amplitude with the frequency f,. of an
applied ac voltage (V,.). Measurements were performed by varying f,. in the
forward and reverse directions without dc bias-voltage. The response curve shows
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Fig. 1.20 (a) Experimental setup of a Cr-Au resonator. (b) Frequency-response curve with Vo =
0V, V4. = 4V and with the amplitude of V,. as 0.5 V. The arrow marks indicate the direction of
sweep. (c¢) Response curve for several fixed values of Vg, with Vo = —4V [53]. (Reprinted with
permission from H. Noh, S.B. Shim, M. Jung, Z.G. Khim, J. Kim, Appl. Phys. Lett. 97, 033116
(2010). Copyright [2010], AIP Publishing LL.)
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the occurrence of the jump phenomenon and hysteresis similar to the Duffing
oscillator. In a certain frequency region there are two accessible states and the
response depends strongly on the direction of the sweep. Figure 1.20c reports the
dependence of a resonance curve on the dc bias voltage. The measurements were
done with decreasing f,. from a large value. Generally, the operating frequency band
(OFB) is defined as a frequency region where the resonance peak can be varied
monotonically with the dc bias voltage. For the device considered, the resonance
peak at the dc bias voltages of 0V and 4V were found to be 10.103 MHz and
10.109 MHz, respectively, giving the OFB width as 6 kHz. It has been pointed out
that the OFB width is crucial for practical applications and a wide OFB is desirable
for an stable memory operation and other similar applications.

1.8 Some Other Examples of Resonance

When a single-mode erbium-doped ring laser is subjected to a cavity-loss mod-
ulation, then the output of the laser is found to display linear resonance for low
driving amplitude and a nonlinear resonance in the case of higher amplitudes [59].
Resonance curves of an infinitely long cable on a tensionless foundation are shown
to display hysteresis and jump phenomenon [60]. This section presents a few other
notable examples of resonance.

1.8.1 Resonance Magnetoelectric Effect

In magnetostrictive-piezoelectric composite bilayer structures an alternating elec-
tric field is developed when a constant bias and alternating magnetic fields are
applied. This phenomenon is known as magnetoelectric (ME) effect. In certain
magnetostrictive-piezoelectric composite structures resonance excitation of an alter-
nating electric field is realized in a zero bias field and in a weak bias field. Its
magnitude is found to be quadratic with respect to the applied alternating magnetic-
field amplitude [61]. The above resonance behaviour is, for example, observed in an
experiment with a rectangular bilayer plate of lead zirconate titanate and permendur
alloy with a length of L = 28.7mm, a width of 4.6 mm, a piezoelectric layer
thickness of 0.16 mm.

1.8.2 Nonlinear Resonance Ultrasonic Spectroscopy

The alkali-silica reaction (ASR) is considered as a form of deterioration reducing the
life time of concrete structures. A nonlinear impact resonance acoustic spectroscopy
technique is proposed as a reliable measurement technique for quickly quantify
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the damages associated with ASR in concrete specimens. This method is based
on the measurements of the nonlinear vibration or acoustic responses of concrete
specimens. In a concrete microcracks distribution is thought of as forming a network
and become the source of strong nonlinear acoustic response of concrete. Here the
stress-strain relationship is nonlinear. In a test with a typical concrete the response
amplitude of the concrete versus the frequency of impact has shown a resonance like
behaviour. The resonance frequency of the specimen is found to show a downward
shift with the increase of impact strength. The amount of the downward shift is
observed to be proportional to the amount of damage occurring in the specimen
specified in terms of the density of microcracks [62].

1.8.3 Crack Breathing and Resonance

One of the important defects in structures is a crack. It may lead to a dangerous
effect on the performance of the structures. A crack is able to alter the value of the
stiffness and to reduce the frequency of a structure. When a structure is subjected to
an external load, it undergoes a vibration and a crack will open and close repeatedly.
This phenomenon is termed as crack breathing. It occurs in a rotating blade or in
a turbine blade. During crack breathings the stiffness in the region of crack may
vary leading to the marked change in the response behaviour. This property can
be used for detection of cracks. The frequency-response curve is found to show a
clear resonance at a frequency and the resonance frequency depends on the crack
ratio (crack length/blade width) [63]. The response amplitude is shown to be greatly
different for linear and nonlinear cracked blades.

1.9 Quantum Resonance

In this section the effect of an additive periodic force in quantum mechanical
systems is reviewed [64, 65]. The Schrodinger equation of a one-dimensional
quantum mechanical system is given by

ihaa—l'/; =HY+AHY)y =HYy, A< (1.48a)

where

2

m d ;
H? = —5- 13+ V), HY = w(x)e " (1.48b)
m



30 1 Harmonic and Nonlinear Resonances

In Eq.(1.48) H® is the unperturbed part of the Hamiltonian H and the system
H©®¢ = E¢ is assumed to be exactly solvable. H( is the applied perturbation.
For a system subjected to an additive periodic force W(x) = x.

Let (E,, ¢,(x)) are the eigenpairs of the time-independent unperturbed system.
Then ¢, (x, 1) is given by

Pu(x. 1) = Pu(x) e En/M (1.49)

When a quantum mechanical system is subjected to a time-dependent external field
the system undergoes transitions between the energy eigenstates. Consequently, the
interest lies in knowing the probability of finding the system in a fth state at time 7.

Assume that the perturbation H (M) is switched-on at ¢ = 0. The solution of (1.48)
is written as

Y =Y a)pu(x)e " (1.50)

where a,(t), the probability amplitude of finding the system in the quantum state
¢n(x, 1) at time ¢, to be determined.
To compute a,(¢) substitute (1.50) in (1.48) which gives

iny e Bty = 2" a,HOe g, (1.51)

Multiplication of Eq. (1.51) by q&f* and integrating overall space leads to

ihay = 1) aye " Hy, | (1.52a)

where
o0
wp = (Ef —Ey)/h, Hp = / ¢ W(x)pndx. (1.52b)
—00
Next, we expand ay(¢) in a power series as

a(t) = a” + Aa) + 22a + - . (1.53)

( o

The evolution equations for a % and a,’ are obtained as

iha” =0, (1.54)

o Z aOei@n—olpy (1.55)
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Equation (1.54) gives a;r) = a}o). Equation (1.55) is a set of coupled integro-

differential equations. For a system with m discrete eigenstates Eq. (1.55) consists
of m equations and in each equation the right-side has m terms. In order to simplify
the problem one can modify it in a slightly different manner. For example, assume
that the perturbation is switched-on at t+ = 0 and switched-off att = 7. At¢r = 0
the system is, say, in the eigenstate ¢;. Then afl?) = §,;. Once the perturbation is
switched-off the system settles down to a stationary state and we denote this final
state as f. What is the probability of finding the system in the state f after time T?
We denote this probability as P; = a}" ar. Now, Eq. (1.55) takes the form

1 .
a = Ee“@ﬁ—wmﬁ. (1.56)

Integration of the above equation from 0 to T gives

H; T . H; .
(1) _ fi (wf—w)t _ fi i(wf—w)T
T) = -1 ol dp — T (] _ il . 1.57
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Then
Pi(T) = A [(ws — @)T/2] . (1.58)
h?(ws — w)?

For HV = W(x) cos wt

H . .
() _ Ui i(wp—w)t i(wptw)t
= — e e . 1.59
a4y ik [ + ] ( )

Integration of this equation leads to

0 Hﬁ 1 — eil@ito)T 1 — eil@i—o)T
4 (D =5, + (1.60)
and
. , )
|Hﬁ|2 ISI2 2 1 — ell@sto)T 1 — ell@i—o)T
PiM) = =57 = + 1.61
i(T) 72 Is| o p— (1.61)
If HD = W(x) sin wt then
‘ ‘ )
|[1ﬁ|2 |S|2 5 1 — eil@ito)T | _ eilwi—o)T
Pi(l) = — 05— = —~ 1.62
i(T) 72 Is] PV po— (1.62)
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Fig. 1.21 Variation of |s|? as a function of w and f for (a) i = 0 and (b) i = 3 with T = 10. The
system is quantum linear harmonic oscillator

The term |s|? in Egs. (1.61) and (1.62) becomes appreciably large (representing a
resonance) only when either w; + @ or w; — w in the denominator is ~ 0. That is,
wf = +w OI‘Ef = E,' + hw.

In P the quantity |Hg|* is independent of @ and depends on the perturbation
and the eigenfunctions of the system of interest. |s|> depends on @ and the
energy eigenvalues. Consider a quantum linear harmonic oscillator for which E,, =
(n + %) hwo where wy is the classical frequency of a classical linear harmonic
oscillator and choose H = W(x) cos wt. Figure 1.21 displays |s|*> versus @ and
f fori = 0and 3 for T = 10. Here % and w, are set to unity for simplicity. Then
w; = f—i.InFig. 1.21afor the system being initially in the ground state, a dominant
resonance peak occurs at @ = wyyp = f. The case of i = 3 is shown in Fig. 1.21b.
Resonance behaviour in the quantum Morse oscillator driven by a single harmonic
force and a biharmonic force is discussed in Sect. 3.7.

1.10 Applications of Resonance

Resonance plays a key role in radio, television and swings on playgrounds. It can be
used to generate vibrations with a specific frequency or to select specific frequencies
from a complex oscillation containing several frequencies. It plays a vital role in the
outer ionization and energy absorption in near-infrared laser-driven rare gas and
metal clusters [66]. In epidemiology, periodic cycles of measles [67, 68], childhood
diseases [69], wild life diseases [70, 71] and invasion properties of species [72]
were explained through nonlinear resonance. The following are some of the notable
applications of resonance.

1. A familiar application of resonance is the radio tuning device. Each radio station
broadcasts its own specific frequency. All broadcast waves offer a periodic
impressed force to the receiving circuit of a radio. The tuning knob changes
the capacitance or inductance. When the frequency of a particular station falls
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within the domain of the resonant frequencies of the circuit, the amplitude
of the signal of that particular station may be heard, while all other signals
remain below the audible level. In the same way, the receiver used with a
radio telescope can be tuned to detect signals in the vicinity of a particular
wavelength.

. Quartz crystals (crystalline silica, SiO;) are indispensable component of mod-

ern electronic technology. Nowadays, they are employed to generate fre-
quencies to control various communication systems. They also become the
isochronous element in most of the clocks, watches and computers. When a
quartz crystal is squeezed or stretched, a voltage is developed across the face
of the crystal and this effect is reversible. When the polarity of the applied
voltage is altered, the crystal will expand or contract rapidly, thereby producing
a vibration that makes quartz especially useful. When a quartz crystal is set to
vibrate at its natural frequency, by means of the applied voltage, it is said to be
in resonance. The notable point is that a crystal in resonance will maintain
a constant and unfaltering frequency. In a quartz time-piece, a small ring
shaped piece of crystal is made to vibrate at its natural frequency. A microchip
measures the number of times the quartz vibrates each second and uses that
information to maintain the accurate time.

. Several resonant objects can vibrate at harmonics of the fundamental (strongest)

resonance frequency. Many clocks keep time by resonance in a pendulum or
balance wheel.

Resonant electronic circuits are useful for voltage and current amplification and
also play a key role in filters, timers and mixers. For example, a resonant circuit
can be used to block a frequency or range of frequencies, thus acting as a sort of
frequency filter to strain certain frequencies out of a mix of others. Resonance
can be employed to maintain AC circuit oscillations at a constant frequency.
Resonance is also used in guitars and pianos as well as wood wind instruments.
The variations of helium dielectric permittivity in superconductors are due to
nonlinear resonances [73].

In a human body, vibration and resonance stimulate the five senses: colour,
light, sound, touch and aroma (smell). Vibrational therapy/medicine is essen-
tially based on the fact that all matters vibrate to specific frequency and utilizing
a resonant vibration, balance of matters can be restored [74].

The nonlinear resonant response of biological tissue to the action of an
electromagnetic field is used to investigate cases of suspected diseases like
cancer [74].

Resonance is used to shatter gall stones in patients using ultrasound.

. The phenomenon of absorption and re-emission of electromagnetic radiation

by nuclei in a magnetic field is called nuclear magnetic resonance (NMR).
The absorption of energy from the field and the re-emission of energy are
at a specific resonance frequency of a particular substance. The resonance
frequency depends on the strength of the applied field and the magnetic
properties of the isotope of the atoms. This feature is exploited in NMR
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spectroscopy to study crystals, noncrystalline materials and molecular physics
and is used in magnetic resonance imaging (MRI).

11. Certain nano-electromechanical systems (NEMS) have emerged as devices for
successful memory operations. Such devices are broadly classified into static
and dynamic devices depending upon the presence or absence of resonance. In
NEMS operation in nonlinear regime is unavoidable [75]. In this regime, the
resonant frequency is found to have a strong dependence with the amplitude
of oscillation. As a consequence of it, fluctuation in frequency results due to
the amplitude fluctuation. This is considered as a major drawback of operating
NEMS in the nonlinear regime. However, experimentally, stabilization of
the frequency of oscillation in NEMS is achieved by coupling two different
vibrational modes through an internal resonance. Here the exchange of energy
between modes is such that the resonance of one vibration mode essentially
absorbs the fluctuation in the frequency and amplitude of the other [76].

1.11 Resonance Disaster

As noted easier, a system at resonance is able to execute a large amplitude vibration.
Essentially, at the resonance the system can absorb more energy and occasionally
exhibit violent vibrations resulting in disaster of bridges, buildings and airplanes. In
view of this, when designing such constructions the engineers must ensure that the
resonant frequencies of the components of the objects should not match the driving
frequencies. To avoid resonant disasters shock mounts can be installed to absorb
resonant frequencies, so that the energy absorbed by the components of the system
dissipates. Several accidents recorded [77, 78] in the past history were reported to
be due to the occurrence of a resonance behaviour. Some examples of resonance
disaster are following.

1. The rule that troops must break step when crossing a bridge may have originated
in England after the collapse of the Broughton suspension bridge near Manch-
ester in 1831 [77, 78]. This accident occurred when a regiment had a field-day
and were on their way back to their quarters. When they got upon the suspension
bridge, the men who were marching found that the structure vibrated with the
measured step with which they marched. Resonance was induced by transfer of
momentum from the soldiers to the bridge structure. As a greater number of them
got upon the bridge, the vibration went on increasing until the head of the column
had reached the one side of the river. The bridge fell to the bottom of the river.
The immediate cause was the powerful vibration communicated to the bridge by
the uniform step of the soldiers. The amplitudes of vibration went on increasing
with every step. This caused the weight of the bridge to act with successive jerks
on the stay-chains. One of the cross-bolts by which the links of the chains are
joined together got broken and the bridge collapsed.
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Collapse of Angers bridge over the marine river in Angers, France on April
16, 1850 was also attributed to the marching of few hundreds of French soldiers.
Violent resonant vibrations have been occurred in Tacoma Narrows bridge in
Puget sound, Washington in 1940 and the millennium bridge, London in 2000.

2. The Scottish scientist John Scott Russell (1808—1882) noted with great clarity,
that a suspension bridge is vulnerable to resonance because, the structure has
a set of characteristic frequencies. A suspension bridge over the Ohio river at
Wheeling was completed in 1849. The deck of the bridge was destroyed by a
strong wind storm in 1854.

3. In 1959 and 1960 several Electra turboprop planes crashed. The investigations
indicated that the disintegration of the planes was due to mechanical resonance
(http://en.wikipedia.org/wiki/Lockheed-L-188-Electra). In particular, one of the
machine packages not fastened securely oscillated at a frequency within the peak
of the resonance curve of the wing. These oscillations acted as an impressed force
and the wing’s vibration increased beyond the elastic limit. After the wing had
broken and was torn off, the rest of the plane disintegrated rapidly.

4. A nonlinear resonance jump is important in the analysis of a turbine generator
positioning system of hydroelectric power plants. It can cause a severe damage
to mechanical, hydroelectric and electrical systems [79].

1.12 Concluding Remarks

This chapter discussed the occurrence of resonance in certain linear and nonlinear
systems where a marked enhancement of the oscillation amplitude is produced when
the frequency of the applied periodic force is varied. In nonlinear systems, resonance
is generally observed at a frequency w different from the natural frequency of the
systems.

Undriven systems that are undamped or with certain types of nonlinear damping
can exhibit an oscillatory behaviour. What is the nature of the dependence of
the frequency of oscillation on the amplitude of oscillation in such systems? In
the linear harmonic oscillator the frequency of oscillation is independent of the
amplitude of oscillation and is equal to the natural frequency wy. The amplitude
of oscillation monotonically increases with energy. In the isochronous oscillators,
where the damping term is nonlinear, in the absence of external periodic driving
force, different set of initial conditions give different amplitude periodic solutions.
However, all the periodic orbits have the same frequency. An example of such a
system is the modified Emden equation [80, 81].

Suppose the frequency and the amplitude of the external periodic force is such
that the amplitude of the output signal is weak. For example, this is the case when
the frequency w is set at a value far before or far after the resonance. The output
signal is weak in the presence of the external periodic force. Now, one can ask: Is it
possible to realize resonance dynamics by some other sources? What are the ways
by which a system can be brought to a resonance region? What are the mechanisms
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and features of such approaches? Can these approaches be useful for practical
applications? We have very positive answers to these. The response of certain class
of nonlinear systems to a weak periodic signal can be enhanced by means of an
appropriate noise [82], a high-frequency periodic force [83] or a chaotic signal [84].
The enhancement of the response of a system due to the applied weak noise, a high-
frequency periodic force or a chaotic signal are termed as stochastic resonance,
vibrational resonance and chaotic resonance, respectively. In certain nonlinear
systems a resonance-like phenomenon is induced by a weak noise in the absence of
external periodic force and is called coherence resonance [85]. There is another kind
of resonance, namely, parametric resonance [86] due to the periodic perturbation of
parameter of a system. In autoresonance [87] the frequency of the driving force is
varied appropriately with time which leads to a significant growth of amplitude of
oscillation. These resonances have received a great deal of interest over the past
decade or so. Theoretical treatments and numerical tools have been developed to
investigate them under different environments. Experimental analysis of them has
also been made. They also found many applications in various branches of science
and engineering. The present book is concerned with the various resonances. In the
next chapter we consider the stochastic resonance phenomenon.
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Chapter 2
Stochastic Resonance

Noise is often thought of as interfering with signal detection and information trans-
mission. Static on a radio-station, ancillary conversations in a crowded room and
flashing neon light along a busy thoroughfare all tend to obscure or distract from the
desired information. Now, it has been realized that certain noise-induced phenomena
are of great use in various contexts. One such noise-induced phenomenon which
has a wide range of applications in various branches of science and engineering
is stochastic resonance. Consider a double-well potential system (bistable system)
driven by a weak periodic force of frequency w. The amplitude of the external
driving force is so small that there is no cross-well motion. When noise is added
to the system, then at an appropriate noise intensity, a periodic switching between
the two wells takes place. At this optimum value of noise intensity the signal-to-
noise ratio measured at the frequency @ becomes a maximum. This noise-induced
phenomenon is called stochastic resonance [1, 2].

The stochastic resonance phenomenon was first introduced by the Italian physi-
cists Benzi et al. [1] to explain the periodicity of earth’s ice ages. The eccentricity
of the orbit of the earth varies with a periodicity of about 10° years, but according
to current theories the variation is not strong enough to cause a dramatic climate
change. Suppose the ice-covered and water-covered earth correspond to the two
local minima. The variation of eccentricity with the period 10° years is too weak
to induce the transition from ice-covered to water-covered earth and vice-versa.
By introducing a bistable potential Benzi et al. [1] suggested that a cooperative
phenomenon between the weak periodic variation in the eccentricity (the signal)
and the other random fluctuations might account for the strong periodicity observed.
Motivated by their work, the effect of noise has been investigated in nonlinear sys-
tems. Many fascinating phenomena like stochastic resonance [3, 4], noise-enhanced
stability [5, 6], noise-delayed extinction [7], noise-induced intermittency [8, 9],
synchronization [10-12], phase transition [13], pattern formation [14], linearization
[15, 16], stochastic transport in ratchets [17], mixed mode oscillations [18, 19] and
collective firing in excitable media [20, 21] have been reported. A phenomenon
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similar to stochastic resonance was found in an experiment with acoustically excited
turbulent, submerged jets [22] where the role of noise is played by turbulence. Being
noisy, nature takes advantages of such noise-induced processes to employ random
fluctuations as an agent of self-organization and improved performance. This is the
prime reason why living systems work so reliably in spite of the presence of various
sources of noise.

Stochastic resonance was found in numerous systems ranging from astronomic
macrocosm to quantum micro-cosmology. For example, it was found in a ring laser
[23], Schmidt trigger [24, 25], tunnel diode [26], electron-paramagnetic-resonance
systems [27], monostable systems [28], nanomechanical oscillators [29], carbon
nanotube transistors [30, 31], small world networks [32], delayed-feedback systems
[33-35], chemical systems [36], financial models [37] and social systems [38].
Stochastic resonance has been investigated in threshold crossing (TC) systems also
called excitable systems because their output signal consist of pulses which can be
emitted when the noisy input crosses some threshold [39, 40].

The present chapter, briefly summarizes first the characterization of stochastic
resonance in terms of signal-to-noise ratio, mean residence time and probability
distribution of residence times. This is followed by a numerical illustration of
stochastic resonance in a double-well Duffing oscillator. Next, a theory of stochastic
resonance for a overdamped bistable system is given. The occurrence of stochastic
resonance in an optomechanically coupled oscillator, a magnetic system and in a
monostable system is also discussed. Realization of stochastic resonance in quantum
systems is brought out. Finally, some of its applications are enumerated.

2.1 Characterization of Stochastic Resonance

Consider a bistable system driven by a weak periodic force and an additive
noise exhibiting stochastic resonance. Quantities such as signal-to-noise ratio
(SNR), input-output gains, cross-correlation, mutual information, channel capacity,
detection probability and propagation distance are useful to analyze the performance
of the system in the presence of noise.

What are the signatures of stochastic resonance? The most common measure
used to characterize stochastic resonance is SNR. Suppose the input signal is the
sine-wave S(f) = f sin wt. The power spectrum of the noisy signal is a superposition
of a background power spectral density and delta-spikes centered at 2 = 2n+ 1)w
withn = 0, +1,---. SNR is the ratio of the Fourier coefficient and the value of the
noise at the frequency . That is, it measures how much the system output, say x(z),
contains the input signal frequency w. Often it is defined as

SNR = 101og,, (%) dB. (2.1)
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The signal power S = |X(w)|? is the magnitude of the output power spectrum
X(§2) at the frequency w. S can be used as a measure of the response of the
system to the external driving force. The background noise spectrum N(w) at the
input frequency w is some average of |X(£2)|? at nearby frequencies. In a typical
stochastic resonance phenomenon, SNR increases with the noise intensity D, peaks
at an optimum value of D and then decreases smoothly for higher values of D.

Other statistical tools useful for the characterization of stochastic resonance
are the mean residence time (7yr) and probability distribution of residence time
(P(TRr)). A residence time in a well is defined as a time duration spent by the
system in it before switching to another well. Mean residence time is the average
over a large number of residence times. In the absence of noise, the motion of the
system is confined to a well or an equilibrium state. That is, before the noise-induced
dynamics, the residence time of the system in each well is infinite. When the noise
intensity is increased at a certain value of the noise intensity, say D., the system
begins to visit the other well also. For D values, just above D, Tyr of the system
in a well is very large, say, Tmr > T/2 where T = 27/ w is the period of the input
periodic signal. In a symmetric bistable system Ty in the two wells are equal and
moreover at resonance (at which SNR is maximum) Tyr = 7/2. In asymmetric
systems at resonance periodic switching between the wells occur but with different
switching rates for the left- and right-wells. For large values of the noise intensity,
erratic switching between the wells occur.

The P(Tr) demonstrates coherence of the stochastic response with the modu-
lation. This quantity shows a sequence of strong Gaussian-like peaks centered at
odd integer multiples of the modulation half period 7/2 and exponentially decaying
maximum amplitudes.

2.2 Stochastic Resonance in Duffing Oscillator

Let us illustrate the stochastic resonance phenomenon in the Duffing oscillator
% 4 di + odx + Bx* = fsinwt + £(1) . (2.2)

The term fsinwt is normally interpreted as representing the signal which is to
be amplified. The noise term is often an additive Gaussian white noise with the
moments (£(7)) = 0, (£(£)€(s)) = DS§(r — s) and D is the noise intensity (variance).
Fix the parameters as a)g = —1,8 =0.5,d = 0.5, ® = 0.05. In the absence of
the noise term £(¢), for small values of the amplitude f of the driving signal, two
period-T (= 27 /w) orbits coexist. Each of the two wells of the potential (Fig.2.1)
has one periodic orbit. As the value of f increases, the interval of the state variable
x covered by the periodic orbits increase. For 0 < f < 1 period-T orbits alone exist.
However, at a critical value of f, the trajectory makes a periodic transition from one
well to another well forming a cross-well periodic orbit. The critical value of f, f,
at which cross-well orbit first occurs is 0.56.
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Now, fix f at 0.38, a value < f;, so that the additional force is weak. Here, the term
weak means that in the absence of noise the periodic force alone is unable to move
a particle from one well to the other one. Let us investigate the effect of added noise
by varying the noise intensity D. In the numerical simulation Eq. (2.2) is integrated
with the time step At = (27r/w) /2000 from ¢ to t+ At without the noise term. Then,
the noise is added to the state variable x as x(t + A7) — x(t + Af) + v DAt£(?)
where £(¢) represents Gaussian random numbers with zero mean and variance D.
This procedure is repeated.

2.2.1 Time-Series Plot

Figure 2.2 shows a time series plot for few values of D. For small values of D
the motion is confined to one well alone as in Fig.2.2a. The system exhibits the
behaviour similar to that of the noise free case but slightly perturbed by the noise.
This type of behaviour occurs for D < D, = 0.011. At this critical value of D cross-
well behaviour occurs. The trajectory jumps randomly from one well to another.
In Fig.2.2b for D = 0.05 just above D, the state variable x switches irregularly
and rarely between positive and negative values, that is, between the two wells. In
the presence of forcing, the system initially in the well, say, V4 (x > 0) is forced
by the noise to leave the well. Then, the system enters the well V_ (x < 0) and
wanders irregularly there for some time and jumps back to the well V and so on.
The switching is not periodic. As the value of D increases further, the switching
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Fig. 2.2 Time series plot of Eq. (2.2) in the presence of periodic external force for four values of
noise intensity D. The parameters of the system are o} = —1, 8 = 0.5,d = 0.5, f = 0.38 and
o = 0.05. The external force f sin wt is also shown

between the wells increases. At D = 0.152 (Fig. 2.2c) almost periodic switching is
observed. The periodicity of the noise-induced oscillation in the time behaviour of
x is the same of the driving periodic force. This is the signature of the stochastic
resonance. Further increase of the noise intensity produces a loss of coherence.
For sufficiently large values of D, the motion is strongly dominated by the noise.
In this case intermittent dynamics disappears and the trajectory jumps erratically
between the wells. This is shown in Fig.2.2d for D = 0.5. From the above, it is
clear that the phenomenon of stochastic resonance is simply an event of potential
barrier crossing, where the transition from one local equilibrium situation to the
other happens in the presence of noise. An indication of stochastic resonance is
that the flow of information through a system is maximized when the input noise
intensity is set to a certain value.

Let us point out the mechanism of stochastic resonance. When a weak periodic
signal is applied to a bistable system, it serves to periodically modulate the potential
by raising and lowering the wells as shown in Fig.2.3. Essentially, the additive
forcing changes alternately the relative depth of the potential wells, increasing the
probability of jumps between wells twice per modulation period. At a critical value
of the noise intensity, the particle in a well arrives at the neighbourhood of the local
maximum (barrier), almost when the barrier height seen by it is minimum so that the
noise is able to push it to the other well. Thus, there is a synchronization between the
periodic force and the output signal resulting in a periodic switching of the particle
from one well to another well. The essential ingredients for stochastic resonance
consists of a nonlinear system, a weak signal and a source of noise. In bistable
systems, the underlying mechanism of stochastic resonance is easily appreciated,
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Fig. 2.3 Periodic modulation of the potential wells by the driving periodic force and the switching
motion of the particle from one well to another induced by the additive noise

and in fact has been known since 1929 with the work of Peter Debye (1884—1966),
a Dutch-American physicist and physical chemist, and Nobel laureate in Chemistry,
on reorienting polar molecules [41].

2.2.2 Mean Residence Time

In order to get a deep understanding of the observed dynamics and the influence
of noise one can compute the mean residence time, switching rate and SNR. For
a fixed noise intensity D, residence times 7r on each well are computed for a set
of 10° transitions. Then mean residence time Ty is calculated. One can define
the switching rate 7" as the number of times the particle jumped from one well
to another per driving period of the external periodic force. Figure 2.4 shows the
numerically computed Tyr and 7" as a function of the noise intensity D. For D <
D., there is no switching and so Ty is infinity and 7" is zero. Tyr decreases with
increase in D. For values of D just above D., the mean residence time is much larger
than the period of the driving force indicating that the chance for the system to
switch from one potential well to another is very small.

For D = 0.152 T\yg ~ 7/w =~ 62.83185---. In this case nearly periodic
switching between the two wells V. and V_ occur. This is clearly evident in Fig. 2.4.
At this critical value of D the switching rate is 2. Later, it will be shown that
the SNR is maximum at this critical value of D. Denote the value of D at which
Tvr =~ w/w and T' = 2 as Dyax. When T’ = 2 there is a co-operation between the
periodic driving force and the noise. The trajectory switches between the positive
and negative values with the period approximately half of the period of the applied
external periodic force. Nearly at the end of one half of a drive cycle the trajectory
in one well is likely to jump to the other well and after the next half cycle it is likely
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Fig. 2.4 Mean residence time Tyr and switching rate 7’ as a function of noise intensity D for
the Duffing oscillator. The solid circle on the D-axis denotes the value of D at which resonance
occurs and the corresponding solid circles on the y-axis in the subplots (a) and (b) denote the
corresponding values of Tyr (= T/2) and T’ (= 2), respectively

to return back. This is the signature of stochastic resonance. Note that at D = Dyax
not only 7yr &~ 7/w but residence times Tr are all &~ 7/w. For other values
of D with D > D, Tr are randomly distributed over a range. Thus the relevant
condition for resonance to occur is to tune the noise intensity to an optimum value so
that synchronization between the drive and the output signal occurs. In symmetric
bistable systems this corresponds to setting Tyr as 7/2. In asymmetric bistable
systems Tyr at resonance is different [42]. For D > Dyax loss of coherence is
produced and the mean residence time of the system is much smaller than the value
T/2. This means that the system will not wait for the relevant potential barrier to
assume a minimum value.

2.2.3 Power Spectrum and SNR

Now, characterize stochastic resonance by using SNR, which can be calculated
from the power spectrum. To obtain the power spectrum of the variable x, a set
of 210 data collected at a time interval of (277/w)/10 is used. The output of the fast
Fourier transform (FFT) routine is the spectral density of the output signal. More
accurate spectral densities are obtained by averaging over 25 different realizations
of Gaussian random numbers. To calculate SNR, the peak height of the signal and the
broad-band noise level at the signal frequency @ are measured. The peak height is
directly read from the FFT data. To calculate the background of the power spectrum
about w, consider the power spectrum in the interval [ — Aw,w + Aw] after
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Fig. 2.5 Power spectral density of x-component of the state variable of the Duffing oscillator for
different values of noise intensity D. The main peak in the spectrum is at the frequency (w = 0.05)
of the periodic driving force

subtracting the spike at the frequency w. The average value of the power spectrum
in the above interval is taken as the background noise level at .

Figure 2.5 depicts the power spectra for four different values of D. In all the
subplots, the power spectrum has a peak at the frequency w = 0.05 of the system
riding on a broad noise background. The interplay between noise and periodic
driving force results in a sharp increase of the signal power spectrum about the
forcing frequency w. When the noise intensity D is increased from D,, the height of
the peak increases for a while and then decreases. This is a signature of stochastic
resonance. The amplitude of the noise background is obtained by averaging the
spectral density for £2 in the interval 0.04-0.06 after eliminating the peak at the
periodic driving frequency w = 0.05. Equation (2.1) gives the value of SNR in units
of decibel. It is calculated for a range of noise intensity above D, = 0.011.

Signal and noise power densities used to calculate SNR are plotted against D in
Fig.2.6a. Figure 2.6b shows the plot of SNR as a function of D. In Fig.2.6a as D
increases, the noise and signal levels increase. The noise level attains a maximum at
D = 0.09. When D is increased further, the noise level is almost flat. On the other
hand, the signal level increases for D values above D, and attains a maximum level
at D = 0.152 and then begins to decrease. Though for D in the interval [0, 4] both
the signal and noise levels increase, the former increases relatively at a higher rate.
As a result the SNR increases with noise intensity D and peaks at Dyjax = 0.152.
For D > Dyax the noise level is almost constant whereas the signal level decreases.
Consequently, the SNR decreases with D for D > Dyax. For D values just above D,
the time series plot shows rare switching between the wells. That is, for low intensity
the combination of noise and external periodic force occasionally gives the system
a kick sufficiently large to cross the barrier between the two wells. As D increases,
at 0.152 a transition between the two wells is induced for almost over every half
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Fig. 2.6 (a) Output signal density (marked by filled circle) and noise power density (marked by
open circle) as a function of input noise intensity D for the Duffing oscillator. (b) Signal-to-noise
ratio (SNR) as a function of input noise intensity for a)g =—-1,=0.5,d=05f=0.38 and
o = 0.05

period of the driving force which resulted in the maximum of SNR. As D is further
increased, switching become frequent and irregular so that the power in the Fourier
spectra is distributed widely over a wide range of frequencies thereby leading to a
decrease in SNR. Stochastic resonance indicates that the flow of information through
the system is maximized when the input noise intensity is set to an optimum value
(Dmax). Note that SNR vanishes for both D — 0 and D — o0 and it peaks at
a critical value. The point is that the performance of the system with an optimum
noise is better than its performance without noise.

2.2.4 Probability Distribution of Residence Times

Although the power spectrum is the most widely used coherence measure, it is
not the only possibility. An alternative quantity, which also clearly demonstrates
the stochastic resonance phenomenon is the probability distribution of normalized
residence times. This is obtained as follows. For a fixed noise intensity D, 10°
residence times Tr on a well are computed. Then, normalized residence times are
obtained by dividing Tg by T, where T = 27 /w is the period of the weak periodic
force f sin wt. The distribution of normalized residence times is shown in Fig. 2.7
for four different values of the noise intensity D with @ = 0.05. The distribution
shows a sequence of strong Gaussian-like peaks centered near the discrete set
TR/T =n+ %, n=0,1,2,....Thatis, P(Tr) has peaks at odd integral multiples of
half of the forcing period, 7/2. The height of the peaks decrease with their order n.
These peaks correspond to the appropriate times for the system to make transitions
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Fig. 2.7 Normalized residence time distribution for different values of noise intensity D. Left-
column and right-column subplots are for the left-well and the right-well, respectively

between the potential wells. At these times the relevant potential barrier becomes a
minimum. This happens when the potential V(x, f) = V(x) — fx sin wt is tilted most
extremely to the left or right. If the system moves at this time into the other well, then
it will reside in that well for almost 7'/2 time duration until the new relevant barrier
height becomes a minimum. Thus, 7//2 is a more suitable residence time interval.
If the system is unable to switch to the other well in a 7/2 time interval, then it has
to wait another one complete period of the drive until the relevant potential barrier
takes a minimum value. In this case, the residence time becomes 37/2 and is the
location of the second peak in Fig. 2.7.

Let us denote the maximum of peaks in the successive Gaussian type distribution
as P,. A meaningful criterion of stochastic resonance based on normalized residence
times distribution is the variation of the height of the peak (P;) at the half driving
period [4]. Figure 2.8 shows the numerically computed P; as a function of D. For
values of D nearly above D., Tg /T is distributed relatively over a wide interval of
time. As D increases, the range of Tr decreases and hence P(7TRr) of smaller Tx
increases. This happens up to D = Dyax = 0.152. Consequently, P; increases
from a small value and reaches a maximum at D = Dyax. As D is further increased
P; decreases.
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Stochastic resonance in the electronic circuit simulation of the Duffing oscillator,
Eq.(2.2), has been reported in [43]. Badzey and Mohanty [44] fabricated two
double-clamped damped nanomechanical beams from single-crystal of silicon
making use of an e-beam lithography and dry etching and observed stochastic
resonance.

2.3 Theory of Stochastic Resonance

The overdamped bistable system

v 1 1
F=—m ), VD) = —gopx’ 4 2 = freosot 23)

with @3 and B > 0 is used as a prototype model equation for developing theoretical
approaches and investigating various features of stochastic resonance. In the above
equation £ is a Gaussian white noise with variance D. In the absence of the periodic

driving the double-well potential has two minima xy = +c = +,/w?/B and a

maximum x (the location of the maximum of the potential separating the two wells)
at the origin. The barrier heights of the two wells are equal and are hy = wg/(4f).
It is possible to obtain expressions for signal and noise output from bistable systems
which agree with numerical and experimental analysis thereby providing much
insight into the physical source of the stochastic resonance phenomenon. McNamara
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and Wiesenfeld [45] developed a theory for stochastic resonance based on a rate
equation approach. In the following, their theory is briefly presented.

2.3.1 Analytical Expression for Power Spectrum

Let us treat the dynamical variable as discrete. It can be either x4 or x_ with
probabilities n+ = P(x = x4 ). For a continuous variable, as with the double-well
system, write

n_zl—n+:/X P(x)dx, 2.4)

—00

where the probability density is
PG, t) = nt()8(x —x4) + n—(H)6(x —x_) . (2.5)

The values of x4 are chosen suitably so that the error in the variance of x is
minimum. For simplicity, assume that the system is symmetrical about x = 0 and
hence x+ = =c. The variance of an unmodulated two-state system in its steady
state (ny = 1/2) s

(x?) = /00 X’P(x)dx = xi_n+ +x2n_=ct. (2.6)

oo

The master equation [46] governing the evolution of n4 is

dny dn_
— == =W_(t)n- — Wit
5 5 (On +(On4

= W_ —[W_ + Wy]ng , 2.7

where W (7) is the transition rate out of the state x4. The solution of Eq. (2.7) is
a0 = 5 s + [ Wors o] .50)
where
g(1) = e WHOFW-(ar (2.8b)

If the system is subjected to a periodic signal f cos wt then

Wi(t) = F(u £ focoswi) . 2.9)
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The time dependence of W4 (f) is due to the external driving force. W4 can be
expanded in the small parameter = fy cos wt as

1
Wi = 3 (ao :Falfocosa)t—i-azfozcosza)t—i--”) , (2.10a)
W++W_:a0+azfozcosza)t+~~~ , (2.10b)

where oy = 2F () and o, = 2(—1)"d"F/dn". Now, integration of Eq. (2.7) gives,
to first-order in 7,

ny (t|x0, to) =

{ et [25xoc . w}

(} + 0?)!/?

aifp cos(wt — @) }

(02 + )12

N =

+1+ @2.11)

where ¢ = tan~'(w/ap). In Eq.(2.11) the Kronecker delta function is 1 if the
system is initially in the ‘4 state and O if it is in the ‘—’ state. n4 (f|xo, fo) is the
conditional probability that x(f) was in the 4+ state at time ¢ given that the state at
time fy was Xx.
Equation (2.11) provides a useful statistical information. For example, the auto-
correlation function is given by McNamara and Wiesenfeld [45]
(x(Ox(t + T)lx0. 10) = Eny (1 + T| + ¢, Dy (10, o)
—Png (1 + | — ¢, Hn_(t}xo. to)
—Pn_(t + t| + ¢, Hng (txo. t0)
+Pn_(t + | — ¢, )n_(t|x0. 10)
= {2ni G+t +e.)—14+2n (t+1|—c.)—1]
xn4(txo, to) — 2ny(t+ | —c, ) — 1]} . (2.12)

In the limit ty — —o0

x(Ox(t+ 1)) = o2 el [1 _ Oélzfoz cos?(wt — ¢)i|

o} + »?
N c?a3f} {coswt + cos [0(2t + 1) + 2¢]}
2 (0 + w?)

(2.13)

The power spectrum, which is the Fourier transform of the auto-correlation
function, is a function of # and §2. In an experiment, typically, one may take an
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ensemble of many time series 71, f,, - - -, compute the power spectrum for each one
and then take the average of them. The result is

w 2 /w
(8(£2)): = ) S(82,0dr

w [ele) 2 /w )
Py / / (x(O)x(r + 7))e T dr dr
T J—c0 J0
o o el | alf? caf? coswt Sioeg
ce - 2 2 ) + 2 > 5 c T
— (o5 + @?) (af + ?)

2c%a o2f?
) 2 1— 2 2
oy + 2 2(05 + w?)

2242
metaify

2(a) + 0?)

[6(2 —w) +8(82 + w)]. (2.14)

Then

($(£2)): = (S(£2)); + (S(=$2)):

402 202 2202
- e (1 0 ) LI s w) . @)
of + §22 2(ag + w?) of + w?

The power spectrum given by Eq. (2.15) consists of two parts:

» The signal output (the second term in the equation): It is a delta-function at the
input signal frequency w.

* The broad-band noise output: It is a Lorentzian hump centered at £2 = 0. The
noise spectrum is the product of the Lorentzian obtained with f = 0 and a
correction factor representing the effect of the signal on the noise. For sufficiently
small signal amplitude, this factor is nearly the unity.

The effect of the correction factor is the reduction of the noise power. This reduction
is most pronounced for low-frequency (o < «p) and large amplitude of the input
signal. The signal has the effect of transferring power from the broad-band into
the delta-function spike. Assume that the total output power (signal+noise) is
independent of the parameter f; and w. This is a consequence of Parseval’s relation,
namely, the time integral of the square of the signal is equal to the integral of the
power spectrum over all frequencies and moreover the system takes on discrete
values £c at all times.
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2.3.2 Determination of Signal-to-Noise Ratio

The above two-state theory is valid when the drive frequency and the inter-well
transition rates are much slower than the intra-well relaxation rate. The correctness
of Eq.(2.15) has been verified by numerically integrating Eq. (2.3) and from the
obtained power spectrum [45]. The potential V(x,#) given in Eq.(2.3) can be
rewritten as V(x, f) = hy[-2(x/c)? + (x/c)*] — Vi (x/c) cos wt with V| = fc. When
f =0, in the system (2.3), the mean first-passage time is given by the Kramers time

(the average time taken by a particle to cross the region x < 0 (x > 0) for a set of
initial conditions taken around x = x_(x4))

1 2meh+/P V2 we?+/P
IMFP = T = " " 1/2 = 2 . (2'16)
W (VO [V (e w;

The Kramers rate formula is derived under the assumption that the probability
density within a well is roughly at equilibrium and is a Gaussian distribution
centered about the minimum. For f # 0 there is an interaction between the drive
and the noise resulting in a resonance in the SNR. Assume that

2
W:I: (t) — @y e—2(h+ +V) coswt)/D . (2 17)

V2

In Eq.(2.17) @ must be much smaller than the characteristic rate for probability
to equilibrate within a well. Since the rate is V" (%c) the value of w must be «
V' (£c) = 203.

A comparison of Eqs. (2.9) and (2.17) gives u = h4+ /D, fo = Vi/D = fc/D and

2
w,
F(u + fy coswf) = —2 g 2utfocoswr) (2.18a)
(n+fo ) Jon
2 2
@ = 2F(n = 0) = REL Y , (2.18b)
T
dF 220
0 =-—2—| = V208 o _ 2. (2.18¢)
dn =0 T

A substitution of the above in the expression for S gives § = S;(@)§(£2 — w) +
Sn($2, w) where

Bwyfc* e—4h4/D
2
S, = 7D , (2.19)

203
0 /D 4 2

/4
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Then SNR is worked out as
Ss
Sh(2 = w,w)
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Notice that for D < h the exponential term decays to O very rapidly than the term
D? and so SNR — 0. On the other hand, for very large values of D, e 2+/P ~ 1
while D? diverges leading to SNR — 0. At a moderate noise level, SNR will become
a maximum and the corresponding noise intensity, denoted as Dyax, becomes
~ h.From the expression of SNR, one can observe that the signal output increases
with increase in the input signal amplitude and the output noise decreases very
slightly. Figure 2.9 shows SNR versus D for two values of a)g.

The above two-state theory was extended to an asymmetric double-well potential
system [47]. Landa et al. [48] proposed a theory of stochastic resonance for weakly
damped bistable systems. In their approach, the response to a harmonic signal of a
nonlinear stochastic system was represented by the response to the same signal of

Fig. 2.9 SNR versus D with f = 0.1, 8 = 1.0, ® = 0.1 and for two values of w? for the
overdamped bistable system
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an effective linear noise free system. The latter is defined by an effective stiffness
and an effective damping which depend on the nonlinearity of the system, the
parameters of the signal and the intensity of the noise. An analytical two-state theory
for stochastic resonance for a bistable system driven by noise and a rectangular
periodic signal was also developed [49]. Stochastic resonance in multistable systems
was investigated in [50, 51].

2.4 Stochastic Resonance in a Coupled Oscillator

Mueller et al. [52] reported their observation of stochastic resonance in a macro-
scopic torsion oscillator. Figure 2.10 depicts the experimental system [52]. The
torsion balance oscillator shown in Fig.2.10a is a precision force measurement
device, sensitive down to the femto-Newton range. The oscillator is made of a gold
coated glass plate of size 50 mm x 10mm x 0.15mm and doubly suspended on
a 15cm long, 25 pm diameter tungsten wire. The mass and moment of inertia (/)
of the oscillator body are ~0.2 g and 4.6 x 10~% Kgm?, respectively. The natural
frequency of the oscillator is wy = 0.36 Hz and the quality factor is ~2600.

In the experiment, a laser beam was reflected from the centre of the oscillator
and detected by a quadrant diode detector followed by a lock-in-amplifier (LIA).
The angular position voltage was sampled at a rate of 5kHz. The digitized signal
was fed to a computerized digital control loop and was then converted to an analog
output signal applied to two electronic electrodes. To generate optomechanical
coupling, the gold coated glass plate was served as the moving flat mirror of a
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Fig. 2.10 Experimental arrangement of the optomechanically coupled oscillator [52]. (a) The
torsion balance oscillator. (b) Block diagram of the set up. (Reprinted with permission from
F. Mueller, S. Heugel, L.J. Wang, Phys. Rev. A 79, 031804(R) (2009). Copyright (2009) by the
American Physical Society.)
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Fig. 2.11 (a) The multistable optomechanical potential generated with an optical cavity input
power of 32mW [52]. (b) Degree of coherence versus noise energy. Dots are the experimental result
and continuous smooth curve is the theoretical result given by Eq. (2.21) [52]. (Reprinted with
permission from F. Mueller, S. Heugel, L.J. Wang, Phys. Rev. A 79, 031804(R) (2009). Copyright
(2009) by the American Physical Society.)

hemispherical optical cavity. Another spherical mirror with a curvature radius of
25 mm was mounted opposite to the glass plate at a distance of 12.5 mm. A second
laser with a wavelength of ~660 nm was coupled in. This cavity formed Laguerre—
Gaussian TEMyy and TEM;, modes. The finesse of the optical cavity was F = 11
and the mean mirror reflectivity was R = 0.87. The measurement sensitivity of
the oscillator was 100 fN (15 wW of optical power) for the detection of radiation
pressure in total reflection. The entire set up was kept in a high vacuum (10~7 mbar)
and was mounted on top of an active vibration isolation system.

The multistable potential of the system is shown in Fig. 2.11a. The minima of the
potential were formed by TEM cavity modes with an angular spacing of ~16 jrad.
In the experiment, the mechanical torsion constant of the free system was setto t =
9.6 x 1078 Nm/rad, for which the period of the oscillation was Ty = 4.3 s. Using a
cavity optical input power Pj, = 32 mW the torsion balance was optomechanically
coupled. An electronic square-wave signal was applied to the feedback electrodes
with © = 200 rmHz and f = 0.79 pNm. Noise energy is varied from 4.4 to 6 alJ.
The two centered TEMyo mode potential with minima at ~20 prad and ~36 jrad
with an average potential depth of ~20 aJ were considered for signal analysis. The
period of the excitation signal, 7 = 10s, was divided into number of intervals of
width 0.15 s. Mueller, Heugel and Wang determined the number of residence times
in each bin from the time series. Figure 2.11b shows the plot of degree of coherence,
ratio of number of occurrences of residence times in the range 7/2 4 0.5 s and total
number of residence times in the range 0 to 7, versus the noise energy. The degree
of coherence was found to be maximum at the noise energy 5.2 aJ. In the Fig. 2.11b
the noise energies corresponding to the data points marked as a, b, ¢, d and e are
4.4al], 4.8a], 5aJ, 5.2aJ and 6al, respectively.
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2.5 Stochastic Resonance in a Magnetic System

An example of bistable magnetic elements is the single-domain magnetic particles
with anisotropy in the direction of easy magnetization. Here, two stable states
have opposite orientations of the magnetic moment vector along the direction of
easy magnetization. Isavnin [53] theoretically studied the occurrence of stochastic
resonance dynamics of the magnetic moment vector of a superparamagnetic particle
with the additional external constant magnetic field applied along one of the
directions of easy magnetization. Temperature (T) is considered in place of the noise
intensity D.

Let us consider the uniaxial single-domain ferromagnetic particle and denote
the angle between the magnetization vector M and the direction of the easy
magnetization as 6, the volume of the particle as V, and K as the anisotropy constant.
The energy due to the interaction of the magnetic moment of the superparamagnetic
particle with the anisotropy field is —KV cos” 6. The interaction with the external
constant magnetic field is —uoMH;V cos 6. Then the magnetic energy of the
particle is

E(6) = —KV cos®> 6 — uoMH,V cos 6 . (2.22)

In the presence of the external field H cos wt applied along the direction of easy
magnetization E(0, t) is

E0,t) = E(6) — uoMHV cos 0 cos wt . (2.23)

For the two wells of E(6,t = 0) the two local minima are at ¢, = O and 6, = 7
and a local maximum is at 63 = cos™' (—uoMH;/(2K)). The potential is shown in
Fig.2.12. The barrier heights of the left-well and the right-well are

MH,)?
h_ = E(6;) —E@6) = % + KV + uoMH,V , (2.24a)
MH,)?
hy = E(63) —E(6>) = % + KV — jloMH, V . (2.24b)
oL ]
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S
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Fig. 2.12 E(0) versus 6 of a single-domain ferromagnetic particle system. The values of the
parameters are K = 4 x 10*J/m>, V = 1072 m?, M = 1.72 x 10 A/m, H; = 4 x 10> A/m and
o = 4w x 107"H/m
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The field is assumed to be sufficiently weak so that the orientation of the magnetic
moment vector of the particle is unchanged. This is the case for uoMHV < h4.

To apply the theory discussed in Sect.2.3, assume that the magnetic moment
vector takes only two states corresponding to the minima of the double-well
potential. By introducing x = M cos#, one can specify the projection of the
magnetization vector on to the direction of easy magnetization having two values
+Mat 0 = 6, = wand 6 = 6; = 0. Denote ni(f) as the probabilities for x
to be xx = +M and Wy (7) as the rates of particle escape from x4t states. Then
the evolution equations for n4 and n_ are given by Eq. (2.7). W4(¢) are given by
Isavnin [53]

Rt e MHV
W (1) = ape sl eoser g — KO ,
ksT

(2.25)
where kg is the Boltzmann constant, 7 is the temperature and « is of the order of the
frequency of ferromagnetic resonance which is 10°—10'°s™! for single-domain iron
particles. One can note that W, (f) # W_(¢). With the probability density function
P(x,t) =ngid(x—xy4) + n_b(x—x_)

o0
(x?) = / ¥*P(x)dx = xin+ +x2n_ =M*. (2.26)

(o]

The solution n4 (f) is given by Eq. (2.8).
Expanding W4 () in a series in the small parameter 7 = f cos wt one obtains the
lowest-order

W = W_(1) + Wi (1) = age /"D  goe=+/ksD) (2.27)
Then
Wi F  fF cos(wty — ¢)
— o W(t—t) _
n+(t|t0) =¢e |:n+(t0) w \/m
F  fFWcos(wt — ¢)
=t (2.28a)
4 VW2 + w?
where
F=ope™/®D ¢ = tan™" (w/W) . (2.28b)

F is the Kramers rate of escape of the system from the left-well of the asymmetric
potential. In the limit of 7y - —o0

na (1) = F +chos(a)t—¢) .

TN 22
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Next,

(x()) = / xP(x) dx

—0o0

=MQ2n4()—1)
_ 2F | 2Ffcos(wi—¢)
=M [W + T 1} : (2.30)

The component of (x(¢)) which changes with the external driving frequency is

2MFf cos(wt — ¢)
(xu(0) =
VW2 + 0?
_ 2MFf(W cos ot + w sin wt)
- W2 4+ w? ‘

2.31)

Writing the modulating signal as H(f) = He'®' the magnetization M(f) can be
expressed as

M(t) = HRey coswt + Imy sinwr) , (2.32)

where y is the complex susceptibility. The above two equations give

2MfFW 2uoVM*FW
Rey = r — Mo , (2.33a)
HW? +w?)  kgT(W? + 0?)
2MfFw 2uoVM?Fo
Imy = = , 2.33b
M= HW F o)~ kT2 + 0?) (2.330)
2u0VM?F
e (2.33¢)
|X| kBTV VV2 + Cl)2

x exhibits resonance dynamics when the temperature parameter is varied. For the
analysis fix the values of the parameters as K = 4 x 10*J/m’, V = 1072 m?,
M = 172 x 10°A/m, H = 10°A/m and o = 47 x 1077 H/m. Figure 2.13
shows Rey, Imy and | x| as a function of temperature T for three values of H;. The
maximum value of susceptibility decreases with increase in H;. In Fig.2.14 | y| is
plotted for three values of the anisotropy parameter K. The effect of K can be clearly
seen in this figure.
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Fig. 2.13 Variation of (a) Rey, (b) Imy and (c¢) | x| as a function of temperature T (in kelvin). The
curves 1,2 and 3 are for H, = 0A/m, 5 x 10> A/m and 10* A/m, respectively

500

= 250 |

1 1
0 500 1000 1500 2000

Fig. 2.14 || versus T (in kelvin). The curves 1, 2 and 3 are for K = 10* J/m3, 5x 10* J/m3 and
10° J/m?, respectively, with H; = 10* A/m
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2.6 Stochastic Resonance in a Monostable System

In a monostable system with additive noise nonmonotonic increase in the signal
amplitude and continuous decrease in the noise amplitude take place [54]. However,
stochastic resonance does not occur. Consider the overdamped nonlinear system

¥4 Bx>—y —xE(t) = feoswt + (1) . (2.34)

where 8 > 0, y is the bias term and £ () and 7(¢) are uncorrelated white noise with
zero mean and the variance given by (§(1)&(s)) = 2Dwé(¢t — s) and (n()n(s)) =
2D,6(t—s), respectively. The intensities of the additive and multiplicative noises are
denoted as D, and Dy,, respectively. In the absence of noise and periodic force the
system has only one stable state. Guo et al. [55] have obtained an analytic expression
for SNR for the system (2.34).

The Fokker—Planck equation for the probability density P(x, t) is

(1) D 9
=~ PP + 5 [GOPE)] | (2.352)

where
F(x,t) = —Bx* +y + Dpx +fcoswt, G(x) =Dpx*> +D,. (2.35b)

In the adiabatic limit, that is, a small enough value of w so that the time for the
system to reach a local equilibrium is smaller than the period 1/w,

Co _y
Py(x) = e eff(x)/Dm’ (2.36)
) G(x)

where Cy; is the normalization constant and

Veir(x) = /_ % (=V'(x) + y + feoswr) dx, (2.37a)
V(x) = —%Dmxz + iﬂf . (2.37b)

In the presence of multiplicative noise the effective potential Veg(x) of the monos-
table system becomes a bistable form with the stable equilibrium points at x+ =
£ +/Dn/p and the unstable point at xo = 0.

The transition rates for the system to move out of x+ are obtained as

1
Wi(r) = E /|V// (x0) V" (x) el Veft(x) = Vefr(x0)]/Dm

— W:toe:kacosa)t , (2383)
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where
Wio = —2m_oFhr=ag/@Dw) (2.38b)
V2
with
1 D
k= ——tan ! | —=| . (2.38¢)
~DmD, ( vV ,BDa)
o) (%) ]
Ap=Dp |1+ —=—)In| ——"—]—-1]. (2.38d)
o=on|(147; AD,
The master equations governing the probabilities n+ = P(x = x3_ ) are given by
dng
T FWi(Ony £ W_(t)n— . (2.39)

Then, following the procedure described in Sect. 2.3 for bistable systems it is easy
to obtain [55]

S = 8:(£2)8(2 —w) + Su(2,w) , (2.40a)

where
S.(2) = 47 Dnv” (2.40b)

T B+ 0?) '
4Dy u 1 202
Sn(2,w) = — , 2.40c
(@.) Bu* + £22) (Coshz(ky) u? + 92) (2.400)
U= Me_A¢/(2Dln) , (2.40d)
b4
D
v = —mfke—4¢/(2Dm) ) (2.40¢)
/27 cosh(ky)
Then

Do £2k2 (12 2y a—4¢/(2Dm)
SNR = wf KW + @ )32 . (2.41)
24/2 [12 + »? — 2v%cosh? (ky)] cosh(ky)

Figure 2.15 depicts the variation of SNR with D, for D, = 0.1, y = 0.7,
® = 0.01 and f = 0.01 and for three values of the coefficient 8 of the nonlinear
term in Eq. (2.34). As f increases, the critical value of Dy, at which SNR becomes
maximum also increases. The SNRyax decreases with increase in 8. In Fig.2.16
the dependence of SNR on the bias term y for three values of the amplitude of the
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Fig. 2.15 SNR versus Dy, for D, = 0.1,y = 0.7, » = 0.01, f = 0.01. The curves 1, 2 and 3 are
for B = 1, 5 and 10, respectively
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Fig. 2.16 SNR versus the bias term y for 8 = 2, D, = 0.5, D, = 0.8 and w = 0.01. The curves
1,2 and 3 are for f = 0.01, 0.015 and 0.02, respectively

driving force is plotted. For a fixed value of f the SNR decreases with increase in y
due to the increase in the barrier height of V. Further, SNR is maximum always
at y = 0. The reason for this is the following. The barrier heights of the two wells
are identical for y = 0 where as for y # 0 the barrier height of one well is higher
than the other and also higher than that of the case y = 0. Consequently, when y is
varied from a negative value, stochastic resonance occurs at y = 0.

Experimentally, the occurrence of stochastic resonance in NbN superconducting
strip-line resonators in a monostable zone with one stable state and one unstable
state has been reported [56]. The system was driven by an amplitude modulated
signal and noise. Maximum signal amplification was observed at an optimum
value of mean injected pump power. At the resonance, during one half of the
modulation period, nearly regular spikes in reflected power were noticed, while
during the second half only few noise-induced spikes occurred. This dynamics was
found to give rise a very strong gain. Stochastic resonance has been studied in an
asymmetrical monostable system with two periodic forces and multiplicative and
additive noise [57].
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2.7 Linear Systems with Additive and Multiplicative Noises

Three ingredients namely nonlinearity, a periodic signal and a random force were
thought of as the necessary conditions for the occurrence of stochastic resonance.
Let us first identify the effect of additive Gaussian noise in a linear system.

2.7.1 Effect of Additive Noise Only

Consider the motion of a particle in a single-well potential V(x,f) = %a)gxz -

Jfxcoswt. The equation of motion of the overdamped version of the system is
¥ = —wix+fcoswt +E() . (2.42)

The autocorrelation function, one-sided power spectrum and SNR are obtained
as [45]

D _ f?
(x()x(t + 1)) = 2_6036 wplel 4 m Ccos wT (2.43)
2D f?
S(£2) = §(2 -w), 2.44
@ = ot ot Y2 ) (2.44)
2
sve =" (2.45)
2D

The SNR of the linear system is independent of the parameters w? and @ and is
simply the input SNR. SNR continuously decreases with increase in noise implying
degrading of the performance of the system.

The influence of noises other than Gaussian white noise in additive and multi-
plicative forms has been investigated by few groups on linear systems. For example,
stochastic resonance was observed in linear systems for Gaussian coloured noise
[58-60], Poissonian noise [61], composite noise [62], signal modulated coloured
noise [63], correlated noise [64, 65], multiplicative asymmetric dichotomous noise
[55, 66] and multiplicative noise modulated by a bias periodic external force [67].

2.7.2 Effect of Multiplicative Noise Only

The effect of additive noise in a nonlinear system is changing of the internal thermal
motion of the system by switching it between the coexisting equilibrium states.
In a linear system there is only one potential well or one equilibrium state. Note
that the internal structure of the system, for example, the shape of the potential
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or the number of equilibrium states cannot be altered by the additive noise. Thus,
stochastic resonance cannot be observed in a linear system driven by additive noise
only. In Sect.2.6 a creation of bistability in the monostable nonlinear system by
a multiplicative noise is observed. The point is that a multiplicative noise can
be able to induce a bistability in a linear system also. Li and Han [66] have
shown the occurrence of stochastic resonance in an overdamped linear system with
multiplicative asymmetric dichotomous noise where the noise takes two asymmetric
values —F and kE, with E, k > 0. They obtained an analytical expression for SNR
[66]. Berdichevsky and Gitterman [68] considered the following linear system:

i = —wix — aixE(t) + fsinot . (2.46)

When the noise term & (¢) is chosen as a Gaussian white noise, the quantity (x(¢)) is
found to be remain bounded and is a monotonic function of the noise intensity D.
There is no stochastic resonance in this case. For the exponentially correlated noise
with the auto-correlation time 7, that is,

(EMED)) = e =T (2.47)

they obtained (x(7)). In this case, also a monotonic variation of (x(¢)) is noticed.
In the case of dichotomous noise with a;7 < 1, a% < a)g + a)g /7, the amplitude
of the stationary solution depends on the parameters a)g, fs w, a; and 1. (x()) is

found to be maximum at
)
(a)max = (| 0f + = — 02 . (2.48)
T

In the presence of dichotomous noise, the system moves along the parabola U; =
(w2 + ar)x*/2, then jumps to the parabola U, = (w3 — a;)x?/2 at the rate 1/t and

so on. For a; > w02 buta; < \/wé + ng the parabolas U; and U, have curvatures
with opposite sign and act in opposite direction tending to increase (decrease) the x
of a particle. Accordingly, the amplitude of the stationary signal has a maximum as
a function of the noise intensity.

An overdamped linear system with quadratic multiplicative coloured noise and
driven by a periodic signal has been considered in [69]. Applying functional integral
techniques, an analytical expression for the mean value of the state variable x, (x)s,
was obtained. The amplitude of (x)s was found to show a stochastic resonance-like
profile with the inverse of the correlation time of the coloured noise.
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2.7.3 Effect of Multiplicative and Additive Noises

Consider the system
i = —(0f + E(0)x +fcoswt + 1(t) (2.49)

where £ and 7 are a Gaussian noise with zero mean and correlation functions
given by

(EDE(s)) = qe (2.50a)
(n()n(s)) = are 0, (2.50b)
(E@ON(s)) = (M®E(s)) =0. (2.50c)

Choosing the noise as asymmetric dichotomous, Ning and Xu [70] derived an ana-
Iytical expression for SNR and have shown the occurrence of stochastic resonance
in the above linear system.

Let us assume that £(7) assumes the values A; and —B; and 7(¢) takes the values
A, and —B;, with A, A,, B; and B, > 0. The rate for the transition from A; to —B;
is say ) while from —Bj to A; is «. B and B, are the rates for the transitions A,
to —B; and —B, to A,, respectively. Writing

o1 =A1B;, A=oa;+wo, A =A;—B, (2.51a)
00 =AB,, A=Bi1+B Ar=A—B (2.51b)
one can obtain
d
% = —a)g (x) — (£(H)x) + fcoswt , (2.52a)
d(x’) _ 2,2 2
el —2w5(x7) = 2(E(H)x") + 2f (x) coswt + 2(n(1)x) . (2.52b)

Multiplying Eq. (2.49) by £(¢), averaging and using

S = (505 - 0 (.53
one gets

SN = ~0F + DEOY ~ E0x)

= — (0} + M{E@Dx) — AiBi (x) — (A1 — B1) {(E(1)x)
= —(@ + M) (E@x) — 01 (x) — A (E(D)x) . (2.54)
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Equation (2.54) together with Eq.(2.52a) form a system of equations for the two
unknowns (x) and (£(¢)x). In the limit t — oo

(x) = JJC—C (fi coswt + frsinwt) (2.55a)
3
where
fi = 0Rw® + (0F + Ay + M)biby (2.55b)
f=olo®+(@+a+1) o], (2.55¢)
fr= (0 +b7) (0 +b3) (2.55d)

A+ A A+ Ap)?
+21:t(+1)+

bl,zzwg—}—el,g:a)g—i- 1

o . (2.55¢)

In a similar manner one can obtain the stationary second moment as

(@2 + M) (@3 + A +20) — 0

2

() = § 02 [2(w} + Ay + 1) + (0F + ADA + 201
st —

+§7 [fl(za)g +2A; + /\) — 2(602 — blbz)al]
3
x[w5 Qwg + 241 +2) —201] 7" . (2.56)

Integration of Eq. (2.49) gives
x(t + 1) = x(1)g(r)e "N + f /0 ‘ e~ g(v) cos [w(t + T — v)] dv
+ /0 ‘ e 0 h(v) dv , (2.57a)
where

g(v) = e 0 @) e — ) = (p(v)e hE@ ) (2.57b)

Expanding the exponentials in Eq.(2.57b) in series and evaluating the integrals
results in

glv) = (€167 —ee™ "), h(t—v) =0. (2.58a)

€] — €
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Now, multiplication of Eq. (2.57a) by x(¢) and averaging gives

(x(t + )x(1)) = (xz)Sug(r)e_‘”gr + % [fs sinwt + f5 cos wi] ,
1—€

(2.59a)
where
by sinwt — — €ibasi
4= & 131112wt €afs  €of 261 2 SIN WT ’ (2.59b)
b? + w? by + w?
; + b bof7 + i
fim e s1n2a)r 262 fo | €1bafy ! Elwzsmwf ) (2.59¢)
b + by +w
foq =coswr —e 1127 (2.59d)

Averaging of (x(t+ 7)x(f)) over the period 27 /w of the external force f cos wt gives

)
(e + D) = (Ag(r)e it + LOE T (2.60)
2f3(€1 — €2)

Then the power spectrum is S(£2) = S5(£2)3(2 — w) + Su(£2, w) where

_ wf*(wh —mb)

s = , (2.61a)
2f3(e1 — €2)
S _ 2()(2)3[(1)2[1 —bllz) + fz |: bllzul _ bzlluz :|

! (€1 —€) flea—e) [bi+ 22 b3+ 22

(2.61b)
with
bl 2 — a)g

lip = 5—, =H82 +fibis . 2.61c
12 2, 2 Uiy =f fib12 ( )

Then SNR = S(£2 = 0)/S.(2 = w).

Figure 2.17a shows SNR versus w for three values of f for fixed values of other
parameters. For f = 0.5, 0.6 and 0.7 SNR becomes maximum at = 1.14, 1.32
and 1.48, respectively. For each fixed value of @ the value of SNR increases with f.
In Fig. 2.17b SNR profile is shown for three values of A;. For A; = 0.001, 0.01 and
0.02 resonance is found at 0.36, 0.366 and 0.38, respectively. As A; increases the
SNR value also increases.
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Fig. 2.17 Variation of SNR versus w in the linear system with w3 = 1, A = 6, = 0, = 1 and

Ay = Ay = 1. The curves 1, 2 and 3 in the subplot (a) are for f = 0.5, 0.6 and 0.7, respectively.
The curves 1, 2 and 3 in the subplot (b) are for A; = 0.001, 0.01 and 0.02, respectively, with
f=05and A, =1

2.8 Stochastic Resonance in Quantum Systems

Stochastic resonance has been studied in certain quantum systems [44, 71-74]. Two-
state theory and Feynman path integral approach were used to obtain SNR. This
section considers two quantum systems and theoretically point outs the occurrence
of stochastic resonance.

2.8.1 A Particle in a Double-Well Potential

Let us consider a quantum mechanical particle in a double-well potential and assume
that the depth of the left-well and right-well are unequal, h— = hy 4 € [71]. The
system is subjected to a periodic forcing with frequency @ and a random noise
characterized by a temperature 7'

Expanding W4 () in Eq.(2.9) as Wi (f) = Wi9 + wicoswt + --- the rate
equation can be solved and the correlation function to the order (w)? can be
determined. For the case of transition rates obeying the detailed balance

W+/W_ — e(e()+8€ coswt)/(kpT) , (262)
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where kg is the Boltzmann constant, SNR is obtained as [71]

7l'W+() € 2
SNR= ———— |6 | — . 2.63
4 (1 + eeo/(kBTo)) |: (kBT)i| ( )

For a sinusoidally modulated asymmetry energy, the quantity € = €y + . cos wt is
8(e/ksT) = 8¢ /ksTo. Then the SNR given by Eq. (2.63) becomes

oT"? 7T W62 €
SNR= —— | = — € ! = .
Txe 4l kg Ty

(2.64)

’

Lofstedt and Coppersmith pointed out the difference between the classical and
quantum stochastic resonances. Quantum stochastic resonance does not occur in a
system with symmetric potential. This is because in the symmetric well, € /kgT < 1
the transition rates W4 have power-law dependence on 7. In the asymmetric case
when €y/kgTy > 1, due to the detailed balance factor the transition rate W_ is
exponentially small and the particle is confined to the lower well. The signal is thus
suppressed. For kgTy ~ €y the relative occupation in the upper well is sensitive to
the temperature. On the other hand, for kg7 > €y, the relative occupations in the
two wells are almost equal and the signal decreases.

2.8.2 A Double Quantum Dot System

Joshi [74] considered a system of a double quantum dot with only two nondegen-
erate and weakly coupled energy levels with energies E; and E;. The level 1 is
occupied while the level 2 is empty in the absence of any external perturbation.
There is no tunnelling of the particles between the two quantum dots since they
are weakly coupled. Such a system can represent two energy states in two different
wells. The Hamiltonian of the system is

H(1) = Ho(t) + Hin (1) , (2.65a)
where
1
Ho = SE@O(2)21=1){AD . Hin = L(2)(1]+[1)(2D . (2.65b)
E(t) =Ey+al(@), E@) =&coswt, (2.65¢)
where « is a constant, ¢ is the coupling strength between the two dots and £() is

the external field (which can be applied to the dots via gate electrodes). The applied
field leads to an oscillation of the two energy levels. Note that in the usual stochastic
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resonance phenomenon the wells of the potential are tilted periodically by means of
external periodic force.
The master equation for the statistical operator p is given by

o

5 =~ [H®).p] + Lop+ Lup (2.66)
where L, p is the Liouville operator for reservoir tunnelling and £,,p governs inter
dot particle relaxation. At low bias voltage the tunnelling of electrons through the
double dot is suppressed by Coulomb blockade. Such conditions are appropriate to
investigate stochastic resonance in the system. Using the master Eq. (2.66) evolution
equation for density matrix elements p;y, p12, p21 and py; of the density matrix can
be obtained. Here p;; and py, are the probabilities for the electron to be in the left-
dot and right-dot, respectively. pj, and pp; are the off-diagonal matrix elements.
Assume that the potential of the double dot has local minima at +x; and the
height of the potential barrier measured from the lower state |1) is AV and D is the
intensity of the Gaussian white noise with zero mean. The applied periodic signal
changes the relative separation of the states. When the noise intensity is varied, then
at an optimum value the random switching frequency becomes close to the signal
frequency leading to a higher probability for transition between the states.

Following the two-state theory described in Sect. 2.3 and under the assumption
that the interaction between the dots is small and hence its contribution to SNR is
negligible, Joshi finally obtained the SNR as [74]

1

§ 2rgf2 -
SNR = s (1 - s ) , (2.67a)
2(D/AV)? (D] AV)2(0? + 4r2)
where
1 —AV/D onm
- L f = m 2.67b
rK ﬁn € Js AV ( )

For very small D the exponential term falls to zero rapidly so SNR is almost zero.
For very large D, the exponential term reaches 1 but the term D? in the denominator
makes SNR again to zero. For moderate values of D, there is the maximum near
D~ AV.

2.9 Applications of Stochastic Resonance

The features of stochastic resonance have been studied experimentally in psy-
chophysics, electrophysiology, human vision, hearing and tactile, animal behaviour
and single and multiunit activity recording. Role of stochastic resonance in brain
function including detection of weak signals, synchronization and coherence among
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neuronal assemblies, phase resetting, carrier signals, animal avoidance and feeding
behaviours were also investigated. A weak signal refers to a signal with amplitude
much lower than the amplitude of background noise. Stochastic resonance is quite
interesting for biological systems particularly in neurobiological systems, since it
may provide a mechanism for such systems to detect and process weak signals. In
neural systems, stochastic resonance has been shown in peripheral sensory neuron
[75], neurotransmitter quantum or spike processing neuron [76], neural parallel
array and network [77-83]. Collins group [84] has shown experimentally that the
postural sway of both young and elderly individuals during quiet standing could
be significantly reduced by applying subsensory mechanical noise to the feet. An
excellent review on application of stochastic resonance in sensory information
process was presented by Moss and his coworkers in [85]. This section points out
some of the promising applications of stochastic resonance.

2.9.1 Vibration Energy Harvesting

Gammaitoni et al. [86] proposed a way of converting vibrational energy to elec-
trical energy making use of stochastic dynamics. They considered a piezoelectric
oscillator represented by the equations

% = wix — x> —di + K,V + DE(1) (2.68a)

. 1

V=Ki-—V, (2.68b)
Tp

where V is the voltage drop and x is the relevant observable of the oscillator
dynamics, d is the damping coefficient, K, is the coupling coefficient relating the
oscillations to the voltage and K, is the coupling constant of the piezoelectric
sample. 7, is related to the coupling capacitance C and to the resistive load R
(tp = RC). £(¢) is a random force, a stochastic process with Gaussian distribution,
zero mean and unit variance. Vi versus w02 exhibits a nonmonotonic variation.
Vims 1s found to be maximum at an optimum value of a)g for fixed values of the
other parameters.

2.9.2 Stochastic Encoding [87]

Stochastic encoding or transmission has been found in many systems ranging from
molecular level to the nervous activity [88-91]. At molecular level molecules
undergo continuous changes and in thermal equilibrium with the medium. It is
possible to achieve communication between a cell and its external world making use
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of a channel that open and close in a different situation (monostable ion channel).
There are two consequences with this:

e The modulation of ion current by external stimuli would be difficult and less
flexible.
* Economy of the cell.

In voltage-gated channels the membrane potential modulates the chances of
opening and closing. Consequently, if the dependence of the rate constants on
the potential is steep, the number of channels (N(f)) which are open can vary
enormously in a stimulus cycle. There is no current when a channel is closed and
the current is V/R, where R being the resistance of the channel when it is opened.
The jump between 0 and V/R is much higher than the peak-to-peak amplitude of
the time-varying component of V/R. Consequently, when the rate constants for the
0 — V/R transitions depend very steeply on the potential, the current through the
membrane can be substantially modulated than in the case of channels opened at a
regular rate. In the first case the current is N(f)V/R while in the second case it is
N(t) £ (V/R). Now, the peak-to-peak amplitude is greater. In this way, the stochastic
mechanism acts as an amplifier enhancing the amplitude of the current passing
through the membrane. That is, stochastically switching ion channels amplify the
signal. Proteins have a lot of energetically nearly equivalent states and they switch
thermally between these states so stochastic transmission is readily at hand for cell
communication. Stochastic switching is present in neural activity also and it can
serve as a tool to transmit information about high frequencies using nerve fibers.
Further, stochastic encoding could be simpler to decode at the cortical level than the
patterns transmitted particularly when deterministic phase-locking takes place.

2.9.3 Weak Signal Detection

The measurement of very weak forces is of great important. A gravitational
wave detector is a typical example for a measurement system with very high
precision. The combined optomechanical system exhibiting different characteristics
and physical phenomena such as the optical spring effect and multistability become
important. Here stochastic resonance can occur when noise is added and one
may realize the enhancement of SNR in precision measurement. Signal detection
employing stochastic resonance has been studied in [92, 93].

2.9.4 Detection of Weak Visual and Brain Signals

In human information processing, noise-enhanced performance is well established.
In active sensory systems, however, an additional source of noise is self-generated
[94, 95]. For example, consider the human visual system. When one looks at
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stationary scenes, the oculomotor system moves an object of interest into the foveal
part of the retina. However, one can notice a rapid adaptation of the visual system to
a constant input. This adaptation leads to perceptual fading when the retinal image
is experimentally stabilized in the laboratory paradigm of retinal stabilization. As a
consequence, a built-in mechanism exists in the visual system. One has to fixate an
object for the visual analysis of bleaching. It is to be noted that our eyes are never at
a fixed state and undergo continuous motion. Such involuntarily and unconsciously
miniature eye movements are produced when one fixate a stationary target. These
fixational eye movements represent self-generated noise which serves significant
perceptual functions. The fixational eye movements are traditionally interpreted as
oculomotor noise [96].

Starzynski and Engbert [97] investigated fixational eye movements of 19 par-
ticipants (with mean age 23.3 years) under the influence of external noise. In
the experiment, the target stimulus performed a random walk with varying noise
intensity. The random motion of the stimulus was implemented on a computer with
a constant distribution of spatial increments but with rates of position change which
is characterized by the diffusion constant. Noise-enhanced target discrimination
was observed. Particularly, response times versus the diffusion constant exhibited
U shape curve. That is, response time is minimum for an optimum value of
diffusion constant. Starzynski and Engbert have pointed out that the noise artificially
applied in their laboratory study was very likely to occur in natural settings where
postural fluctuations [98] act as a noise source which is external with respect to the
oculomotor system.

Human threshold for detection of luminance variations across space has been
studied in the presence of noise. Ward and his co-workers [99] performed an
experiment where observers were requested to recognize striped and nonstriped
visual stimuli. Contrast was changed according to an adaptive technique and
depending on the correct and incorrect answer of an observer. Noise (random
amounts from Gaussian distribution) was implemented in the form of randomly
changing the grey level of each pixel in the stimulus. The presence of noise was
found to decrease the contrast threshold of detection of weak spatial modulations in
luminance.

Stochastic resonance in more complex systems, such as human tactile sensing
neural networks of mammalian brains and the blood pressure control system in the
human brain system have been well established [100-104]. In the human, there
is a large variety of chaotic firing of neuron networks and columns that function
as complex oscillators, as well as spontaneous electrochemical noises. Such noisy
signals provide internal noise sources to trigger stochastic resonance in brain.
Stochastic resonance has been observed in the human brain’s visual processing
area [105].

The hippocampus is a brain tissue essential for learning and short-term memory.
A hippocampal network model consists of two layers CAl and CA3. Pyramidal
cells in CA3 are connected to pyramidal cells in CA1l. The CA3 network causes
spontaneous irregular activity while the CA1 network does not. The activity of CA3
causes membrane potential fluctuations in CA1 pyramid cells. The CA1 network
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also receives a subthreshold signal through the perforant path. The subthreshold
perforant path signals can fire CA1 pyramid cells in cooperation with the membrane
potential fluctuations that work as a noise. The firing of the CA1 network shows
typical features of stochastic resonance [106]. It has also been shown that the
stochastic resonance improves subthreshold detection in a single hippocampal CA1
cell [107].

2.9.5 Stochastic Resonance in Sensory and Animal Behaviour

Experiments on the feeding behaviour of the juvenile paddle fish have shown
the enhancement of perception of sensory information and also affecting animal
behaviour. Animal can perceive the enhancement of information available in the
peripheral sensory system with external noise and they can make use of this
noise-improved information for feeding or predator avoidance. For example, in an
experiment the tail-fan of crayfish was covered with hydrodynamically sensitive
hairs, each one innervated by sensory neurons that converge on inter-neurons in
the sixth ganglion [108, 109]. Extra-cellular recordings were made from the sensory
neurons in the root. SNR was measured from the power spectra of the recorded spike
trains. It became maximum at an optimal noise intensity. This behaviour was also
observed in an analog simulation of a model neuron [110].

Another experiment was done with paddle fish. An electrosensitive paddle fish
has a long anterior rostrum, which is covered with few thousands of electrosensitive
organs and are capable of detecting and tracking the weak electric fields generated
by the swimming and feeding motions of its favourite prey zooplankton Daphnia.
The generated electric field around the Daphnia is dipole-shaped. Consequently,
when an individual plankton is farther from the rostrum, the weaker the electrical
signal at the rostral surface. The result is dropping beneath the perceptive ability
of the animal at certain limiting distance. When an external noise was added in the
form of a random electric field applied parallel to the fish long axis, the perceptive
ability was improved. The fish was able to extend the capture distance range in the
presence of optimal noise [111-113].

2.9.6 Human Psychophysics Experiments

In psychophysics, noise usually interferes with detection and identification of
a signal—a process called masking. Research on masking in vision, touch and
audition indicated that at very low levels of signal and mask intensity, it is easier to
detect the signal in the presence of the mask than alone when the two are added in-
phase with each other [114]. Detection of weak signal is found to be more difficult
for higher intensities of the mask. This phenomenon is explained by the energy
addition of the signal and masking which makes the signal4+mask discriminable
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from the mask alone when signal4-mask is near threshold but not when the mask
is very intense or very weak. Threshold for human visual perception, effects of
noise and stochastic resonance in the perception of gratings, ambiguous figures
and in three-dimensional perception of autostereograms were studied through many
psychophysics experiments [115-121].

2.9.7 Noise in Human Muscle Spindles and Hearing

It has been shown that the sensitivity of muscle-spindle receptors to a weak
movement signal would be enhanced by adding noise through the tendon of the
parent muscle. Cordo et al. [122] recorded firing activity of individual muscle-
spindle afferents from the radial nerve in healthy human subjects. When an afferent
is isolated, the subject’s right-wrist is passively rotated by a manipulandum, with
a small amplitude sinusoidal wave form. They applied a noise input by a tendon
stimulator to stretch the appropriate muscle. In most of the examined afferents the
calculated SNR rapidly increased to a peak and then slowly decreased. That is,
the presence of a particular nonzero level of noise enhanced the sensitivity of the
muscle-spindle receptor to the weak input signal.

In a hearing system, noise-enhanced peripheral sensory response has been
demonstrated experimentally and theoretically [123-125]. The enhanced effect
of noise on hearing sensitivity indicates that hearing performance is involved in
a nonlinear mechanism in which fluctuation and noise are important and even
beneficial. The source of the nonlinearity is the sensory hair cell. It has been shown
that inner hair cells response in temporal pattern to sinusoidal signal was enhanced
by optimal noise. Experiments [123—125] have shown that by adding noise of certain
level, human can detect near threshold pure tone better than without noise.

A conceptual model has shown that stochastic resonance can optimize the bone
remodelling process where the mechanical noisy stimulus is related to the stochastic
nature of the activation of osteoblasts and osteoclasts through the connection
between bone remodelling and external mechanical stimuli [126].

2.9.8 Electrophysiological Signals

The spontaneous background signals in an EEG are usually considered as noise
with respect to stimulus or event related electrophysiological events. Information
about neuronal interaction and changes in brain functional states are contained
in the spontaneous brain signals. The analysis of these signals is important in
sensory information processing. The occurrence of stochastic resonance in central
neural system can be explored with the help of electrophysiological techniques. The
added noise signal was found to improve the cortical somatosensory response to
mechanical tactile simulation. Response amplitude versus noise intensity appeared
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as an inverted U shape indicating enhancement of response at certain noise level
[127]. Stochastic resonance was observed in the spinal and cortical stages of the
sensory encoding. This was demonstrated in anesthetized cats with the coherence
between spinal and cortical responses to tactile stimulation. Increase in the response
amplitude and power of the first even harmonics of the cortical response to steady
state contrast stimulation have been observed. This effect might be from activation
of complex cells in striate visual cortex based on the nonlinear properties that these
cells and steady-state contrast stimulation share [128].

2.9.9 Stochastic Resonance in Raman and X-Ray Spectra

Sometimes due to weak signal the intensity of Raman spectrum and X-ray diffrac-
tion of certain solutions corresponding to certain frequencies may not be clearly
visible. They can be amplified by adding impurities as noise. An example is found
in the case of alcohol solutions of CCly. Increase in the intensity at a particular wave
number has been realized when the concentration of CCly is varied.

2.10 Noise-Induced Stochastic Resonance Versus
Noise-Induced Synchronization

When the time variation of state variables X; of one system follows with the
state variables X, of another identical system (coupled or uncoupled) then the two
systems are said to be synchronized. There are different types of synchronization
[129-132]. When X; = X, then the synchronization is termed as general or
complete. Synchronization of two or more identical systems (with different initial
conditions) exhibiting chaotic dynamics can be achieved by different kinds of deter-
ministic coupling of the systems. Interestingly, noise can be used to synchronize two
identical uncoupled systems started with different initial conditions [10, 133]. That
is, two identical chaotic systems driven by the same noise forget their initial states
and evolve to an identical state after transient.

It is to be noted that noise-induced resonance refers to a phenomenon wherein
a maximum response of a system (not necessarily coupled systems) at an optimal
value of noise intensity is realised and can be detected by measuring the statistical
measure SNR. Noise-induced synchronization can be identified by direct compari-
son of the state variables X and X, of two chaotic systems. To realize noise-induced
resonance the system under consideration must have certain kind of bistability and
it can occur in a single degree of freedom nonlinear system. Synchronization occurs
in coupled systems or uncoupled more than one systems.

Synchronization is found to play an important role in information transmission
and processing [134, 135]. It can be related to cognition and movement control
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in brain function. It has been pointed out that in the human perception process
synchronization of gamma wave in space and time occurs [136]. On the other
hand, occurrence of synchronization may results in epilepsy [137] and Parkinson
diseases [138]. Chaos synchronization is investigated with applications to secure
communication and neural activity [132].

2.11 Concluding Remarks

In this chapter, the occurrence of stochastic resonance in systems like excitable,
spatially periodic, maps and networks have not been considered. Such systems will
be taken up in later chapters. Certain variant forms of stochastic resonance have
been reported in the literature. For example, when the input signal is an aperiodic,
like a frequency modulated one, the noise-induced resonance is called aperiodic
stochastic resonance. Such a resonance was demonstrated by Collins et al. [139]
on rat slowly adapting a type of afferents. In the experiment, each neuron was
subjected to a perithreshold aperiodic stimulus and a noise. When the noise intensity
was varied, a typical stochastic resonance profile was observed which indicates that
external noise into sensory neurons could improve their abilities to detect weak
signals. Aperiodic resonance was found in the theoretical FitzZHugh—Nagumo model
equations [140] and overdamped bistable systems [141]. In the double stochastic
resonance [142] an extended system is subjected to both a multiplicative noise
and an additive noise. Bimodality of the mean field of the network is induced
by the multiplicative noise while the change in the response is governed by the
additive noise. Splitting of the stochastic resonance peak thereby resulting in double
stochastic resonance is observed in an optomechanical read-out device [52] and in
an asymmetric barrier system [143]. Other extension of the concept of stochastic
resonance such as stochastic giant resonance [144], stochastic multi-resonance
[145, 146], autonomous stochastic resonance [147], geometric stochastic resonance
[148] and control of stochastic resonance [149] were reported. Signal detection
using residence time statistics was analysed in [150, 151].
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Chapter 3
Vibrational Resonance in Monostable Systems

The previous chapter is concerned with the occurrence of stochastic resonance in
certain nonlinear systems and some of its applications. The stochastic resonance
phenomenon can be realized when a bistable or a multistable system is driven
by a weak periodic force and additive noise of appropriate intensity. Injection of
noise to a nonlinear system, through a cooperative interaction, brings assistance to
the weak signal in eliciting a more efficient response by overcoming a potential
barrier or a threshold. The Russian physicist Polina Landa and the British physicist
Peter McClintock [1] investigated the dynamics of a bistable system driven by a
biharmonical external periodic force with two different frequencies, say, @ and 2
with £2 > w. That is, they replaced the noise term applied to observe stochastic
resonance by a relatively high-frequency force. When the amplitude or frequency
of the high-frequency force is varied they found a nonmonotonic variation of
the amplitude of the output signal at the low-frequency @ of the input signal.
Specifically, the amplitude of the output signal increased from a small value, reached
a maximum at one or two critical values of the control parameter and then decayed.
Since this phenomenon is induced by a relatively high-frequency force at the low-
frequency w of the input signal, it is termed as vibrational resonance.

Gitterman [2] and Blekhman and Landa [3] proposed analytical treatments for
analysing vibrational resonance. Since then, this resonance phenomenon has been
studied theoretically, numerically and experimentally in many oscillators, excitable
systems, networks and maps. For example, its occurrence has been examined in a
noise-induced structure [4], FitzHugh—Nagumo equation [5-7], quintic oscillator [8,
9], two-coupled overdamped oscillator [10, 11], overdamped bistable systems [12—
14], coupled oscillators [15, 16], asymmetric potential system [17] and synthetic
gene network [18]. Experimental evidence of the vibrational resonance has been
demonstrated in analog simulations of the overdamped Duffing oscillator [12], in
an excitable electronic circuit with Chua’s diode [5] and in a bistable optical cavity
laser [19-21]. Theoretical approaches for vibrational resonance in the presence of
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additive white noise [22] and applicable for overdamped bistable systems [14, 23]
have been proposed. The case of £2 = nw where 7 is an integer is also analysed [24].

The present and the next few chapters are primarily devoted for vibrational reso-
nance in different kinds of nonlinear systems. This chapter considers a monostable
state Duffing oscillator, a quintic oscillator and a Morse oscillator driven by two
periodic forces of frequency w and §2. For £2 >> w the solution of these systems
can be assumed to consist of a slow motion X(z) with frequency w and a fast
motion ¥ (¢, £2¢) with frequency £2. Using a theoretical approach, an approximate
analytical expression for the amplitude of the slow motion can be obtained. By
making use of this theoretical expression for the amplitude of oscillation, it is
possible to analyze the occurrence of vibrational resonance. It is also possible to
determine the values of w, £2 and the amplitude of the high-frequency force at which
the resonance. Furthermore, comparison of the theoretical predictions with the
numerical calculation, and also the analysis of how the asymmetry of the potential
well of the Duffing oscillator affects the vibrational resonance are presented.

3.1 Duffing Oscillator

The equation of motion of the Duffing oscillator driven by two periodic forces is
given by

¥+ di + wix + Bx* = fcos wt + gcos t, 2> w. (3.1)

The potential of the system in the absence of periodic force and damping is
1 1
Vix) = Ea)gxz + Z'BX4 . 3.2)

Depending upon the sign of w? and B the potential can be of the following four
forms that are depicted in Fig. 3.1:

* ®} >0, > 0: V(x) is a single-well potential with the minimum at x = 0 (see
Fig.3.1a).

. a)g < 0, B > 0: The potential is of a double-well form with two minima at

x = £/|w?|/B and a local maximum at x = 0 (see Fig.3.1b).
s w >0, B <0:V(x) has a single-well form with a double-hump (see Fig. 3.1c).

It has a local minimum at x = 0 and two maxima at x = =+ a)g /18-
. a)g < 0, B < 0: The potential is an inverted single-well with the maximum at

x = 0 (see Fig. 3.1d). This potential is not of physical relevance.

The first three cases of V(x) have become a classical central model to describe
nonlinear phenomena. In Chap. 1, the occurrence of nonlinear resonance and jump
phenomenon in the system (3.1) with the single-well case has been shown, while
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Fig. 3.1 Four forms of the potential function V(x) given by Eq. (3.2)

the occurrence of stochastic resonance in the double-well case has been discussed
in Chap. 2. In the present section, vibrational resonance in the single-well case of
the Duffing oscillator is considered. The double-well system will be treated in the
next chapter.

3.1.1 Theoretical Description of Vibrational Resonance

For £2 > w, due to the difference in time scales of the low-frequency force f cos wt
and the high-frequency force g cos §21, it is reasonable to assume that the solution
of the system (3.1) consists of a slow motion X(7) with frequency @ and period
T = 2n/w and a fast motion ¥ (¢, £2t) with frequency §2 and period 27/£2. Let us
write x = X + i and assume that the mean value of ¥, (), with respect to time
T = §2tis

1 2

Wy=— [ wdr=0. (3.3)

:27t0
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Substitution of x = X+ and use of Eq. (3.3) give the following equation of motion
for X and :

X +dX + (w5 +3B(¥?)) X + BX® + B(y°) = feoswt , (3.4)
Y+ dy + ogy + 3BXP(Y — (V) + 3BX (v — (¥?)
+B (v* = (¢¥?)) = gcos 2t (3.5)
where
1 2
(y") = 7 y"dr . (3.6)
T Jo

Since v is rapidly varying, it is reasonable to assume that w > 1/}, v, U2
and ¥3 and neglect all the terms in the left-side of Eq.(3.5) except the term
w This approximation, called inertial approximation [25], leads to the equation
1} = gcos §21, the solution of which is given by

v = _é cos 21 . 3.7)
The approximation can be improved by including the damping and the linear terms
in . With the ¥ given by Eq. (3.7) one finds

(v?) = YoIR (y’)=0. (3.8)

Then the equation for the slow motion becomes

L 384
X +dX +C X+ BX} = feoswt C1=w§+%.

(3.9)
Equation (3.9) can be viewed as the equation of motion of a system with the
effective potential

1 1
Verr(X) = EClx2 + Zﬁx“ . (3.10)

The shape, the number of local maxima and minima and their location of the
potential V(x) depend on the parameters w? and B. For the effective potential (Ver),
those depend also on the parameters g and §2. Consequently, by varying g or £2 new
equilibrium states can be created or the number of equilibrium states can be reduced.
However, for the single-well case of V(x), both w3 and f are positive parameters
which makes C; > 0 and hence Vg is always of a single-well form. That is, the
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shape of V. remains as a single-well when the parameter g or £2 is varied. Slow
oscillations take place about the equilibrium point X* = 0.

When X* # 0, one can introduce the change of variable Y = X — X* in Eq. (3.9)
and obtain the equation of motion for the deviation of the slow variable X from the
equilibrium point X*. Because X* = 0 for the system (3.1) with a single-well the
equation for Y is the same as that of X. For f <« 1 and in the limit # — oo, assume
that | X| < 1 and neglect the nonlinear terms in Eq. (3.9). Then, the solution of the
linear version of Eq. (3.9) in the limit t — oo is AL cos(wt + ¢) where

AL = ! R p— (f—w) , G.11)
w

\/(a)r2 — w2)2 + d?w? -t

where > = C. w; is the resonant frequency of the linear version of the equation
of motion of the slow variable X (7). To characterize the vibrational resonance, we
define the response amplitude Q as

0= _ ! , (3.12)

f \/(a)r2 — w2)2 + d*w?

Now we analyze the vibrational resonance using Eq. (3.12) and we verify numeri-
cally the theoretical results.

3.1.2 Analysis of Vibrational Resonance

One can study the resonance dynamics by varying the parameter w or g or §2. From
Eq. (3.12) it is clear that at resonance the function S = (w? — w?)? + d?w? becomes
a minimum. Thus, a local minimum of § represents a resonance. When a parameter,
say, g is varied then resonance occurs at a value of g = g, which is a root of
the equation S, = dS/dg = 4(&f — W*)wwry = 0 and Sgle=g,, = 8w} > 0
where wr, = dw;/dg. The resonance condition is w? = »*. Q becomes maximum
whenever the resonant frequency w; matches with the angular frequency w of the

input periodic signal. The condition ? = »? gives

Sue = /224 — ) /36 . (3.13)

Resonance cannot occur for w? < a)g. There will be only one resonance for w? >

a)g. 8y 1 independent of the parameters ¢ and f, however, Q depends on them.
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In order to compare the theoretically calculated Q and g,, one can compute
the response amplitude from the numerical solution of Eq.(3.1). Numerical Q is

given by
V05 + 08 G140
= -, . a
S
where

2 nT 2 nT
Oc = _/ x(t) coswtdt, Qs = —/ x(2) sin wtdr. (3.14b)
nT 0 nT 0

In the above equations T = 27 /w and n can be taken as, say, 200.

We fix the parameters as a)g =1,8=1,d =05 f =010 =15
and 2 = 15. Figure 3.2a, b show Q versus g and a)r2 versus g, respectively. In
Fig. 3.2a continuous and dashed curves represent theoretical and numerical results.
Numerically computed Q is in well agreement with the theoretical approximation.
As g increases from zero, the value of Q increases monotonically, then reaches a
maximum at g = g, and finally decreases. The theoretical and numerical values of
8wz are 205.40 and 202.85, respectively. In Fig. 3.2b the resonant frequency starts

from the value ,/a)g = 1 and increases monotonically with g. At g = g, @r

matches with the frequency @ and Q becomes a maximum. The above resonance
phenomenon is termed as vibrational resonance [1, 3] as it is induced by the high-
frequency force. From Eq. (3.12), at resonance Q = Qmax = 1/(dw). Note that g,
is independent of d while QOyax depends on d and w only. For any fixed values of the
parameters the response amplitude at resonance is always 1/(dw).

(a) 15 (b)
8
1
[ ES
& 4
0.5
w2
O 1 1 1 1 O 1 s 1 |
0 100 200 300 400 500 0 100 200 300 400 500
g g

Fig. 3.2 (a) Variation of Q with g for the Duffing oscillator with @3 = 1, 8 = 1,d = 0.5,
f =01, = 1.5 and £2 = 15. The continuous and dashed lines represent theoretically and
numerically computed, respectively, values of Q. (b) Plot of theoretical w? versus g. The horizontal
dashed line represents a)rz = w? and the solid circle on the g-axis marks the value of g = g,
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(b) 15[ ‘ ‘
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Fig. 3.3 (a) Dependence of Q with the frequency w for the Duffing oscillator withw? = 1, 8 = 1,
d = 0.5,f = 0.1, £ = 15 and for three values of g. (b) Q versus the frequency £2 of the high-
frequency force. The values of g for the curves 1, 2 and 3 are g = 100, 200 and 300, respectively,
and w = 1.5. In both the subplots the continuous and dashed lines represent theoretically and
numerically computed, respectively, values of O

Vibrational resonance can be realized by varying the parameters w and §2 also.

From w? = »? we obtain

1/4
3¢’ } / 2 2
) bl

QVR = I:m w” > gy . (315)

The condition dS/dw = 0 gives

O = 02— —, o?>d*/2. (3.16)

Figure 3.3a, b show the plots of Q versus w and Q versus §2 for three fixed values
of g. w,, and £2,, vary with g. When o is varied the resonant frequency remains
constant because it is independent of @ and the mechanism of resonance is the
minimization of the function S. g, and £2, are independent of d while w,, depends
on d. When g or £2 is varied, resonance occurs only if w? > a)g while if o is varied
then the condition for resonance is a)r2 > d*/2.

3.2 Effect of High-Frequency Force in a Linear System

Having studied vibrational resonance in the nonlinear Duffing oscillator one can ask:
What is the effect of the high-frequency force in a linear system? Can one observe
vibrational resonance in a linear system? To answer these questions we consider
Eq. (3.1) without the nonlinear term (8 = 0). The linear equation can be easily
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integrated and the exact analytical solution is given by
x(t) = Aje" ' + Are™ " + A, cos(wt + ¢1) + Ag cos(2t + ¢1) . (3.17a)

where

1
me =1 (—d + Jar— 4w3) , (3.17b)

A, = f . Ag = 8 . G170
@ — 0 + o2 @ — 222 + 20’
dw a0
=t —1( ) , = tan~! (—) 3.17d
¢ =tan | —— e ¢2 =tan | —— e ( )

and A; and A, are integration constants to be determined by the initial conditions.
For a)g > 0 and d > 0, in the limit # — oo the first two terms in the solution x()
decay to zero and are termed as transients. In the long time limit the solution is given
by the last two periodic terms. The solution essentially consists of two frequencies
w and £2. The amplitudes of the solution at the frequencies w and §2 are A, and A,
respectively. From (3.17¢) note that A, is independent of the amplitude g and the
frequency £2. That is, the amplitude A,, is unaffected by the presence of the high-
frequency force in a linear system. Therefore, one cannot speak about vibrational
resonance in a linear system driven by two periodic forces.

3.3 Quintic Oscillator

The equation of motion of the quintic oscillator driven by two periodic forces is
given by

5é+d5c+a)§x+,3x3+yx5 =fcoswt+ gcos2t, 2> w. (3.18)

The potential of the system in the absence of damping and external force is

Vix) = %ngz + %,Bx4 + %yx6 : (3.19)
The shape of the potential V(x) (Fig. 3.4) depends on the sign of the three parameters
woz, B and y. It can be a single-well, double-well, triple-well, single-well with
double-hump, double-well with double-hump and an inverted single-well. The
potential V(x) is used to model optical bistability in a dispersive medium where the
refractive index is dependent on the optical intensity [26]. A triple-well case of the
above potential is found to improve image sharpening in the presence of noise [27]
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Fig. 3.4 Dependence of shape of the potential of the quintic oscillator. (a) a)g, B,y > 0.(b) a)g,
B>0,y<0.(©ag,y>0,pf<0and f? <4wly.d) wi,y > 0,8 <0and 40y < B% <
16w3y/3. (€) w3,y > 0, B < 0 and B% = 16wly/3. B w?, ¥y > 0, 8 < 0and B2 > 16wiy/3.
@wi<0,8,y>0.(hw>0,By<0 () oy<0,8>0andp? < 4aly. () 03,y <0,
B > 0and 4wly < B* < 16wiy/3. (k) @3,y <0, 8 > 0and B2 = 16wiy/3. 1) wi, y <0,
B> 0and B2 > 1603y/3. m) w?, B <0,y >0.m) w2, B,y <0

and is also used to represent partially folded intermediates in proteins [28]. Such
intermediates can accelerate the protein folding. Equation (3.18) in the absence of
external periodic forces models a magneto-elastic beam in the nonuniform field of
permanent magnets [29]. Various nonlinear phenomena have been studied in the
quintic oscillator [30-39]. The effect of asymmetry in the depths of the three wells
on the characteristics of stochastic resonance has been reported [40].
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3.3.1 Theoretical Expression for the Response Amplitude

We analyse now the occurrence of vibrational resonance in the system (3.18)
with specific emphasis with single-well forms of the potential V(x). Consider the
following parametric choices:

1. a)g, B, y > 0 (single-well) (Fig. 3.4a),
2. wd,y>0,B <0, B% < 4wy (single-well) (Fig. 3.4c) and
3. a)g > 0, B-arbitrary, y < 0 (double-hump single-well) (Fig. 3.4b, h).

The possibility of multiple vibrational resonance in the single-well cases of the
system (3.18) is shown in the following.

Seeking the solution of (3.18) in the form x(f) = X(f) + ¥ (¢, £2t) gives
equations similar to Egs.(3.4) and (3.5) with additional terms due to the fifth-
order nonlinearity in (3.18). The approximation ¥ = gcos £2¢ with the solution
¥ = —(g/$2%) cos 2t gives

3 5 2 g 4 3¢*
= )y = = O s = —, = — . 320
W)= =) =0. W) =500 (W)= (3.20)
Then the equation of motion for the slow variable becomes
X +dX+ C X+ CX +yX° =fcoswt , (3.21a)
where
3fg  15yg* 5yg*
— 2 —
C1—0)0+2Q4 W, Cz—,B+ 04 (3.21b)
and the effective potential for the slow motion is
1 , 1 PR S
Veff(X) = §C1X + ZCZX + g)/X . (322)

The equilibrium points about which slow oscillations occur are given by

—C + /G2 —4Cy
Xf=0 Xi,=+

2y

1/2

1/2

-G — C? - 4C1)/
Xis=+ v 2 . (3.23)

2y
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Suppose y > 0. Then the following cases arise:

Case(i): C;,C,>00rCy >0,C, <0with G5 <4Cyy

X = 0is the only equilibrium point.
Case (ii): C; < 0, C-arbitrary

There are three equilibrium points and are X7, X ;.
Case (iii): C; > 0, C, < 0 with C3 > 4Cyy

There are five equilibrium points given by Eq. (3.23).

The change of variable Y = X — X* in Eq. (3.21) gives

Y +dY + oY + a1 Y + aaV + oY + yY° = fcoswr, (3.24a)
where

w? = C +3CX* +5yX* | a; = 3CX* + 10yX*3, (3.24b)

o = Cy + 10yX*? | a3 = 5pX*. (3.24¢)

The solution of the linear version of Eq. (3.24) in the limit  — oo is Ay cos(w? + ¢)
where A is given by Eq. (3.11). Equation (3.12) gives the response amplitude Q.

3.3.2 Single-Well Potential (w(z), B,y >0)

For a)g, B,y >0, V(x) is a single-well potential (Fig. 3.4a) with a local minimum at
x = 0. The quantities C; and C; given by Eq. (3.21b) are now positive. Therefore,
the effective potential is always a single-well potential when g or £2 is varied. The
slow motion is around the equilibrium point X; = 0 and w? = Cy.

The condition S, = 0 gives

1/2
—b+ VD2 —4
gy = 27 [H] : (3.252)
2a
where
15 3
a=-y. b=-p, c=wf —0*, o>}, (3.25b)

Equation (3.25b) implies that for o < a)g there is no resonance and for each value
ofw > a)g resonance occur at only one value of g = g,,. Now we fix the values of
the parameters as a)g =B =y=1,f=0.05d=0.3and 2 = 10. In Fig. 3.5a for
o = 0.5 as g increases, Q decreases and there is no resonance. For v = 1.25 and
w = 2 resonance occurs at g = 52.75 and 96.25, respectively. Figure 3.5b shows
the plot of g, versus w. g, increases with increase in w > a)g =1
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Fig. 3.5 (a) Response amplitude Q versus g for three values of w for the system (3.18) with the
case w3, B and y > 0. Continuous curve represents theoretically calculated Q while solid circles
represent numerically computed Q. The values of the other parameters are w3 = f = y = 1,
f=0.05d=0.3and 2 = 10. (b) Plot of theoretical g, versus @
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Fig. 3.6 (a) Phase portrait of the solution of Eq. (3.18) for three values of g where v = 1.25. The
corresponding values of g for the inner orbit to the outer orbit are 10, 52.75 and 80, respectively. xy,
denotes the width of the orbit for g = 52.75. (b) Variation of width of the orbit, xy,, as a function
of g for three values of w corresponding to Fig. 3.5a

The influence of resonance in X can be seen in the width of the orbit of the
system (3.18). Figure 3.6a shows the phase portrait of the system (3.18) for three
values of g where @ = 1.25. The width of the orbit denoted as x,, is marked in
this figure for the orbit corresponding to g = 52.75. In Fig. 3.6b x,, against g is
plotted for three values of w. Compare this figure with Fig. 3.5b. The variation of x,,
is similar to the variation of Q. x,, is maximum at resonance.

Since the system (3.18) can exhibit a variety of bifurcations of periodic orbits
leading to chaotic motion and bifurcations of chaotic attractor, it is important to
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Fig. 3.7 (a) Bifurcation diagram showing a period-doubling phenomenon and chaotic dynamics.
(b) Magnification of a small part of the bifurcation sequence. (¢) Numerically computed response
amplitude corresponding to the subplot (b)

examine the occurrence of them using bifurcation diagrams and phase portraits. For
certain cases of the parametric choices considered above, chaotic motion occurs
for sufficiently large values of the control parameter g, particularly, far after or
far before resonance. An example is presented in Fig.3.7a for ® = 2. For 0 <
g < 177.2 a period-T solution occurs. When g is varied further period doubling
phenomenon leading to chaotic motion, intermittency dynamics occur and are
clearly seen in Fig. 3.7b, which is a magnification of a small part of the bifurcation
diagram shown in Fig. 3.7a. The onset of the chaotic motion and a sudden widening
of a chaotic attractor occur at g = 204.153 and 204.19, respectively. For g
values just above 204.2745 a period-T solution occurs. In Fig. 3.7¢c, the numerically
calculated Q is plotted corresponding to Fig.3.7b. In the period-doubling and
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chaotic regime Q <« 1, that is, there is no enhancement of the amplitude of the
signal at the low-frequency.

3.3.3 Single-Well Potential (o}, y > 0, B <0, B> <4wly)

Next, we consider the system (3.18) with the single-well potential of the form shown
in Fig. 3.4c where @3, y > 0, B < 0, B < 4w]y. In this case, the sign of both
C; and C; can be changed by varying either g or £2. The effective potential can
change into other forms. Figure 3.8 depicts Vg for three values of g where a)g =1,
B =—1.9,y = 1 and £2 = 10. Vi is a single-well potential for g = 70 and 100,
while it becomes a double-well potential for g = 90.

The value of g,, when the effective potential is a single-well is given by

3 2
Eq. (3.25) for w? > w? whereas for o} — % <o? <w}
14

a (3.26)

, | —b £ Vb* —4dac vz

g =827 | ———— :
When Vs becomes a double-well, an analytical expression for g, is difficult to find.
In this case g, can be calculated numerically. Since S, = 4(w? — w?)w,w;, = 0 at
resonance g, can be computed numerically by analysing the cases > —w? = 0 and
wrg = 0. Figure 3.9a shows g, against w. g,, = 87.05 for w > 0.412 arises from
wrg = 0. For o < 0.412 resonance occurs at four values of g. Three resonances
occur for 0.412 < w < 1. For w > 1 two resonances occur. Vs is a single-well for
0 < g < 74.14 (region-I), double-well for 74.14 < g < 98.5 (region-II) and again
become a single-well for g > 98.5 (region-III). In the region-I a resonance takes

0.003 .
i g="10 ]
0.002 - g =100 T
& 0.001 | <
> L
0
-0.001 - g =90 -
-0.3 | 0 | 0.3

X

Fig. 3.8 Shape of the effective potential Vg, Eq. (3.22), for a)g =1,8=-19y=1,2=10
and for three values of g
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Fig. 3.9 (a) g, versus w with a)g =1, =—1.9,y = 1 and £2 = 10. The effective potential is
a single-well for 0 < g < 61.65 where C; > 0, C; <0, C3 < 4Cyy and 61.65 < g < 74.14 where
Cy, C, > 0; double-well for 74.14 < g < 98.5 where C; < 0, C; > 0 and again a single-well
for g > 98.5 where Cy, C; > 0. (b) Q versus g for two values of w where 2 = 10,d = 0.3
and f = 0.05. The continuous curves represent the theoretical results, while the solid circles are
numerically computed values of O

place only if ? < a)g(: 1); in the region-II resonance occurs at two values of g

for w < 0.412 while one resonance takes place at g, = 87.05 for > 0.412; in
the region-III single resonance occurs. The resonance curves in the regions I and 111
for w? < a)g are given by Eq. (3.26) while the curve in the region-III for > > a)g
is given by Eq. (3.25). The resonance curve in the region-II corresponds to double-
well case of V. In Fig. 3.9b the resonance at three values of g for @ = 0.8 can be
clearly seen. The value of Q at g, = 87.05 is much smaller than the values of other
&vr- The value of Q decreases when w increases.

In the single-well system (3.18) with a)g =1,8=-19y = 1, when g is
varied from O the effective potential undergoes transitions from a single-well to a
double-well and then to a single-well and multiple resonance takes place. Next, an
example of multiple resonance where the form of the effective potential remains as
a double-hump single-well is presented.

3.3.4 Double-Hump Single-Well Potential (w(z) > 0,
B-Arbitrary, y < 0)

V(x) is a single-well double-hump potential (Fig.3.4b or h) for w3 > 0, B-
arbitrary, y < 0 with a local minimum at x = 0 and two local maxima at x =

+ [—,B — /B2 —4a)§yi| /(2y). Assume that § > 0 and fix @3 = 1, § = 3,

y = —1, 82 = 10. For 0 < g < 78.55 Vg is a single-well double-hump potential
with C;, C; > 0; for 78.55 < g < g. = 161.3925 it is again of same form but with
C; > 0,C, < 0 and for g > g it is an inverted potential. That is, the shape of Vg
does not change into a double-well or a triple-well as g varies from zero. However,
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Fig. 3.10 (a) w, versus g and (b) w, versus g for o} =1,=3y=—land 2 =10

multiple resonance occurs when g varies. For g < g. the resonant frequency is +/C;
and for g > g. the motion of the system becomes unbound.

Figure 3.10 shows a plot of w; versus g and w;, versus g. In Fig.3.10a as g
increases from O the value of w, increases from w,;; = 1, reaches a maximum value
wp = 1.924 at g = go = 109.54, then decreases and reaches again the value
wy at g = g1 = 155. This is because Cj, the square-root of which is w;, is a
nonmonotonically varying function of g.

Figure 3.10 implies the following:

e For 0 < w < wy the quantity > — w? is zero for a value of g in the interval

[g1 = 155, g. = 161.3925] and thus a resonance.

 For each value of w in the interval [w;1, @], a)rz — w? = 0 for two values of g
in the interval [0, g1] and hence two resonances—one for g < g¢ and another for
80 < 8 < 81-

s oy =0atg = gy with Sge = —36(w? — w?)/w?. There is only one resonance
for w > wy andis at g = go.

Interestingly, analytical expressions for g, due to w,; = 0 and 0? —»? = 0 can
be obtained. w,, = 0 gives

[ 2
8vr = 80 = 2? F’; . 0> w(go) = w2 . (3.27)

On the other hand, »? — w? = 0 gives

1

b+ \/bz + 4la|(w} — »?)
2|al

g = 2° . o <a} (3.28)
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Fig. 3.11 (a) w versus g, for the system (3.18) with a)g =1,B8=3,y=—1and 2 = 10. Vgt
is a single-well double-hump form for 0 < g < g. = 161.3925 where C; > 0 and C,-arbitrary
and becomes an inverted single-well for g > g.. (b) Q as a function g for two values of @ where
f =0.05 and d = 0.3. The continuous curves represent the theoretical result while the solid circles
are the numerically computed Q

and
b+ \/bz — 4a(@? — 0?)| 362
g = 27 2a] Lo <l <ol) = et g
(3.29)

where a and b are given by Eq. (3.25b).

Figure 3.11a depicts w versus g, . Figure 3.11b shows the variation of Q versus
g for two fixed values of w withd = 0.3 and f = 0.05. In Fig.3.11b Q at g = gy is
a minimum for @ = 1.25 and it becomes a maximum for @ = 2. For o = 1.25 two
resonances occur—one at ¢ = 36.5 and another at 150.6. For @ = 2 there is only
one resonance and it takes place at g = g¢. In the double-hump single-well system
multiple resonance occurs because the resonant frequency w; of the slow motion
is a nonmonotonically varying function of g. Even though the effective potential
does not change into a double-well or a triple-well form, as g increases from 0 the
resonant frequency increases for a while and then decreases. Consequently, for a
range of fixed values of w, (w? — »?) in the expression for Q becomes minimum
(= 0) at two values of g. Therefore, two resonances take place as g varies for a
certain range of fixed values of .

In the case of the Duffing oscillator, the occurrence of a multiple resonance is
not possible when the potential is a single-well or a double-hump single-well form.
This is because for the single-well case the resonant frequency w, = +/C; increases

monotonically from / a)g as g increases from O (see Fig.3.2b) and only one

2

resonance occurs for o~ > a)g at g = g, given by Eq. (3.13). For the single-well
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double-hump potential as g increases from 0, @, decreases monotonically from ,/a)g
and w, = w at

2024 (a)g — wz)

2 2
= , <o 3.30
gVR 3|ﬂ| 0 ( )
and a resonance. As g increases further at
2824w}
g§=8 = (3.3
318

the resonant frequency become 0 and for g > g; the effective potential becomes an
inverted single-well and the motion of the system is unbounded since the applied
high-frequency force makes the system to overcome the barriers at the two maxima
of the potential. Thus, at most one resonance occur in the Duffing oscillator with
the single-well double-hump potential. Whereas in the expression for C| in Vg of
the quintic oscillator there are two terms depending on g and the sign of these two
terms are different. The result is that > = C; oscillates over a certain range of g
(or £2) leading to a multiple resonance.

3.4 Asymmetric Duffing Oscillator

The equation of motion of the asymmetric Duffing oscillator driven by a biharmonic
force is

dv
5&+d5c+a=fcosa)t+gcos{2t, (3.32)

where §2 > o and the asymmetric potential of the system in the absence of damping
and external force is

1 1 1
V(x) = 5”3"2 + gax?’ + Z,Bx4 . (3.33)
o . . . |
The potential is symmetric when o = 0. V(x) is asymmetric due to the term gax‘ .

For a)g, a, B > 0 the potential V(x) has a single-well form (Fig. 3.12a) for o> <

4w p and double-well form for > > 4w2B. When w2 < 0, B > 0, a-arbitrary
V(x) becomes a double-well potential (Fig.3.12b). In this section we analyse [17]
the occurrence of vibrational resonance in the system (3.32) with the single-well
potential shown in Fig. 3.12a.
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Fig. 3.12 Shape of the asymmetric potential V(x) given by Eq. (3.33) for (a) 3 = B = 1 and
o = 0 (continuous line), 0.75 (dashed line), 1.9 (solid circles) and (b) a)g = =5, = 5and
o = 0 (continuous line), 0.75 (dashed line), 2 (solid circles)

3.4.1 Theoretical Expression for Response Amplitude

For the system (3.32) the equation for the slow variable X in x(f) = X(r) +
v(t, 21) is

X +dX + CX +aX?+ BX* + C, =fcoswt , (3.34a)
where
2 2
_og _ 5, 3Bs
C]—W, Cz—a)0+ 294 . (334b)

Slow oscillations take place about the equilibrium points X* which are the roots of
the cubic equation

BX* 4+ aX*? + CX* +C, =0. (3.35)

If Eq. (3.35) has three real roots, then we designate them as X}, Xy, and X} with
X[ < X3 < Xg. When V4 becomes a double-well potential, then X;* and X are the
local minimum of left- and right-wells, respectively, while X}, is the local maximum
of it.

Substitution of X = Y + X*, where Y is the deviation of the slow motion from
X*,in Eq. (3.34a), gives

Y +dY 4+ oY + 'Y + BY? =fcoswr, (3.36a)
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where
w} = Cy +2aX* +3BX*?, o =a+3BX*. (3.36b)

The amplitude of oscillation of the linear version of Eq.(3.36) in the limit t —
oo and f < 1 and the response amplitude Q are given by Eqgs. (3.11) and (3.12),
respectively.

3.4.2 Asymmetry Induced Additional Resonance

In the asymmetric system X* # 0 and w, is a complicated function of the
parameters. Analytical expression for g, is difficult to find. However, g,, can be
determined from S, = 0.

We choose the values of the parameters as a)g =1,8=1,d =03, f =
0.05, 2 = 10. V(x) is a single-well potential for 0 < o < 2 and a double-well
potential for ¢ > 2. Now, we consider the case 0 < @ < 2. Figure 3.13 shows both
theoretically and numerically computed g, as a function of w fora = 0, 1 and 1.9.
Notice the absence of resonance for @ < 1 in Fig.3.13, for « = 0. That is, in the
symmetric system if o < 1 (= a)g) an enhancement of the amplitude of the signal
at the low-frequency w is not possible when the amplitude g of the high-frequency
force is varied. This is the case for 0 < o < 1.23. In this interval of «, w, increases
monotonically with g from the value 1 and hence no resonance appears for v < 1.
An interesting result is the observation of double resonance for « € [1.23, 2]. As
shown in Fig.3.13 for « = 1.9, a double resonance occurs when g is varied from
zero for each fixed value of w € [0.7721, 1].

Figure 3.14 shows the variation of w;, w;¢ and Q with the control parameter g.
The following results are obtained from Fig. 3.13.

Fig. 3.13 Variation of g,

with o for three values of «

for the asymmetric Duffing 100
oscillator. The continuous line
is the theoretical prediction of
vibrational resonance while
the solid circle represents the
value of g, calculated from
the numerical solution of the
system

gVR
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Fig. 3.14 (a) Variation of w, with g for @ = 1.9 for the asymmetric Duffing oscillator. (b) w,
(= dw,/dg) versus g for @ = 1.9. w; and w;, are calculated from Eq. (3.36b). (¢) Numerically
computed Q versus g with single-well potential for three values of @

* wy = 0atgy = 57.8 and because S, = 4(a)r2 —a)z)a)ra)rg the function S becomes
a minimum at this value of g. Hence, a resonance at g = go for 0 < w < wy.
In Fig.3.14c, for ® = 0.5 there is only one resonance. For 0 < w < wy,
g, Temains a constant (see Fig. 3.13) because w; is independent of @ and w? —
w? # 0.

» Corresponding to each value of g in the interval [0, go], there is another value of g
in the interval [go, g1 = 88] both having the same value of w;. Consequently, for
each fixed value of w € [w,1, wyn = 1], the quantity a)r2 — ? is 0 for two values
of g. Hence, there are two resonances. This is shown in Fig. 3.14c for o = 0.85
and @ = 0.9. In the symmetric single-well system only one resonance is possible
and the corresponding g, is given by Eq. (3.13). The additional resonance is due
to the asymmetry introduced in the system. Such an additional resonance due to
the asymmetry occurs in the quintic oscillator also [17].

¢ When w > w,; then a)rz — w? = 0 for a value of g > g1 and hence a resonance.
For w > w; the resonance is due to the matching of the resonant frequency w;

with the frequency w of the input signal while for 0 < w < w,; though w, # w a

resonance occurs due to the minimization of the function S.

3.4.3 Resonance with Nonsinusoidal Periodic Forces

Now we explore the effect of @ on the vibrational resonance by using nonsinusoidal
and arbitrary binary shape periodic input signals. Consider the following periodic
signals in place of f cos wt:

cos wt, O0<t<nm/w
@ =f / (3.37)
Qw/m)t—3, n/ow <t<2n/w,
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ho(t) = f (w/m)t—1/2, O0<t<n/w (3.38)
—(w/m)t+3/2, n/o<t<2n/w,

1, 0<t<n/(4w)
—0.5, w/(dw) <t <3n/(4w)
0.5, 3n/(4w) <t <m/w
() = 3.39
s0) =5 —-0.75, n/w <t<5n/(4w) ( )
1, Sn/(dw) <t < Tn/(4w)
—0.25, Tn/(dw) <t <27n/w.

In all the above three signals + = mod(27/w). Figure 3.15a shows the numerically
calculated Q versus g for « = 1.9 with the different input signals with the
same frequency @ = 0.85 and amplitude f = 0.05. The high-frequency force
is again gcos §2¢. In all the cases a double resonance occurs. g,, values for the
signals f cos wt, h(t), hy(t) and hs(t) are (34,72), (38,80), (95,177) and (42,71),
respectively. The effect of asymmetry is similar for all the forms of the periodic input
signals considered. The above result indicates that the form of the high-frequency
force need not be same as the input signal. For any arbitrary periodic signal of
frequency w amplification of the amplitude of the output signal at the frequency w
can be achieved by using the force g cos £2¢.

(a) (b)a

3».

0 100 200
9

Fig. 3.15 (a) Q versus g for (3.34). For the curves 1-4 the low-frequency signal being f cos wt,
Iy (t), ha(t) and hs(f), respectively. The high-frequency force is gcos £2t. Here w? = 1, B = 1,
d=03,f =0.05 w0 =0.85 o =1.9and 2 = 10. (b) O versus the amplitude g in the absence
of external noise and for four fixed values of D with « = 1.9. The low-frequency input signal is
feoswt with f = 0.05 and @ = 0.85
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3.4.4 Effect of Noise on Resonance

Next, we illustrate the effect of additive Gaussian white noise 7(f), with zero mean
and the correlation function (n(f)n(t + t)) = D§(t — 7) where D is the variance
or intensity of the noise, in the system (3.34) with a double resonance. In the
numerical calculation of Q, 2 x 103 trajectories, x') (1), are generated by numerically
integrating the equation of motion for every realization of the noise 7(f). The same
initial conditions are used for all the trajectories. The first 500 drive cycles of
low-frequency force is left as transient. After every integration step the average
of all x'(¢) denoted as (x(f)) is calculated. This average quantity is used for the
calculation of Q. In Fig. 3.15b numerically calculated Q versus g is plotted for four
values of the noise intensity along with the noise free resonance curve. A double
resonance with slight shift in the values of g, is observed for small values of D. In
Fig. 3.15b one can notice the following:

* Anincrease in the noise intensity first suppress the resonance occurring at a lower
value of the amplitude of the high-frequency force and then the other resonance.

* The value of g,, moves towards the origin with D. The Gaussian white noise
contains all the frequencies. As pointed out in [12, 22], the portion of the noise
corresponding to the high-frequency interval is the source for the decrease in the
value of g.;.

* (O, specifically Onax, decreases when D increases. The part of noise with
frequencies other than the high-frequency region degrade the performance of the
system by decreasing the value of Q.

Casado-Pascual and Baltanas [41] presented a theoretical treatment for the
analytical calculation of the response amplitude Q for the overdamped bistable
system driven by a biharmonic force and an additive Gaussian white noise. The
obtained analytical expression for Q predicts that

* the location of the maximum characterizing the resonance shifts to the left as the
noise strength increases,

 the increase in the noise intensity lowers the maximum value of the resonance
curve and

* the resonance disappears for large enough values of the noise intensity.

These theoretical predictions are in a very good agreement with the numerical result
presented in Fig. 3.15b.

3.5 Overdamped Asymmetric Duffing Oscillator

The equation of motion of the overdamped version of the asymmetric Duffing
oscillator is

¥ = —wx —ax’ — Bx’ + fcoswt + gcos 21 . (3.40)
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Fig. 3.16 (a) o versus g, for a single-well case of the overdamped system (3.40) with a)g =1,
B = 1and £2 = 10. (b) Q versus g for the single-well case witho = 1.9, f = 0.05 and w = 0.85

The amplitude A; of the low-frequency oscillation of the system (3.40) is
obtained as

A (3.41)

9
Vol + w?

where w? is given by Eq. (3.36b) and C; and C; in Eq. (3.34b) become now

ag? , 3B

G=5p G=@toor

(3.42)

For the system (3.40) with a symmetric single-well (a)g, B >0, =0)asg
increases w? increases from @i monotonically and hence there is no resonance.
Resonance occurs in the asymmetric system for a range of values of «. For example,
Fig.3.16a shows g, versus o for a)g = 1,8 = 1 and 2 = 10. As shown in
Fig.3.16b, for v = 0.85, f = 0.05 and o = 1.9 resonance takes place at g = 5.78.
The vibrational resonance in the system (3.40) is due to the presence of asymmetry
in the potential function and it can be observed in other overdamped nonlinear

asymmetric systems as well.

3.6 Morse Oscillator

In the earlier sections oscillators with a single-well potential V (x) where V(x) — oo
as |x| — oo are considered. The present section is devoted for the single-well Morse
oscillator [42] for which V(x) — oo as x — —oo and V(x) — 0 as x — oo.

The equation of motion of the Morse oscillator is

5&+d5c+,3(e_x—e_2") = fcos wt+ gcos 2t, S >0. (3.43)
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The occurrence of a nonlinear resonance in the above system in absence of the
high-frequency force is discussed in Sect. 1.4. The potential of the system is given
by Eq. (1.22). Figure 1.9 depicts the form of the Morse potential for 8 = 1. The
Morse potential is also a monostable potential. One can compare V(x) of Morse
oscillator with those of Duffing (Fig. 3.1a, c¢) and quintic (Fig. 3.4a—c, h) oscillators.
Seeking the solution of Eq. (3.43) of the form x(¢) = X(¢) + ¥ (¢, §2¢) gives

X+dX + peX(eV) —Be X (™) =fcoswt , (3.44)
and
W+ dy + peX eV —(e")) - Be (e—zw — (e_z‘/’)) =gcos2t. (3.45)

Approximating Eq. (3.45) as y = f cos £21 gives

W= pcosRt, = % . (3.46)
For the solution Eq. (3.46)
1 T 1 2
(e™V) = T / e Vdr= 7 e 1S Tdr = To(u) , (3.47a)
0 0
(€)= L@2w) . (3.47b)

where I(y) is the zeroth-order modified Bessel function. Then, the equation for X is
X 4+ dX + Blo(u)e™ — Bly(2p)e ™ = fcoswt . (3.48)

Equation (3.48) can be viewed as the equation of motion of a system with the
effective potential

Ver) = 5™ (ln2p)e™ ~ 21(10) (3.49)

In order to illustrate the effect of g on Vg the variation of Iy(pt) and Ip(2) versus g
and Vg versus X are shown in Fig. 3.17a, b, respectively. Iy increases monotonically
with g. The local minimum of V.¢(X) about which oscillation occurs is (the fixed
point of (3.48) in the absence of the driving force f cos wt)

* IO(M)
X*=—In (IO (Zu)) . (3.50)

Io(24) increases more rapidly than Iy(p) with g. Consequently, as g increases X*
moves away from origin and Vg becomes more and more flat for X > X* as shown
in Fig.3.17b.
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Fig. 3.17 (a) Variation of zeroth-order modified Bessel functions Io(u) and Ip(2u) with g. The
value of £2 is 10. (b) Influence of g on the shape of the effective potential of the variable X of the
Morse oscillator. Here § = 2 and £2 = 10. The values of g for the curves 1, 2 and 3 are 0, 100
and 200, respectively

Substituting X = Y + X*, where Y is the deviation of X from X*, in Eq. (3.48),
and approximatinge™" ~ 1 — Y, e 2¥ &~ 1 — 2V, one obtains the linear equation

i'/+df/+a)r2Y=fcosa)t, (3.51)
where the square of the resonant frequency is given by

. BR(w)
T e

The solution of (3.51) in the limit 1 — oo and f < 1 is Ap cos(wt + ¢) where AL,
and ¢ are given by Eq. (3.11) and the response amplitude is given by Eq. (3.12).

The values of the control parameter at which resonance occurs (Q becomes
maximum) correspond to the minimum of S. The following are the key results from
the theoretical and numerical calculations of Q [42]:

(3.52)

1. For a fixed value of g when w is varied, the resonance occurs when w = w,
given by Eq. (3.16).

2. An analytical expression for g, is difficult to obtain because ? is a complicated
function of g. Figure 3.18a, b present the variation of Q and w? with the control
parameter g for three fixed values of . Resonance occurs when the resonant
frequency matches with the angular frequency w of the external low-frequency
force.

3. Atg = 0, Ip(n) = Ih(2pu) = 1 and w?(g = 0) = . As g increases as shown
in Fig.3.17a Iy(p) and Ip(24) increases rapidly with /y(211) growing faster than
Io(1) and, consequently, w? decreases rapidly from the value of B for a while
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Fig. 3.18 (a) Q versus g and (b) a)rz versus g for the Morse oscillator with d = 0.5, f = 0.1,
o = 1and £2 = 10. The values of § for the curves 1, 2 and 3 are 2, 1.5 and 0.5, respectively. In
the subplot (a) the solid circles are numerical Q while the continuous line is the theoretical Q. The
horizontal dotted line represents the limiting value of Q. In the subplot (b) the two solid circles on
the g axis mark the values of g at which resonance occurs for § = 2 and 1.5

and then decays to zero slowly. The maximum value of »? is B and this happens
at g = 0. ? is always less than w? for B < w?, that is, v> — > # 0 for g > 0
implying no resonance. This is shown in Fig.3.18a for § = 0.5 and w = 1 for
which Q decreases continuously with g.

4. For B > w?, as g increases from zero, w? decreases and becomes w? at only one
value. Hence, there is only one resonance. This is shown in Fig. 3.18 for § = 1.5
and 2 with w = 1.

5. gy depends on £2, w and B and is independent of d and f. Q decreases with
increase in the value of d.

6. For very large values of g, > — 0 and Q approaches the limiting value Qr.
given by

1
oVl +d

That is, Q does not decay to zero but approaches the above limiting value for
fixed values of the system parameters. This limiting value depends only on the
parameters @ and d. The point is that when w? — 0, Eq.(3.51) becomes the
damped free particle driven by the periodic force whose solution is

OL(g = ) = (3.53)

Y(t) = fOr cos(wt + @), @ =tan"' (d/w) . (3.54)

For the Duffing and quintic oscillators considered earlier in this chapter, V(x)
(as well as the effective potential) — oo as x — =Foo. In this case the resonant
frequency diverges and thus Q decays to zero for large values of g.
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3.7 Quantum Mechanical Morse Oscillator

The focus of this section is to consider a quantum mechanical system subjected
to the biharmonic external field and identify the effect of variation of the control
parameters g and §2. The reference system is chosen as the quantum mechanical
Morse oscillator. Applying a perturbation theory employed in Sect. 1.9 obtain an
analytical expression for the first-order transition probability Py for a transition from
an ith eigenstate to an fth state in Time T caused by the applied field. Thereby, one
can analyse the influence of high-frequency field on Py [42].
For the unperturbed Morse oscillator

HO — Zip)zc + V), V) = llg e (e =2) (3.55)
m 2

the stationary state energy eigenfunctions and the energy eigenvalues obtained by
solving the time-independent Schrodinger equation are [43—45]

bn = N2 V2721 (), (3.56a)
where
kn! 12
e, 2=y (R T 3.56b
L= eae 72 Qh—n—1)! (3.560)
—k a2 4"
k=21 —2n—1, LX) = =0 T emipt (3.56¢)
n! dz#
and
h2 1\? 1
E,=——(A=n—=), n=0,1,---andn <A ——. (3.57)
2m 2 2

In Eq. (3.56¢) LX (z) are the generalized Laguerre polynomials. The Morse oscillator
admits a finite number of bound states. The number of bound states can be changed
by varying the parameter 8. Set the values of % and m as unity for convenience.
Then for 8 = 9

Ey = —-3.125, E; = —1.125, E, = —0.125. (3.58)

There are only three bound states.
With the perturbation H) = xW(r), W(t) = Fcoswt + gcos2t, the
perturbation theory leads to

SHﬁ

al(T) = TR (3.592)
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where
s=(r4+ +n-)F + (ny +n-)g. (3.59b)
1— ei(wﬁzl:w)T 1— ei(a)ﬁ:I:.Q)T
= = 3.59

e+ Wi T ok ws £ 2 ( ©)

o0
wi = (Ef —E)/h, H;= / ¢;x¢i dx. (3.59d)

—00

2
The transition probability for ith state to fth state is given by Ps(T) = ‘a}l)(T)) .

In a}l) (T) the term s alone depends on the parameters F, o, g and £2 of the external
field and T. Therefore, study the variation of the quantity |s|> with the parameters
of the external field.

Fix B = 9, F = 0.05, T = m and suppose the system is initially in the
ground state (i = 0). Figure 3.19 shows log|s|*> versus @ for g = 0. The first-
order correction to transition probability displays a sequence of resonance peaks
with decreasing amplitude. The following results are notable from Eqgs. (3.59Db, c)
and Fig.3.19. s consists of only r;4 and r— and wpy = 0, w9 = 2 and wyy = 3.
Then for the states f = 0, 1 and 2 the quantity r;4 can be neglected when w = 0,
2 and 3, respectively, because the denominator in 7j— is &~ 0. Thus, the first-order
transition probability for the states f = 0, 1 and 2 becomes maximum at w = 0, 2
and 3, respectively. For @ ~ 0 the values of |s|> for f = 0, 1 and 2 are ~ 4F’x?,
0 and 16F2/9, respectively. The transition probability for the state f = 1 is ~ 0.
For the f = O state |s|> = 0 when w = 1,2,--- and it becomes maximum when
w = n—l—%,n =1,2,---.Inthecase of f = l at w = 4, 6, - - - the numerator in both
r1+ and r;_ becomes zero and thus the quantity |s|? is minimum. For f = 2, at odd
integer values of @ exceptat @ = 3, r;+ = 0 and hence |s|> becomes minimum.

Fig. 3.19 log |s|? versus o for the statesf = 0, 1 and 2 for 8 = 9, F = 0.05,¢ = 0, T = 7 and
i=0
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Fig. 3.20 Variation of |s|? (in log scale) with the amplitude g of the high-frequency external field
for four fixed values of the frequency w of the low-frequency external field. The value of §2 is fixed
as 5w

Next, include the high-frequency field and vary its amplitude g and the frequency
§2. Figure 3.20 presents the results for a few fixed values of @ with £2 = 5w. When
w = 1,in Eq.(3.59b), ri+ + r— = 0and r,4 + r»— = O forf = 0 and 2 and hence
the increase of g has no effect on |s|?. For the f = 1 state s = (8/3)F — (8/21)g. As
g increases the quantity |s|?> decreases from (8/3)F, becomes 0 at g = 7F (= 0.35).
Then it increases with further increase in the value of g as shown in Fig.3.20a.
The first-order transition probability of the state f = 1 shows anti-resonance at
g = 0.35. Anti-resonance can be observable for other states also for certain choices
of w. For example, in Fig. 3.20b, ¢ corresponding to v = 1.7 and 2, respectively,
anti-resonance occurs for f = 0 state and f = 2 state. In Fig. 3.20d where v = 3.5
|s|? increases monotonically with the control parameter g for all the three states.

Because 4+ and rp— [given by Eq. (3.59¢)] contain terms which are sinusoidal
functions of 2 the first-order transition probability can exhibit a sequence of
resonance peaks when §2 is varied. This is shown in Fig. 3.21 for four sets of values
of @ and g. In all the cases £2 is varied from 5w. In Fig.3.21a—c |s|*> becomes 0 at
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Fig. 3.21 log |s|?> versus £ (the frequency of the high-frequency external field) for four sets of
values of @ and g

the starting value of 2 for the f = 0 state. |s|> # 0 for wide ranges of values of
£2. Transition probability of all the states show a sequence of resonance peaks. In
Fig.3.21d [s|? of f = O state is close to its values of the other two states. However,
as £2 increases |s|> of the f = 1 and f = 2 states oscillate but # 0. In contrast to
this, |s|? of the f = 0 state becomes 0 at certain values of £2.

It is noteworthy to compare the effect of high-frequency external force in the
classical and quantum mechanical Morse oscillators. A classical nonlinear system
can exhibit a variety of dynamics when a control parameter is varied. However,
in the Morse oscillator for the choice |f| <« 1 and £2 > w when the amplitude
g of the high-frequency force is varied the system is found to show only periodic
motion with period T = 27 /w. The response amplitude of the motion displays a
single resonance when g or @ or 2 is varied. Resonance occurs when the resonant
frequency w, matches with the frequency w. In the case of the quantum mechanical
Morse oscillator the simple case of switching-on the external field at + = 0 and
switching-offit att = T is considered. In the absence of the high-frequency field the
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first-order transition probability P; shows a sequence of resonances with decreasing
amplitude when the parameter w is increased. The dominant resonance occurs at
® = wj. Resonance is not observed when the amplitude g of the high-frequency
field is varied. However, anti-resonance of Pj; takes place for certain values of w.
Multiple resonance of Py occurs when the frequency £2 of the high-frequency field
is varied.

3.8 Significance of Biharmonic Signals

The study of the action of two-frequency signal is of great importance in physics,
engineering and biology. Particularly, the biharmonic signal in the context of
vibrational resonance has been explored. Gerhardt [46] reported the significance of
two-frequency bands in long-distance vocal communication in the green treefrog.
Two-frequency signals are of interest in laser physics [47], acoustics [48], neu-
roscience [49] and physics of the ionosphere [50]. The beneficial role of a
high-frequency driving has already been exploited as increased drug uptake by brain
cells [51], acceleration of bone and muscle repairing [52], resonantly enhanced
biogradation of micro-organisms [53] and stimulation treatments in Parkinson’s
disease [54]. Ultrasonic irradiation of two widely different frequencies has been
found to increase cavitation yield [55].

A two-frequency laser unit with a laser, a half-wave plate and an electro-optic
modulator was found to give high stability and efficiency [47]. Biharmonic signal
transmission is a standard technique in the positioning and navigation in the global
positioning system [56]. Occurrence of the Faraday waves in a pattern formation
with two-frequency excitation (one is the signal frequency @ and the other is
the subharmonic frequency w/2) [57] and neurobiological reaction controlling by
electrical stimulation of different frequencies [58] have been studied. It has been
pointed out that though high-frequency electromagnetic radiation is likely to be
harmless at the small length scales of sensitive biomolecules, like the DNA helix
[59], still it can affect physiological processes at the cell level. It is to be noted
that high-frequency electromagnetic waves not only heat up the biological tissues
with epidemiological consequences, but such fields from electrical devices such as
power-lines, television transmitters, industrial machinery etc, can interfere with the
much lower-frequency for example, electrochemical control signals that regulate
the ion transport across the cell membranes or the information transformation and
processing through neuron networks and sensory nerves [60]. Biharmonic forces
have been used to create soliton ratchets [61]. Multi-frequency signal is used in
multichannel optical communication systems such as based on wavelength-division
multiplexing [62], the analysis of the size and abundance of plankton [63] and the
diagnosis conditions of the Antarctic ice sheet [64].

High-frequency oscillation of beach water table due to wave runup and rundown
has been observed and analysed [65, 66]. Interestingly, similar high-frequency
oscillation of underground water table (in addition to the low-frequency periodic



3.9 Concluding Remarks 115

oscillation of water table due to seasonal variation) can occur due to evaporation,
inflow and outflow of water and temperature fluctuation. It can also be artificially
realized through irrigation or pumping from the aquifer. Furthermore, a water table
rise and drop can be induced by vegetation removal and planting, respectively.
Thus, planting additionally short-lived species interacting weakly with species A
can also lead to a high-frequency variation of the water depth. Therefore, it is
realistic to include a biharmonic force in the water table with two well-separated
frequencies [67].

In brain dynamics, bursting neurons may exhibit two different times scales
[68]. In telecommunication, information carriers are often high-frequency waves
modulated by a low-frequency signal that encodes the data [69]. Interaction of fast
and slow variables like hares and tortoises is common in ecosystems [70]. Plankton
dynamics show slow and fast cycles [71]. Many ecological systems display a slow-
fast dynamics. It has been pointed out that the dynamics of vegetation have a
time scale greater than one season and much greater than man-induced periodic
disturbances [72].

High-frequency alternating currents applied to the nerve is shown to give rise
to reversible conduction block [73-75] which has clinical applications. To treat
movement disorders such as Parkinson’s disease and dystonia high-frequency
electrical simulation has been applied clinically through deep-brain simulation
electrodes implanted in certain brain regions [76]. High-frequency stimulation is
found to enhance and suppress pulse propagation in a discrete FitzHugh—Nagumo
model [77]. In the central nervous system a considerable increase in the rate of
replenishment of pool of synaptic vesicles by a high-frequency stimulation of
presynaptic terminals. This can be used for identifying the mechanism of short-
and long-term changes of synapses [78].

3.9 Concluding Remarks

In all the monostable systems considered in this chapter, from the approximate
theoretical expression of response amplitude Q of the slow motion, we are able to
determine the number of resonances and the values of the control parameters, say, g
or £2 or w at which resonance occurs. In all the cases, as w varies either no resonance
or only one resonance occurs depending on the values of the other parameters. As
g is varied, in the Duffing and Morse oscillators, at most one resonance is possible
and resonance occurs when o, = . In the quintic oscillator with the single-well
potential of the form shown in Fig.3.4b, c, h w;, oscillates and multiple resonance
occurs when w; = w and also at w,; = 0. The occurrence of additional resonance
is shown to be due to the presence of the asymmetry in the single-well potential of
the Duffing oscillator. In the Duffing and quintic oscillators after the last resonance
Q decays to zero with the increase in the parameter g or §2 or w. In contrast to this
in the Morse oscillator Q does not decay to zero but approaches to a constant value
with the control parameter, say, g.
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The theoretical analysis indicates that to observe resonance bistability and
transition of Vg from one form to another form are not necessary. A monostable
system can be able to exhibit a multiple vibrational resonance if the resonant
frequency w; oscillates. Further, not only the case w? — w? = 0, but also the case
wrg = 0 with §g¢ > 0 corresponds to a resonance.
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Chapter 4
Vibrational Resonance in Multistable
and Excitable Systems

As shown in Chap. 2 bistability is necessary for stochastic resonance. However, for
vibrational resonance, bistability is not a necessary requirement. Even a monostable
nonlinear system can exhibit double resonance. Thus, one wish to know the features
of high-frequency induced resonance in double-well and triple-well systems. For
this purpose, consider a multistable system (that is a system with more than one
stable equilibrium point) driven by a single periodic force. In a multistable system,
for sufficiently small values of f each of the coexisting orbits enclose only one
equilibrium point. For higher values of f, a transition between the coexisting
equilibrium states takes place. It is important to analyze the influence of such
a transition on vibrational resonance. There is another class of systems called
excitable systems. They have only one stable fixed point, but perturbations above
a certain threshold induce large excursions in phase space, which take the form of
spikes or pulses. That is, a rest condition can be transformed into a firing condition
near the excitable threshold. Excitability is an essential characteristic of excitable
media. Interestingly, many biological, physical and electronic circuit systems are
excitable systems. How does vibrational resonance arise in excitable systems?

The goal of the present chapter is to analyse vibrational resonance in double-
well and triple-well systems and also in an excitable system. The reference model
systems are the double-well Duffing oscillator, the triple-well quintic oscillator
and the excitable FitzHugh—Nagumo model equation. The theoretical approach
employed in the previous chapter is applicable for the first two systems mentioned
above. For the Duffing oscillator, the prime objective is to examine the role of depth
of the potential wells and the distance between the location of the minimum and
the local maximum of the symmetric double-well potential in both underdamped
and overdamped cases. In the underdamped system, at least one resonance and at
most two resonances occur and the number of resonances can be altered by varying
the depth and location of the minima of the potential wells. In the overdamped
system there is always one and only one resonance and the value of the amplitude
of the high-frequency force at which resonance occurs is independent of the depth
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of the wells, but varies linearly with the locations of the minima of the wells. For the
triple-well quintic oscillator system the theoretical treatment predicts the occurrence
of even four resonances and is supported by numerical simulation. For excitable
systems the theoretical approach is not applicable and therefore the occurrence of
vibrational resonance in the FitzHugh—Nagumo equation is investigated through
numerical simulation. Finally, the stochastic resonance in the excitable FitzHugh—
Nagumo equation which we have not dealt in Chap. 2 is pointed out.

4.1 Underdamped Double-Well Duffing Oscillator
Consider the underdamped Duffing oscillator equation
e ., dV
x+dx+a=fcosa)t+gcos.9t, 4.1
where the potential V' is given by
Loao 1 4
Vix) = —EAa)Ox + ZB,Bx . 4.2)

For a)g, B, A and B > 0 the potential V is a symmetric double-well form. When
A = B = «; the potential has a local maximum at x; = 0 and two minima at

Xy = &£ w?2/B . The depths of the left- and right-wells denoted by Dy, and D,

respectively are same and equal to alwg /(4B). By varying the parameter ¢ the
depths of the two wells can be varied keeping the values of x unaltered. Let us call
the underdamped system with A = B = «; as US1. Call Eq.(4.1) withA = 1/ oz%

and B = 1/ as US2 in which case xj = 0 whereas x§. = =+ay/wj/B and

Dy = Dr = w}/(4B) is independent of a,. Thus, by varying a, the depth of the
wells of V can be kept constant while the distance between the local maximum and
the minima can be changed. Figure 4.1a, b illustrate the effect of «; and 5.

Changing the depths of the potential wells alone and changing the distance of
the local minima of the potential wells from the local maximum can be realized
experimentally. For example, in the mechanical model of the Duffing oscillator
described in [1], one can introduce the above changes by varying the position of
the left-side magnet and its strength. In submicron Bi-wires, modeled by a double-
well potential, the applied magnetic field is varied to change the depth of one well
[2]. A double-well system with different depths is realized as an appropriate model
of auditory nerve fibre response [3].

For the system (4.1) first obtain a theoretical expression for the response
amplitude Q [4, 5].
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Fig. 4.1 Shape of the potential V given by Eq. (4.2) forw? = 8 = 1 and (a) A = B = «; and
bA=1/ a%, B=1/ aé . In the subplots (a) and (b) the values of «; and «,, respectively, for the
continuous line, the dashed line and the solid circles are 0.5, 1 and 1.5, respectively

4.1.1 Theoretical Approach

Following the theoretical treatment used in the previous chapter, the equation of
motion for the slow variable X inx = X 4 i is

X + dX — (Awd —3BB(y*)) X + BBX® + BB(Y®) = fcoswt . (4.3)
Approximating { = gcos £2 gives ¥ = —(g/£2?)cos £2t. One obtains (V) =
(¥3) = 0and (y2) = g%/(22%). Then, Eq. (4.3) takes the form

X+dX —CX +CX? =fcoswr, (4.4a)
where
— A2 3BBg’ _
Cl —Aa)o — W s Cz = B,B . (44b)

The effective potential of (4.4) in the absence of the low-frequency force is
1 , 1 4
Verr(X) = _Ech + ZCZX . (4.5)

Substitution of X = Y + X*, where Y is the deviation of slow-motion from X*, in
Eq. (4.4) gives

Y +dY + oY + BY? 4 3BX*Y? = fcos wt (4.6a)
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where the resonant frequency w; is given by

3BfBg>
o} = —Aw} + 2—5‘3 + 3BBX*? . (4.6b)

In the linear approximation for f < 1 and in the long time limit, Y () = A cos(wt+
¢) where

AL = f - ¢ =tan '(w/C)) . .7

\/(a)r2 — w2)2 + d’w? Vs

The response amplitude is Q = Ap /f.

4.1.2 Vibrational Resonance for a1 = a; = 1

When a; = a; = 1 the equilibrium points of (4.4) in the absence of the driving
force are (X7,Xy) = (0,0), (X1.X}) = (£/Ci/B.0). As g increases C;

decreases from a)g and becomes < 0 for

2024w} 208
.= =%, =2 4.8
8§>8 3B 3B (4.8)

For g < g., (X ,Xl) are stable and (X*,Xa‘) is unstable while for g > g. there
is only one equilibrium point (X', X(’)*) and is stable. That is, Vi is of the double-
well form for g < g. and becomes a single-well potential for g > g.. One can
observe two coexisting slow motions about (X ,X:*t) for g < g. and only one about
(X, *,XS‘) for g > g.. Furthermore, at g = g., »> = 0 while for other values of g,
from Eq. (4.6b),

3 2
ng— be for g < g

04
w? = (4.9)
3 2
—w? + 2’?4 for g > g..

When g is treated as a control parameter, vibrational resonance occurs at § = g,
where g, is a root of the equation S, = 4(w? — 0?)ww, = 0 with Sge > 0.
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Fig. 4.2 (a) Q versus g for the system (4.1) with oy = o, = 1, a)g =18=1d =05,
f = 0.1, £ = 10 and for three values of w. The continuous and dashed curves represent the

theoretical Q and numerically computed Q. The values of @ for the curves 1, 2 and 3 are 2, 1 and
0.75, respectively. (b) ®? versus g for @ = 1. The two solid circles on the g-axis mark the values
of g at which resonance occurs. The horizontal dashed line corresponds to w? = »? = 1

2 2 _ :
w; —w” =0 gives

2_ 2
2w —

37

2(w2 + w?)
2 2 0
g =22,/ Y . (4.11)

(What do you infer from w, = 0 and w;; = 0in Sy = 0?).

Resonance occurs at two values of g one for g < g. and another for g > g
for 2a)§ > . For 2a)§ < ? only one resonance is possible at g = g%) > ge.
Figure 4.2a shows the variation of Q with g for w02 =1,8=1,d=0.5,f =0.1,
£2 = 10 and for three values of w. As predicted from the theoretical treatment there
are two resonances for @ = 0.75 and 1 (2w02 > ?) and only one resonance for
o =2 (2w} < w?).For o = 1 the theoretically (numerically) predicted values
of g, are 57.73 (54.78) and 115.47 (114.50). Q is locally minimum at g = g, at
which the effective potential Vi changes from double-well form to single-well (see
Fig.4.3). In Fig.4.2b w? = »” at two values of g and these two values are the g, .
Atg = g, w? = 0 and Q is locally minimum.

Further, at g = g. O = 1/vVw* + d?w?. At both the resonances »? — w? = 0
and hence Qnax = 1/(dw).

Figure 4.4 shows the phase portrait of slow and actual orbits for three values of g.
For g < g. there are two coexisting orbits about each of the two stable equilibrium
points (see Fig.4.4a, d). As g — g, X} move towards the origin. This is shown in

gl = 22 202 > o (4.10)
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Fig. 4.3 Change in the shape of the effective potential given by Eq.(4.5) as a function of the
control parameter g. The values of g for the curves from bottom to top are 0, 30, 50 and 82.
gc = 81.64966. The values of the other parameters are w3 = 1, 8 = 1 and 2 = 10
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Fig. 4.4 Phase portrait of (a—c) slow oscillation and (d—f) the actual orbit of the Duffing oscillator
for three values of g forw = 1
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Fig.4.4b, e for g = 50. For g > g, the center of the slow orbit is the origin as shown
in Fig.4.4c and f for g = 82 > g..

4.1.3 Role of Depth of the Potential Wells

When A = B = «; in the potential V(x) given by Eq. (4.2) then the depth of the two
wells can be varied by varying «. In this case S, = 0 gives [5]

202 w2 1/2 >
) — 2 0 _ , > = — 4.12
Sww [ 38 3041,3} o= S 208 (4.12)
202 202 1V?
@ _ o2 0 .
gVR) = [ﬁ + 3061,3i| , oj—arbitrary. (4.13)

Equation (4.13) implies that there is always one resonance for any value of o; > 0
at g = g, Another resonance occurs only for oy > ac at g = g{) and g{) < ¢@.
In terms of the depth Dy (= Dgr) of the potential wells the condition for double
resonance is Dy, > a)ga)z /(88). The number of resonances and the value of g, can
be controlled by varying the parameter «, that is, the depth of the two wells of the
potential. Further, as @ increases g(le) decreases while g(vfg increases. The separation
between the two resonances increases with increase in w. As «; increases from
a1e, 8 increases while g2 decreases. The separation between the two resonances
decreases with increase in «;. That is, @ and «; have opposite effects. In the limit
ay — oo, gV and g@ — 2%, 207/ (3P).

To verify the above theoretical predictions, we choose the values of the parame-
ters as a)g =1,=1,d=0.50 =1, = 10and f = 0.05. Figure 4.5a presents
theoretical and numerical g,, versus «;. Theoretical g, is in very good agreement
with the numerical g, .

To understand the mechanism of single and double resonances, in Fig.4.5b the
resonant frequency w; is plotted as a function of g for four values of «;. For each
fixed value of ¢ as g increases from O the resonant frequency w; decreases from

the value /2013 and — 0 as g — g. = 2%,/203/(3B) = 81.65. The value of

g(= gc) at which Vg undergoes a bifurcation from a double-well to a single-well is
independent of «¢;. For g > g., Vg becomes a single-well potential and w; increases
with increase in g. Resonance will take place whenever o, = w. In Fig.4.5b for
o = 0.25 < o1, = 0.5 the w, curve intersects the @ = 1 dashed line at only
one value of g > g¢. In Fig. 4.5¢ we notice only one resonance for « = 0.25. For
o1 > o the w; curve intersects the w = 1 line at two values of g: one below g. and
another at above g.. This is shown in Fig. 4.5b, ¢ for few values of «;.
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Fig. 4.5 (a) Plot of g, as a function of the parameter «; in US1. Continuous lines are theoretical
8yr While the solid circles are numerically computed g, . (b) Variation of theoretical (represented
by continuous lines) and numerically computed (represented by symbols) resonant frequencies with
g. Numerical resonant frequency is calculated using the numerical solution of Eq. (4.1). The labels
1-4 correspond to oy = 0.25, 0.75, 2 and 4, respectively. The theoretical and numerical values
of w, are represented by curves and symbols, respectively. The horizontal dashed line represents
o, = @ = 1. (¢) Theoretical response amplitude Q versus g for three values of o

4.1.4 Role of Location of the Minima of the Potential

For US2 with A = 1/ oz% and B = 1/ ag as o increases the location of the two
minima of V(x) move away from the origin in opposite direction, that is, the distance
between a minimum and the local maximum xjj = O of the potential increases with
increase in . Now, S, = 0 gives [5]

202 olw? 172 2w?
D= Q% | =2 — 22— <o =1 — 4.14
8un 2 [ 3p 36 :| s < e (4.14)
202 2w?]V?
@ = %, | =2 4+ 2 , ap—arbitrary. 4.15
8vr 2 [ 3[3 3’3 :| 2 Yy ( )

Figure 4.6a depicts both theoretical and numerical g,, versus a,. The difference
in the effect of the distance of x% from the origin over the depth of the potential
wells can be seen by comparing Fig.4.6a with Fig.4.5a. In US1 (depth varying
potential-well system) two resonances occur above certain critical depth (o) of the

wells. In contrast to this in US2 two resonances occur only for oy < .. For a)g =

B = w = 1, the values chosen in the numerical study, op. = V2. Equation (4.14)

implies that as o increases from a small value (that is, as x’} moves away from
2,2

origi ) ; d h . 1 wO _ 2 2

gin) g, increases and reaches a maximum value at oy = 4/wj/w?

V3w

Then with further increase in o, it decreases and — 0 as oy — opc. Note that gi/zk)

of US1 decreases with increase in ¢«; while gfi) of US2 increases with increase in
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Fig. 4.6 (a) g, versus o, in US2. Continuous lines are theoretical g, while the solid circles are
numerically computed g, . (b) Theoretical resonant frequency w, (marked by continuous lines)
and numerically computed , (marked by symbols) versus g for three values of «,. The theoretical
and numerical values of w;, are represented by curves and symbols, respectively. (¢) Q versus g for
three values of o,

a,. Figure 4.6b shows the variation of w, with g for three values of «,. Theoretical
o = 0atg = go = 2% ,/2w3/(3pB). The bifurcation point gy increases linearly
with a. Sample response curves for three fixed values of «, are shown in Fig. 4.6c.

In the double resonance case the separation between the two resonances increases
with increase in o». The converse effect is noticed in US1.

4.2 Overdamped Double-Well Duffing Oscillator

Consider the overdamped double-well Duffing oscillator with the equation of
motion

dv
)H_E = fcoswt + gcos 2t . (4.16)

Let us call the system (4.16) with A = B = «; as OSI and with A = 1/05% and
B=1/ ag as OS2. The response amplitude Q is obtained as [5]

1 2
0= ——, o' =-A0}+ =~

’ T
Jo? + w?

Q is maximum when w, = 0. It is easy to obtain the following result:

3Bpg?

s 3BBX*2. (4.17)

2
2wy

ﬁ.

Zwo

0S1: gy =R B

0S2: gy, = Qa, (4.18)
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There are several interesting results:

* The most significant result is that g, of OS1 is independent of the depth of the
wells of the symmetric double-well potential.

* g of OSI is (1/£2) times the limiting value [in the limit of ¢y — oo in
Egs. (4.12) and (4.13)] of USI.

* gy of OS2 is a, times the g, of OS1. Because g,, of OS2 with ay < 1 is lower
than g,, of OS1 the former is advantageous compared to the latter.

e In OS1 and OS2 there is always one and only one vibrational resonance.

* g,z of OS1 and OS2 corresponds to the value of g at which the effective potential
Vet (X) undergoes a bifurcation from double-well to a single-well. In US1 and
US2 the resonance does not occur at the bifurcation point g = go.

4.3 Resonance in a Triple-Well Potential System

In Sect.3.3 occurrence of vibrational resonance in the system Eq.(3.18) with
three forms of monostable potential is analysed. The potential given by Eq. (3.19)
becomes of a triple-well form for w?, y > 0, B < 0 and B > 4wly/3. In the
present section the focus is on the quintic oscillator with a triple-well potential [6].

Equations (3.21)—(3.24) are useful for resonance analysis for the triple-well
system also. We fix a)g =3,y =1, = —4 and 2 = 10. In this case the
sign of both C; and C; in Eq. (3.21b) can be changed by varying the parameters g
or §2. Consequently, the shape of the effective potential changes from a triple-well
to a double-well and a single-well as indicated in Table 4.1.

For g > g9 = 160.60 (see Table 4.1) the analytical expression for g, is given by

1/2

—f + /B2 + (10y| + ?|/3)

5572 (4.19)

8vr = 2°

For g < go the resonance frequency o, = /o (consider the orbits around Xj;5 in
the case of a triple-well form of V) is a complicated function of g and hence one

Table 4.1 Nature of the effective potential V¢ of the quintic oscillator, Eq. (3.22), and the sign of
C and C, for various ranges of g/2% forwg = 3,8 = —4andy = 1

S. No. Range of g/$2? Sign of C; and C; Type of Ve
1 0 < g/f2% <0.7876 C,>0,C,<0,C3 > 4Cyy Triple-well
2 0.7876 < g/02?% < 0.8945 C,,C, <0 Double-well
3 0.8945 < g/2?% < 1.6061 C; <0,C,>0 Double-well
4 g/2?% > 1.6061 C;,C, >0 Single-well
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can determine g,, numerically from S = (a)r2 —w?)? + d’w?. Figure 4.7 depicts g,
versus w. The curves (a)—(e) are obtained from the following cases:

* Curvea: C; <0, C, > 0. gy, is given by Eq. (4.19).

e Curveb: C; <0,C2>Oanda)r2—a)2=0.

* Curvec:C; <0,C;, > 0and w, = 0.

e Curved: C; <0,C2<Oanda)r2—a)2=0.

e Curvee:C; >0,C, <0, C§>4C1y anda)rz—a)zzO.
e Curvef: C; >0,C; < 0and w, = 0.

It is noteworthy to point out that a resonance with w;, = 0 is not possible in
the double-well Duffing oscillator Eq. (4.1). The various curves in Fig.4.7 can be
understood from the plots of w; and w,, versus g (Fig.4.8). From Fig. 4.8 one can
infer the following:

250 1 ‘ ‘
200

150

9 VR

100

50

Fig. 4.7 Plot of g, versus w for the quintic oscillator with the triple-well potential with w? = 3,
B =—4,y =102 = 10. g, is independent of d. Two, three and four resonances occur in the
intervals of w marked as R, R3 and Ry, respectively

(a) 4 (b) 0.02 : x
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g

Fig. 4.8 Variation of (a) the resonant frequency w, and (b) w;, with the control parameter g for
the quintic oscillator with the triple-well potential. w;, = 0 at g = 70.4 and 122.4
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1. As g increases beyond g the value of w; continuously increases from 0 and thus
there must be one (and only one) resonance at a value of g greater than go. The
resulting g, is the curve a in Fig.4.7.

2. The plot of w; has a local minimum at g = g, = 70.4 and a local maximum
at g = g3 = 122.4. w,, = 0 at these two values of g. The calculation of Sg,
indicates that Q is maximum at g, for w < w;; = 1.137 and at g3 forw > wp, =
2.02. Curves f and c represent these two values of g.

3. For 0 < w < w;; = 1.137 there are three resonances. The first resonance occurs
at g = g» due to w,, = 0. The second and third resonances occur in the intervals
[g4, go] and [go, g5], respectively due to w? — w* = 0. In Fig.4.9aforw = l as g
is varied, resonances occur at g = 70.4, 156 and 168.

4. Forw; < w < wp = 2, w; = w at four values of g, one in each of the intervals
[g1,&2], (82, &3 [g3, g4] and [gs, g6]- An example of four resonances is shown in
Fig.4.9a for = 1.25.

5. For wyy < w < w3 = 3.464 in addition to the resonance at g3 = 122.4 two
more resonances occur—one in the interval [0, g;] and another one in the interval
[g6> g7]- An example is shown in Fig. 4.9b with w = 2.

6. For o > w3 two resonances occur—one at g = g3 and another at a value of
g > g7. In Fig.4.9b for w = 5 the resonance at g3 = 122.4 is too weak and not
visible in the scale used.

Fig. 4.9 Q versus g for the triple-well case of the quintic oscillator for four values of w with
d = 0.3, 2 = 10 and f = 0.05. Continuous curves are theoretical Q while the solid circles are
the numerically calculated values of Q
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4.4 Vibrational Resonance in an Excitable System

Neural and cardiac cells are two most prominent examples of excitable systems [7].
Neurons are inherently information processing units. This feature demands them
to have specialized mechanisms for reliably detecting extremely weak signals at
complex situations. Thus, it is important to explore the possibility of a vibrational
resonance and its corresponding mechanisms in excitable systems. Motivated by
the above, Ullner and his coworkers [8] considered an electronic circuit based
on a Chua’s diode and the FitzHugh—Nagumo (FHN) model equation displaying
excitable dynamics and shown that for an optimal amplitude of the high-frequency
forcing signal amplitude at the low-frequency is enhanced. The vibrational reso-
nance in networks of FHN equation has also been studied [9]. This section presents
features of the vibrational resonance in the excitable FHN equation.

The FHN model, named after the American biophysicist Richard FitzHugh
(1922-2007) who suggested the system in 1961 [10] and the Japanese
Jinichi Nagumo (1926-1999) who created the equivalent circuit the following year
in collaboration with, Arimoto and Yoshizawa [11], describes the firing activities of
sensory neurons. The FHN model equation is given by Keener and Snyder [12] and
Mikhailov [13]

1
ek:x—gf—y, (4.20a)

y=x+a+F(@), (4.20b)

where x(¢f) is the activator variable (fast variable representing the membrane
potential in the neural case), y(r) is the inhibitor (slow variable related to the
superconductivity of the potassium channels existing in the neuron membrane), a
is the membrane radius and F(¢) is the external signal received by the neuron. The
FHN model is a simplified version of the Hodgkin—Huxley model which models
in a detailed manner activation and deactivation dynamics of a spiking neuron.
In the original papers of FitzHugh, this model was called Bonhoeffer—van der
Pol oscillator (named after Karl Friedrich Bonhoeffer and Balthasar van der Pol)
because it contains the van der Pol oscillator as a special case.

When the values of the parameters in Eq.(4.20) are sufficient to stimulate
spikes, they are said to be subthreshold. In the absence of F(t) Eq.(4.20) has
only one equilibrium point (x*, y*) = (—a, a(a* — 3)/3). The stability determining
eigenvalues are given by

Ay = 21—6 [(1 —a®)+ V(1 —-a?)? - 46] . (4.21)

Fora > 1, A+ < 0 and the equilibrium point is a stable node. Ata = 1, A1 =
+i/ /€ and a Hopf bifurcation occurs. For 0 < a < 1 the real part of A+ is > 0 and
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the equilibrium point is an unstable node or focus depending upon the values of a
and €. A limit cycle motion occurs for0 < a < 1.

Suppose F(t) = fcoswt. For a > 1 and for sufficiently small values of f
oscillatory motion about the equilibrium point occurs. Above a critical value of f
the system generates a sequence of spikes. Such spikes do not appear for 0 < a < 1.
That is, the system is excitable for values of @ > 1. When ¢ = 0.01, a = 1.05 and
o = 0.1, 0.2, 0.3 spikes start appearing for f = 0.096. Now we fix the value of
f as 0.01, a value below the excitation threshold value and drive the system by the
high-frequency force also, that is, F(f) = f coswt + gcos §2t, 2 = 5 and analyse
the occurrence of vibrational resonance. We use a step size Ar = (27/w)/10,000
in the numerical integration of Eq. (4.20) by the fourth-order Runge—Kutta method.

Figure 4.10 shows numerically computed response amplitude as a function of
g for three fixed values of w and §2. The dependence of the neuron’s response
on g displays a resonant form with a maximum at an optimum value of g. In
Fig.4.10a when w = 0.2, Q ~ 1 for g < 0.05, that is, the amplitude of the
output oscillation at the frequency w is the same as the amplitude of the low-
frequency input signal. This interval of g is below the excitation threshold and the
output signal is oscillatory and moreover spikes are not developed. This is shown in
Fig.4.11a for g = 0.05. The variable x(¢) is periodic with period T = 27 /w and
the oscillation occurs about x* = —a = —1.05. The spikes started appearing from
g = 0.051. In Fig. 4.11b spikes appear at regular interval of time and there is one
spike per period of the low-frequency input signal. The system begins to process
the information encoded in the low-frequency signal. The information process can
be improved by further increasing the number of spikes per half period of the low-
frequency signal, since in this way the energy contained at the frequency is also
enhanced [8]. As a result Q increases sharply, reaches a maximum at g = 0.057
and then decreases sharply. This is the mechanism of vibrational resonance in an

(@ (b) 8
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0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1
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Fig. 4.10 Response amplitude Q of the neuron versus g (a) for three fixed values of w with 2 =5
and (b) for three fixed values of §£2 with v = 0.2. In (b) the values of £2 for the curves 1, 2 and 3
are 5, 3 and 2, respectively. The values of other parameters in Eq. (4.20) are ¢ = 0.01, a = 1.05
and f = 0.01
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Fig. 4.11 x(r) versus 7 of the FHN model equation for four values of g. The continuous and dashed
curves are x(t) and the input signal f cos wt, respectively. For clarity, the signal f cos wt is rescaled
by a factor. In the subplot (b) Ty is the waiting time between two consecutive firings. Vibrational
resonance occurs at g = 0.057
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Fig. 4.12 Bifurcation diagram of the FHN model equation

excitable system where an intermediate amplitude of a high-frequency force leads
to a resonant response at the low-frequency of the input signal. Q is considerably
enhanced for g € [0.052, 0.067].

The staircase form of dependence of Q on g is caused by the abrupt discrete
occurrence of new spikes in the spike train as the forcing amplitude g varies. When g
is increased further from the value 0.067 the system fires immediately after reaching
the equilibrium point. In this case the dominant frequency of the output is the own
frequency of the system and the low-frequency component is weak resulting in
degrading the signal processing. Figure 4.12 shows the bifurcation diagram. The
motion of the system is periodic with period either 7 or 37.
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Compare the firing times in Fig.4.11b, c. Firing takes place only when the low-
frequency force is negative. Interestingly, for g = 0.057, at which Q is maximum,
during lower-half cycle of the input signal the system fires whenever it reaches
the equilibrium point while during other half drive cycle there is no spike. In
order to characterize vibrational resonance in excitable systems let us define the
waiting time Ty (also called interspike interval) as the time the system waits in the
neighbourhood of the equilibrium point before firing. This time interval is indicated
in Fig.4.11b. As g increases from the value 0.051, Tw decreases from a value
well above 7'/2 with increase in g. Resonance occurs when Ty =& T/2. Far after
resonance Ty ~ 0.

4.5 Stochastic Resonance in FitzHugh—-Nagumo Equation

Section 2.2 described the mechanism of stochastic resonance in a bistable system
with reference to the Duffing oscillator. In this section we briefly discuss the
occurrence of stochastic resonance in the excitable FHN model Eq.(4.20) with
F(t) = f coswt + n(t) where 7(¢) is a Gaussian white noise with intensity D.

For the numerical study, we choose a = 1.05, ¢ = 0.01, f = 0.0l and
o = 0.2. The response amplitude Q is calculated over 100 drive cycles of the input
periodic signal and then averaging is performed for 50 realizations of the noise term.
Figure 4.13 shows the numerically computed Q as a function of the noise intensity
D. Stochastic resonance occurs at D = 0.00028.

For values of D less than the critical value D = 0.00008, noisy oscillatory motion
around the equilibrium point without spikes takes place. An example for this type
of behaviour is shown in Fig. 4.14a for D = 0.00005. Above the critical value of D
spikes start appearing and they occur randomly. The number of spikes over a time
interval increases with increasing values of D. This is shown in Fig. 4.14b, c. In this
region of D the response amplitude increases with increase in D. At D = 0.00028

Fig. 4.13 Q versus the noise i T
intensity D of the FHN

equation driven by

F(t) = f cos wt + n(t) where

n(t) is the Gaussian white

noise <

0 0.001 0.002
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Fig. 4.14 x(r) versus ¢t for a few fixed values of noise intensity D for the FHN equation. Q is
maximum for D = 0.00028
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Fig. 4.15 Variation of Tyw /T with the noise intensity D for the FHN equation. The dashed line
indicates the value of D at which Tyw ~ T/2

0O becomes a maximum. When D increases further, the number of spikes per drive
cycle increases and Q decreases.

In a symmetric bistable system the mean residence time Tyr of the system
around the two stable states decreases from a large value with increase in D and
resonance occurs when Tyr = T/2, where T is the period of the driving force.
For excitable systems, the mean residence time is replaced by the mean waiting
time Tyw between two consecutive spikes introduced in the previous section (see
Fig.4.11b). 10* waiting times are computed and then Tyw /T is calculated. This is
repeated for a range of values of D. The result is presented in Fig. 4.15. Initially Tyw
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decreases rapidly with D and becomes = T/2 at D = 0.00028 at which Q becomes
a maximum. Beyond the resonance Tyiw decreases slowly with D. The point is that
the resonance occurs when Tyw ~ T/2. In Fig. 4.14b for D = 0.00028 though the
spikes are not equally spaced with waiting times 7/2, the mean waiting time Ty
isx T/2.

Stochastic resonance has been analysed in coupled FHN systems [14], in FHN
equation driven by an amplitude modulated, frequency modulated and chaotic
signals [15] and also introducing noise in the phase of the input periodic signal [16].
Both vibrational and stochastic resonances are studied in the FHN model equation
with multiplicative and additive noises [17].

4.6 Concluding Remarks

Vibrational resonance has been studied in the overdamped bistable system with
1 1
the asymmetric potential V(x) = —Eozx2 + Z'BX4 —yx, o, B, vy > 0 [18] and

with V(x) = 4(x — x%) + A [19], where A is a constant parameter describing
the level of asymmetry. Single resonance is reported when the amplitude of the
high-frequency force or A is varied. The occurrence of vibrational resonance has
been explained in overdamped systems through a linear response theory [20]. It
is possible to realize experimentally in double-well Duffing oscillators where (1)
the depth of the right-well remains the same while the depth of the left-well can be
altered and (2) the location of the right-well local minimum remains the same, while
the local minimum of left-well can be altered. In the vibrational resonance analysis,
it has been assumed that £2 > ®. When the ratio £2/@w = n where n is an integer,
then for small values of n the resonance is found to be stronger and this is called
[frequency-resonance-enhanced vibrational resonance [21].
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Chapter 5
Vibrational and Stochastic Resonances
in Spatially Periodic Systems

So far the analysis of stochastic and vibrational resonances has been focused in
monostable and bistable systems. It is important to investigate also the resonance
dynamics in multistable systems, particularly, in spatially periodic potential sys-
tems. This is because there are many nonlinear systems with multistable states
and moreover such studies might help us to know how does multistable states
affect resonance dynamics and explore the role of them on the characteristics
of a resonance. It has been shown that [1] the noise-induced resonant behaviour
exhibited in a pendulum (its potential is spatially periodic) is not the stochastic
resonance associated with the hopping between the wells. However, the observed
resonance is a noise enhanced resonance due to the intra-well motion. In the
case of large damping and weak periodic force, the distribution of escape time
displayed a series of stochastic resonance-like peaks with noise intensity [2]. Such
a character is not observed with a diffusion coefficient. Nicolis [3] investigated the
stochastic resonance in a potential with an arbitrary number of minima and maxima.
Employing a linear response theory, an optimal number of minima and maxima
giving a maximum response is obtained. Saika et al. [4] have shown the occurrence
of stochastic resonance in the pendulum system with the driving frequency close to
the natural frequency and have used an input energy and a hysteresis loop area as its
characteristic measures.

The occurrence of vibrational resonance has been analysed in the pendulum sys-
tem with periodic potential [5]. In a damped and biharmonically driven pendulum
system, when the amplitude of the high-frequency force is varied, the amplitude
of oscillation at the low-frequency of the force exhibits a series of resonances
approaching a nonzero limiting value. Vibrational ratchet motion is studied in
certain systems with spatially periodic potentials driven by a two-frequency force
and a noise [6]. In the pendulum system driven by a high-frequency periodic force
and a noise, applying the vibrational mechanics scheme, it has been shown that
the mobility and the diffusion coefficient are highly sensitive to the mass, even for
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large damping values [7]. An experimental realization of vibrational resonance in a
periodic potential using cold atoms in an optical lattice has been reported in [8].

The present chapter is devoted for the analysis of vibrational resonance and
stochastic resonance in the pendulum system and the modified Chua’s circuit
equation. The pendulum system has a spatially periodic potential. Using theoret-
ical approaches, the occurrence of vibrational and stochastic resonances will be
analysed. Unlike the pendulum system, in the modified Chua’s circuit equation the
number of equilibrium points () and the breakpoints in the nonlinear function can
be varied. The numerical investigation on the role of number of equilibrium points
on the characteristic features of both the resonances will be made.

5.1 Vibrational Resonance in Underdamped Pendulum
System

The equations of motion of the underdamped pendulum system is
é+dé+sin9=fcoswt+gcos.§2t, 2> o. (5.1

Seeking the solution of (5.1) in the form 6 = X + v, where X and ¥ are the slow
and fast motions, respectively, leads to the equation

X4V +dX+) +cosysinX +sinycosX = fcoswr + gcos 21 . (5.2)

Due to the presence of the mixed terms cos ¥ sin X and sin ¥ cos X, add and subtract
the terms (cos 1) sin X and (sin ) cos X, where

2

2
(cosy) = %/0 cosy(r)dr, (siny) = %/0 siny(t)dt (5.3)

and obtain the following set of equations:

X 4 dX + (cos ) sin X + (sin /) cosX = fcoswt , 5.4
U + dyr + [cos ¥ — (cos ¥)] sin X + [sin ¢ — (sin )] cos X
= gcos 2t . (5.5)

5.1.1 Analytical Expression for the Response Amplitude Q

Equation (5.5) can be approximated as {/ = gcos £ whose solution is ¥ =
—(g/£2?) cos 2t. This solution gives (cos ) = Jo(g/£2?) and (siny) = 0 where



5.1 Vibrational Resonance in Underdamped Pendulum System 141

Jo is the zeroth-order Bessel function. Now, Eq. (5.4) becomes
X 4+ dX + Jo(g/2*) sinX = f coswt . (5.6)

Equation (5.6) can be treated as a forced motion of a particle in the effective
potential

Verr(X) = —Jo(g/£2%) cos X . (5.7

Figure 5.1 shows Jo(g/£2?) versus g for 2 = 10. J, oscillates around the value 0
with decreasing amplitude and Jy — 0 as g — co. Whenever Jy > 0 the minima of

Verare X¥. = +2nw,n=0,1,2,--- and the maximaare X}, = £(2n+1)w,n =
0,1,2,.--. The locations of the minima and the maxima of V. are interchanged

when the sign of Jy changes. A consequence of this is that for the values of g for
which Jo > 0 slow oscillations occur around the equilibrium points (X *X*) =
(X7, 0), while for Jy < 0 they take place around (X*, X*) = (X}, 0).

in’ max’

The equation of motion for the deviation variable Y = X — X* is given by
Y +dY 4 (JycosX*)sinY = fcos wt . (5.8)

If Jo > 0 (< 0) then X* = X7 (Xy..). Therefore, Jo cos X* = |Jyl|. For |f| < 1
we assume that |Y| < 1 and approximate sin Y as Y. Then Eq. (5.8) becomes

Y 4dY + a)rzY = fcoswt, a)r2 = |Jo| (5.9)

which is a damped and periodically driven linear equation. The solution of Eq. (5.9)
in the long time limit is Y () = A cos(wt + ¢) where A, = f/+/S and

S= (0 —0?) + 0, ¢ =tan[~dw/ (@} — o). (5.10)

Fig. 5.1 Variation of the 1 ‘ ‘ ‘ ‘ =
zeroth-order Bessel function
with the control parameter g
for £2 = 10. Note that J,
exhibits a damped oscillation.
Moreover, the values of g at
which Jy = 0 are not equally

IWA
spaced 7 v \/

-0.5

0.5 | i

Jo(Q/QQ)

L 1 L 1 L 1 L
0 1000 2000 3000 4000
g



142 5 Vibrational and Stochastic Resonances in Spatially Periodic Systems
5.1.2 Connection Between Resonance and w,

Figure 5.2 shows both theoretical and numerical values of Q versus g for four set of
values of w and §2 with f = 0.1 and d = 1. There are several interesting results on
the pendulum system [5] compared to the vibrational resonance in the other systems
with nonperiodic potentials.

First, note that the values of g, g,,, at which Q becomes maximum (that is, S
becomes minimum) are the roots of the equation S, = dS/dg = Jog(|Jo| — w?) = 0
with Jo, = dJo/dg. Therefore, resonance occurs if |Jo| = w? or Jog = 0. Recall that
Jo(0) = 1, [Jo(g/$2?)| < 1 and it oscillates around the value 0 with a decreasing
amplitude. Suppose g. is the value of g above which |Jo| is always < w?. Then for
g < g. the values of g at which resonance occurs are the roots of |Jy| — w? = 0. For
g > g. the resonance values of g are the roots of the equation Jo, = 0. These are
clearly seen in Fig. 5.3 which shows the connection between the resonances and a)r2
for w = 0.5 and £2 = 10. The value of g. is 761, however the values of g, are not
equally spaced.

Since |Jo| < 1, for @ > 1 one finds from Q = 1/+/S that O(g) < Q(g = 0).
That is, there is no gain in the response amplitude at the frequency w > 1 due
to the addition of a high-frequency force. However, due to the damped oscillatory
variation of Jy, the response amplitude Q will show an oscillatory variation and it
becomes maximum whenever |Jy| is maximum (that is, Jo, = 0). The above results
are clearly evident in Fig. 5.2 forw = 1 and 1.25.

For w < 1, a key result is Q(g) > Q(g = 0). At the resonances occurring for
g < &c» Omax = 1/(dw). At other resonances (g,, > &c), Which are due to the local
maxima of a)rz (see Figs.5.2 and 5.3), the value of Qnax slowly decreases from the
value 1/(dw) and approaches the limiting value Qr. (indicated by dashed lines in
Fig.5.2) in the limit of g — oo. These results are clearly seen in Figs. 5.2 and 5.3.

w=205 Q=10

0 1000 2000 3000 4000

Fig. 5.2 Q versus g for the system (5.1) for a few set of values of @ and §2. The values of d and
fare 1 and 0.1, respectively. The continuous curve and the solid circles represent the theoretical
Q and the numerically computed Q, respectively. The dashed horizontal lines indicate the limiting
values of Q
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Fig. 5.3 Plots of (a) Q versus (a)
g and (b) w2 (= o (g/2%))

versus g for the underdamped 2 r
pendulum system with
w=0.5,2=10,f=0.1

and d = 1. In (b) the &
horizontal dashed line 1.8 |
denotes a)r2 = w? = 0.25.
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An interesting result, for both @ > 1 and w < 1, is that Q does not decay to 0
whereas in the systems with a finite number of potential wells Q — 0 for sufficiently
large values of g because of the monotonic increase of the resonant frequency for
large values of g as shown in Chaps. 3 and 4.

5.1.3 Role of Stability of the Equilibrium Points

Let us bring out the connection between vibrational resonance and the stability of
the equilibrium points around which slow oscillations take place. The equilibrium
points of the system Eq. (5.6) forf = 0 are (X:ﬁn,)‘(*) = (£2n7,0),n =0,1,2,---
and (X;aX,X*) = (£(2n + Dm,0), n = 0,1,2,---. The stability determining

eigenvalues are

1
he =3 [~d & V&= aJgcosx] . (5.11)

If Jo > 0 then for (X7, . 0) ReA+ < 0 and are stable while for (X7}, 0) A+ are real
with A4 > 0 while A_ < 0 and are unstable (saddles). The stability is exchanged
for Jo < 0. That is, the stability of the equilibrium points is changed when g is
varied and the associated bifurcation is the transcritical bifurcation. A consequence
of this is that for the values of g for which Jy > 0 slow oscillations occur around the
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equilibrium points (X7, , 0) while for other values they take place around (X7, 0).
Around each of the stable equilibrium points there exists a slow orbit. The coexisting
slow orbits and the coexisting actual orbits can be obtained by choosing different
initial conditions in the numerical simulation.

Figure 5.4a, c show the variation of ReA+ of (X7, ,0) and (X, . 0), respectively.
As g increases from zero, the eigenvalues of (X7, ,0) are complex conjugate with
a negative real part while A_ < 0 < A4 for (X ., 0). The imaginary part of A’s
of (X, 0) decreases in magnitude and at a value of g they are pure real negative.
Then at another value of g, one of the eigenvalues of (X7, .0) becomes positive
(while those of (X}, , 0) become complex conjugate with negative real part). At this
value of g the stability of (X}, ,0) and (X}, 0) are exchanged and the associated
bifurcation is transcritical. This bifurcation repeats as g increases. Q attains the
limiting value Qr, at the bifurcation points. Resonances occur when (X, ,0) or
(Xy x> 0) are maximally stable, that is, the real part of the largest eigenvalue is
minimum. These can be clearly seen in Fig. 5.4.

Fig. 5.4 Rel versus the (a)
control parameter g of (a) the 05 X*=0, £2m,--- 4
equilibrium points (X5, 0)
and (c) the equilibrium points 0 /-\ /N /TN
(X7 x> 0). Continuous and H \—/ \/
dashed curves represent ~
ReA 4 and ReA_, é 0.5 a it ] i
respectively. (b) Q versus g of I a0 ST |
the underdamped pendulum -1+ | - S ’ i
system ford = 1, f = 0.1, RS Il - |
® = 0.5and 2 = 10. The 5Lt L1 |
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5.2 Vibrational Resonance in Overdamped Pendulum
System

In this section, consider the overdamped pendulum system
é—l—sin@:fcoswt—}-gcosﬁt. (5.12)

Multiresonance occurs in the overdamped pendulum system, however, there are
some differences in the mechanism of resonance [5].
For the system Eq. (5.12) one obtains

X 4+ Jo(g/2)sinX = f cos wt (5.13)

and the response amplitude Q is given by

1
0= —F—F—. or=|0. (5.14)

9
Vol + w?

The stability determining the quantity A of the equilibrium points of Eq. (5.13) with
f = 0 are given by

Amin = —Jo, for Xy, = 0,27, (5.15)
Amax = Jo, for X;;ax = +m, 37, --- .

A=

Figure 5.5 presents Q, w; and the variation of stability determining eigenvalue
Amin and Amay of the equilibrium points X*. and X7, respectively, versus g. Note

that Q displays a series of resonance peaks. In contrast to the underdamped system,

RVAVAVAVYaY Y R S SR N PO
0 50 100 150 200 0 50 100 150 200

g g

Fig. 5.5 Variation of theoretical Q, resonant frequency w, and the eigenvalue A of the equilibrium
points X, and X (for f = 0) of the overdamped pendulum system as a function of g for

0 =052 =10andf = 0.1
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in the overdamped system resonances occur when w, = 0 at which the stability
of the equilibrium points X7, and X  are exchanged. Moreover, Q is locally
minimum when @, becomes a maximum and A of the stable equilibrium points
is minimum (maximally stable). At all the resonance values of g the value of Q is
1/w. Furthermore, for both v < 1 and w > 1 the response amplitude Q(g) > Q(0)

and Oy = 1/w.

5.3 Vibrational Resonance in a Modified Chua’s Circuit
Equation

Chua’s circuit is the most widely investigated nonlinear circuit. The voltage-current
characteristic of the operational amplifier based Chua’s diode (the nonlinear element
in the Chua’s circuit) is piecewise linear. The Chua’s circuit is found to display a
rich variety of nonlinear dynamics [9—11]. An interesting attractor of the Chua’s
circuit is the double-scroll orbit. The original Chua’s circuit is modified to generate
multi-scroll orbits by replacing the three-segment piecewise linear function with
sawtooth functions having multiple breakpoints [12]. A systematic methodology
for designing circuits to generate n-scroll orbits has been developed [13-16]. In
the modified Chua’s circuit equation controlling of unstable equilibrium points and
periodic orbits [17], diffusion dynamics and characteristic features of first passage
times to nth scroll attractor and residence times on a scroll attractor [18] and the
influence of number of equilibrium points on the characteristics of stochastic and
coherence resonances [19] have been investigated. The goal of the present section
is to report the features of vibrational resonance in the modified Chua’s circuit
model equation with specific emphasis on the role of the number of breakpoints
of piecewise linear function representing the characteristic curve of Chua’s diode
on the resonance.

5.3.1 The Modified Chua’s Circuit Model Equation

The model equation of the modified Chua’s circuit [12] driven by the biharmonic
force is

X = oy —aF(x) + f coswt + g cos §2t, (5.16a)
y=x—y+z (5.16b)
z=—PBy, (5.16¢)
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where
F(x) = F1(x)
n—1
= Ex + EAsgn(x) —£A Y [sgn(x + 2jA) + sgn(x — 2jA)]  (5.16d)
j=0
or
F(x) = Fa(x)
n—1
=Ex—£A ) [sgn(x+ (2 + DA) + sgn(x — (2 + DA)]  (5.16e)
j=0
with
I, ifx>0
sgn(x) =4 0, ifx=0 (5.16f)
—1, ifx<0

and o, B, &, A > 0, n > 1. F(x) given by Eq.(5.16d) or (5.16e) is a sawtooth
function with amplitude 2A§ and period 2A. Figure 5.6a, b depict the forms of F (x)
and F,(x), respectively, forn = 1, £ = 0.25 and A = 0.5. The stable equilibrium
points about which scroll orbits occur are given by

X* (x*’y*7z*)
[£(2m —1)A, 0, F 2m—1)A], for Fi(x)
_ (5.17)

[0.0,0], [£2mA, 0, F2mA],  for F>(x)

(a) . . (b)

0.15 . 0.15
3 3
-0.15 . -0.15

Fig. 5.6 F,(x) and F»(x) given by Egs. (5.16d) and (5.16e), respectively, with n = 1, £ = 0.25
and A = 0.5. The solid circles and the cross symbol mark the equilibrium points and the
breakpoints, respectively
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where m = 1,2,--- ,n. The system (5.16) with F(x) and in the absence of external
forces possesses 2n (even) number of stable equilibrium points and N = 2n — 1
(odd) number of breakpoints. In the case of F;(x) it admits 2n + 1 (odd) number of
stable equilibrium points and N = 2n (even) number of breakpoints. Between two
consecutive stable equilibrium points the sawtooth function F(x) has a breakpoint.
The number of breakpoints depends on the value of n in Egs. (5.16d) and (5.16e).
The breakpoints are given by

+2mA, for F(x)
Xpp = (5.18)
+(2m + 1A, for Fa(x)

where m = 0,1,2,...,n — 1. Let us analyze the role of the number of breakpoints,
N, on vibrational resonance.

5.3.2 Role of Number of Breakpoints N on Resonance

Since the determination of an approximate theoretical expression for the response
amplitude is very difficult for Eq. (5.6), we proceed to perform a numerical simula-
tion. From the numerical solution of x(7) the response amplitude Q is computed. We
fix the values of the parameters in Eq. (5.16) as@ = 6, 8 = 16,A = 0.5, & = 0.25,
f=01,w=1and 2 = 10w.

Figure 5.7 presents the numerically computed Q versus g for several fixed values
of N. Vibrational resonance occurs when the control parameter g is varied. In
obtaining Fig. 5.7, for each fixed value of N, g is varied from 0 to 75 in step of 0.01.
The system (5.16) is numerically integrated using the fourth-order Runge—Kutta
method with step size (277/w)/1000. First 10° drive cycles are left as transient and
the values of x(¢) corresponding to the next 500 drive cycles are used to compute the
response amplitude. For g = 0 the initial condition is chosen in the neighbourhood
of the origin. For other values of g the initial condition is taken as the last value

Fig. 5.7 Variation of the
response amplitude Q as a
function of g for various fixed
values of number of
breakpoints N of the
system (5.16). F(x) in

Eq. (5.16a) is F; for odd
values of N and F), for even
values of N. For each fixed
value of N, g is varied from
0to 75
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Fig. 5.8 Resonance curves 2
obtained by varying g from 0

to 20 (continuous curve) and N
from 20 to O (dashed curve) 3 E
for N = 2 with F(x) in i
Eq. (5.16a) as F»(x) given by 1 5
Eq. (5.16e). The arrows .
indicate the path followed by

Q when g is varied in the @

forward and reverse

directions

20

of (x,y,z) of previous value of g. When g is decreased from a large value, say 75,
Q is found to follow a different path near each resonance. An example is shown in
Fig.5.8 for N = 2. In this figure solid and dashed curves represent the resonance
curve obtained when g is varied in the forward and reverse directions, respectively.

Before explaining the resonance curves in Fig. 5.8, we point out the influence of
the number of breakpoints N on resonance.

* For each fixed value of N there are N resonances.

* In both cases of varying g in the forward direction from O and in the reverse
direction from a large value, for convenience, we number the resonance peaks
from left-side to right-side as 1, 2, - - - , N. In the former case we denote the values
of g at which ith resonance occurs as g(v’gf and the corresponding value of the
response amplitude as Qr(,f:x - While in the latter case these two values are denoted
as gf/’l)z . and QSZX_R, respectively. The values of g(v‘; and Qr()fgx are independent of V.
This is because the shapes of F(x) between various set of successive equilibrium
points are the same.

e The values of g(v‘; ,i =1,2,--- N are equally spaced for each fixed value of
N. Furthermore, gf/?{ varies linearly with i as shown in Fig.5.9a following the
relation gy, . = 5.304i — 0.615 and g, , = 5.334i — 1.686.

e For each value of N, Qr(rfgxf, i = 1,2,---,N increases with i while Q‘(‘f:x.k
decreases with i, however, both of them approach almost the same constant value.
This is shown in Fig. 5.9b for N = 15.

* In monostable and bistable systems after the last resonance, the response ampli-
tude decays to zero with the control parameter g. In contrast to this, Q approaches
a nonzero limiting value in the system (5.16). We denote O, as the value of Q
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Fig. 5.9 Plots of (a) gg’l){ the value of g at which Q becomes maximum, versus i (the number of

resonance) and (b) Qi,?ax, the value of Q at g = gsll, versus i for N = 15. (¢) Variation of the
limiting value of Q (the value of Q at g = 2000) with the number of breakpoints N. In the subplots
(a) and (c) the continuous lines are the best straight-line fit to the numerical data

computed at a sufficiently large value of g, say, 2000. Figure 5.9c shows the
variation of Q, with N. Q, varies linearly with N as Qp, = 0.62581 4 0.001N.

5.3.3 Jump Phenomenon

We explain now the resonance curves (solid and dashed curves) in Fig.5.8 corre-
sponding to N = 2. In this case, the function F(x) in Eq.(5.16) is F,(x) given
by Eq.(5.16e). In absence of the biharmonic force, the system has three stable
equilibrium points (x* = 0,=£1) and two breakpoints xj, = =+0.5. When the
amplitude of the high-frequency force is varied in Fig. 5.8, one can clearly notice
the occurrence of the hysteresis and jumps in the value of the response amplitude.
In order to get more insight on the resonance curve, we look at the phase portrait of
orbits in the x — y plane along with F,(x) for six values of g in Fig. 5.10.

For 0 < g < 3.74, there are three coexisting periodic orbits of period-T(=
27 /w), one about each of the stable equilibrium points x* = 0,+1 as shown in
Fig.5.10a for g = 3. These orbits do not cross the barriers at the breakpoints. The
Q of these orbits are all the same and < 1. There are no stable orbits about the
breakpoints xy, = £0.5. At g = 3.74 in addition to the three orbits centered about
x*, two more stable periodic orbits of period-T centered about the two breakpoints
x,’;p are born. The five coexisting orbits are displayed in Fig. 5.10b. All these orbits
coexist for 3.74 < g < 4.74. The Q of the newly born two orbits (marked as
L in Fig.5.10b) are the same and much higher than that of the other three orbits.
For example, at g = 3.74 the Q of the orbits centered about the equilibrium points
(marked as S in Fig. 5.10b) and the breakpoints (marked as L in Fig. 5.10b) are 0.628
and 1.693, respectively. At g = 4.74 the S orbits centered about x* disappear and
only the two orbits centered about x;‘p coexist (see Fig.5.10c). Consequently, when
g is varied in the forward direction the response amplitude jumps from a lower value
to a higher value at g = 4.74.



5.3 Vibrational Resonance in a Modified Chua’s Circuit Equation 151

(@O02FT 5 T AMFTT T
=
LT:\] 0oL . - S S
= L/ L

'0.2 | ) | X L 1 L 1 L -
@ 021" g_dm J@f " g=8s9
5 y
o O+ 4 L 4
~ S
Q 4

L

'02 | ) | , [ ] . | . [
(€ 0.2 g=987 /O 4 =1 |
=
< 07 1T ‘
>

'0.2 | X | X L 1 . 1 . L

1.5 0 1.5 -1.5 0 1.5

X X

Fig. 5.10 Phase portraits of the coexisting orbits of the system (5.16) with N = 2 for various
values of g. In the subplots (b) and (d) the value of Q for the orbits S is smaller than that of the
orbits labelled as L

As g increases further from the value 4.74, the orbits expand and Q at the
frequency w decreases. For 4.74 < g < 8.89, the two orbits centered about x;p
alone coexist and moreover they enclose two equilibrium points, one to the left-side
and the other to the right-side of the breakpoint. At g = 8.89 the high-frequency
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force gives birth to a periodic orbit centered about the equilibrium point x* = 0 and
enclosing all the breakpoints. Note that at g = 3.74 the newly born two orbits are
centered about the breakpoints. At g = 8.89 the response amplitude of the newly
created orbit is 1.67, while that of the other two coexisting orbits is 0.92. The three
orbits coexist for 8.89 < g < 9.87. When g is varied in the forward direction, then
in the above interval the orbits centered about the breakpoints alone realized and
hence the resonance curve traces the lower branch (continuous curve) in Fig.5.8.
The upper branch curve (dashed curve) is obtained when g is varied in the reverse
direction from the value, say, 20. The small amplitude orbits centered about the
breakpoints become unstable at g = 9.87, consequently, in Fig. 5.8 there is a jump
in Q from a lower value to a higher value. The value of Q decreases with further
increase in g and there is no more periodic orbits are born as shown in Fig. 5.10e, f.

From the above, we generalize the effect of the high-frequency force in the
system with / breakpoints and / 4 1 equilibrium points. The resonance curve would
display [ jumps. Denote the value of g at which jumps in Q occur when g is varied
in the forward direction as gj; < gj» < - -+ < gji. Further, we denote gy; as the value
of g at which birth to new orbits occurs ith instant and gy; < gj;. For g < gp there
are [ + 1 orbits centered about the equilibrium points. At g = gy, i =odd (even)
I+ 1 —i orbits born with each centered about the / 4 1 — i breakpoints (equilibrium
points) with the value of Q higher than those of the I + 2 — i coexisting orbits
centered about the equilibrium points (breakpoints). These two set of orbits coexist
for gpi < g < gji, i =o0dd (even). At gj;, i =odd (even) the orbits centered about the
equilibrium points (breakpoints) become unstable. For g < g < gp(i+1), I =odd
(even), in the numerical simulation one can realize only the orbits centered about
the breakpoints (equilibrium points). When g is varied in the forward direction from
a small value jumps in the response amplitude Q occur at gj; from a lower value to a
higher value. If g is decreased from a value of g > gj then jumps in Q occur at gy,
from a higher value to a lower value.

5.4 Stochastic Resonance in the Pendulum System

Nicolis [3] investigated theoretically the role of stable and unstable equilibrium
points on stochastic resonance for the overdamped pendulum system. The occur-
rence of stochastic resonance has been shown by using a theoretical approach. The
noise intensity at which resonance occurs is found to increase with the frequency
of the input periodic signal for various fixed numbers of equilibrium points. This
section is a brief review of the analysis presented in [3].

Consider the overdamped version of the pendulum system given by

. aUu
o=, (5.19
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where 7(f) is a Gaussian white noise with variance o and U(6,1) = Uy(0) +
fOsinwt. Uy(0) is the potential of the form Uy(f) = —cos 6,0 < 6 < 27n with
stable (6)) and unstable (6;) equilibrium points given by

=Q2n+Dr, n=0,1,---, 6F=2nm, n=12,--. (5.20)

The Fokker-Planck equation for the probability density p(8) for the system (5.19) is

o 0 aly 1,9
FTRET [(—8—9 +fsmwt) i| + -0 297 5.21)

The solution of (5.21) consists of small-scale diffusion and large-scale transitions.
The diffusive motion takes place around each of the stable equilibrium points
while the transitions are between neighbouring stable equilibrium points through
the intermediate unstable equilibrium points and its rate depends on the potential
barrier given by

AU = AUy — fAO sinwt = Upy — Ups — f(6) — 0F) sinwr, (5.22)

where A6 is the distance between the adjacent 6 and 6. The rate is given by the

Kramers’ formula
k(r) = ,/|U’/U’/| e24U/a* (5.23)

where prime denotes differentiation with respect to 6.

Let us denote p; as the transition probability of ith state and write p(f) = po +
fép(r) where py is the probability when f = 0 and py and §p are normalized to unity
and zero, respectively. Then write

dé
d_tp = M()SP +fsin wt Ap() (524)

The solution of (5.24) in the limit of t — o0 is
3p(?) = f(A coswt + Bsinwt), (5.25a)
where
8pi(t) = R;sin(wt + ¢;) (5.25b)

2 2 (A
R; =fy/A; +B;, Q;=tan 7 ) (5.25¢)

i
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Use of (5.25) in (5.24) gives
A= (M3 +0’) wap). B=-M[08 + o) Ap].  (526)

Next, define A, and u; be the eigenspectra of My: Mow; = Auy. Expansion of Ap,
in the basis of uy is Ap, = ZZ=1 YxUx. This results in

n n

A
A= Z /\2 a2 B = —Z 2+ : T o VK (5.27)

Ay and uy are calculated as

n

k—1
A = 2ko — 2k cOS [J} k=1,2.---.n, (5.28a)

(k— 1)(2i — 1)71

uy =1, u};:cos[ >
i=12,---,n k=23, ,n (5.28b)

For k = 1 the norm of w; is N = 1/./n while for other values of k the norm is
+/n/2.Then p, and y; are obtained as

1
Poi = — (5.29a)
n’
871k0 (k - Dr
, for k even
Nn(f2 2n
Yk = (5.29b)
0, otherwise.
Finally, one obtains [3]
8mky w [(k— 1) [ (2i— 1)(k—1)x ]
;= cos cos )
N?no? = A} + w? | 2n ] i 2n i
(5.30a)
8k Ak [(k— 1) [ (2i— 1)(k—1)x ]
B, = cos cos
N?no? = A} + w? | 2n ] i 2n i
(5.30b)

Figure 5.11a shows the variation of R; with i (the number of equilibrium states) for
three values of w/ky where the values of 7 and o2 are kept constant. R; is maximum
for the two end states i = 1 and n(= 30) and it decreases as i moves towards the
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Fig. 5.11 (a) R; versus i for three fixed values of w/ky. (b) Dependence of R; with n for three
fixed values of w/ko [3]. (Figure 5.11 adapted with permission from Ref. [3]. Copyrighted by the
American Physical Society.)

middle state. Figure 5.11b presents R; as a function of n. R is maximum at some
specific value of n, that is, there exists an optimal number of equilibrium states for
which the response is maximum.

5.5 Stochastic Resonance in a Multi-Scroll Chua’s Circuit
Equation

The modified Chua’s circuit equation driven by a periodic force and noise is given by

x=ay—aF(x), (5.31a)
y=x—y+z, (5.31b)
z = —By + fsinwt + n(7), (5.31¢)

where F(x) is given by Eq. (5.16d—f). () is the Gaussian white noise with mean 0
and intensity D. In this section we analyse the occurrence of stochastic resonance in
the system (5.31) with specific emphasize on the role of the parameter N (number
of equilibrium points) in Eq. (5.16). The system (5.31) in the absence of external
forces with F; (x) possesses N = 2n equilibrium points, while with F, (x), the system
admits N = 2n + 1 equilibrium points. To realize the system (5.31) with an even,
respectively, odd number of equilibrium points, use the functions F(x) and F,(x),
respectively, as F(x).

We fix the values of the parameters as @« = 6, 8 = 14, A; = 0.5, § = 0.25,
o = 0.05and f = 0.07, so that the noise free system possesses N coexisting period-
T(= 2n/w) orbits. About each equilibrium point, there exists one periodic orbit.
Between two consecutive equilibrium points, there is a finite height barrier located
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at the breakpoint. There is no cross-barrier motion for the above parametric choice.
Barrier crossing can be induced by the additive noise term. Figure 5.12 presents
the SNR profile for N € [2,20]. In this figure for each fixed value of N, as the
noise intensity D increases from a small value the value of SNR increases, reaches a
maximum value at a optimum noise intensity denoted as Dyax and then decreases.
This is a typical signature of the stochastic resonance phenomenon.

Figure 5.13 shows time series plots for a few values of D with F(x) = F;(x) and
n = 1 (N = 2). For small values of D the motion is confined about each of the two
stable equilibrium states as in Fig. 5.13a. In Fig. 5.13b for d = 0.04 the state variable

30

SNR
[ —
—

i

0 10 20

Fig. 5.12 Variation of signal-to-noise ratio (SNR) as a function of noise intensity D for N =

2,3,-++,20. For even values of N the function F(x) is F|(x) while for odd values of N the function
F(x) is F5(x)
(@ 15 . : : — () ‘ ‘
N=2 D=0.004 L5 N=2  D=0.04
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Fig. 5.13 x versus ¢ for four values of noise intensity D of Eq. (5.31) with two equilibrium points
(N = 2). For bistability F(x) is chosen as F|(x) withn = 1sothat N = 2n =2
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switches irregularly but occasionally between the positive and negative values, that
is, between the two sides of the barrier. In a bistable oscillator with double-well
potential this type of motion corresponds to cross-well motion and the depth of the
well and the local maximum of the potential correspond to a barrier height and a
breakpoint in the function F(x). One can regard F(x) of Eq.(5.31) as a potential
type function. At D = 0.14 (see Fig. 5.13c) almost periodic switching is seen. SNR
is maximum at this value of D. For sufficiently large values of D the trajectory
jumps erratically between the two sides of the barrier. This is shown in Fig.5.13d
forD = 0.4.

Figure 5.14a, b depict the effect of N on Dyax and SNRyax, respectively. Dyax
monotonically increases with N and the variation is not a linear function of N.
Though the barrier height remains the same at all the breakpoints and same for all
values of N > 2 the value of Dyjax depends on N. Even though Dyax increases with
N the SNRyax neither increases nor decreases monotonically with N as shown in
Fig.5.14b. Interestingly, SNRyvax increases with N becomes maximum for N = 6
and then decreases. This implies that along with the optimum noise intensity an
optimum number of equilibrium points can be used to enhance the stochastic
resonance. In this connection, it is noteworthy to point out that for the pendulum
system with N coexisting states, Nicolis [3] (refer Fig. 5.11b) theoretically predicted
that there exists an optimal number of coexisting states for which the response of
the system at resonance is maximized.

Figure 5.15 presents the periodic switching between the coexisting states at D =
Dyax for N = 2, 4 and 6. In this figure corresponding to the two coexisting states
(N = 2) the trajectory switches almost periodically between the states. For the case
of four and six coexisting states as shown in Fig. 5.15b, c, respectively, the trajectory
visits the states one by one from say, left most state to right most state, reverses the
direction of visit and so on. One can clearly notice that the time spent about an
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0.4} i
1 %
e S
S 03} - DZ: 25 .
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Fig. 5.14 Variation of (a) Dyax and (b) SNRyax with the number of equilibrium points N
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Fig. 5.15 x(r) versus ¢ for three even integer values of N at D = Dyax at which SNR is maximum.
Similar periodic switching to coexisting states occurs for odd integer values of N

equilibrium point varies with N. When the system has N equilibrium points then
there are (N — 1) breakpoints in the function F(x). Suppose we denote the left most
breakpoint as xg)), next one as xf)p) and so on. We call the region x < x( ) as Ry,

~

x]()L) <x < x]()) as R, and finally x > xbp_l) as Ry. For N > 2 during one drive

cycle a trajectory after transient motion enters and leaves the regions R; and Ry
once while twice the other regions. Denoting Ty, R as the mean residence time in the
ith region then at D = Dyax

) +2ZT“> T = T. (5.32)

For each fixed value of N the mean residence times in each of the N regions are all
the same and Tyr = T/[2(N — 1)]. It is possible to realize mean residence time
based signal detection. For details see [20-22].

5.6 Comparison Between Stochastic and Vibrational
Resonances

Although the stochastic and vibrational resonances profiles are similar, there are
characteristic differences between them. Some of them are listed below.

1. The noise effect in stochastic resonance of a system is described by a
stochastic differential equation, whereas the high-frequency induced vibrational
resonance is described by a deterministic equation of motion.

2. Some kind of bistability is necessary to realize stochastic resonance. In contrast
to this, vibrational resonance can occur even in a monostable nonlinear systems.
Both resonances cannot occur in a linear system.
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. Noise driven bistable and multistable systems are generally found to show only

a single resonance. Multiple vibrational resonance can occur even in certain
monostable systems.

In stochastic resonance the noise changes both the effective stiffness and the
damping factor of the system, whereas in the vibrational resonance the high-
frequency force changes only the effective stiffness.

. The mechanism of stochastic resonance is the same in both overdamped and

underdamped systems. The mechanism of vibrational resonance is different in
overdamped and underdamped systems. In the overdamped systems, vibrational
resonance always occur at the bifurcation of the equilibrium point about which
slow oscillations occur. In the underdamped systems, the response amplitude
is minimum at the bifurcation point and resonance occurs when the resonant
frequency of the slow oscillation matches with the low-frequency of the input
signal or it is locally minimum.

. In the stochastic resonance, at the resonance there is a periodic switching

between the bistable states or the potential wells. Cross-well motion is not a
precursor for vibrational resonance.

. In a periodic potential system, stochastic resonance is found only for the input

signal frequency, much higher than the natural frequency of the system at the
bottom of the well. In a periodic potential system, the response amplitude Q(g)
(where g is the amplitude of the high-frequency input signal) in the presence
of a biharmonic signal shows number of resonance peaks and is always greater
than Q(g = 0) if the resonant frequency (w;) is less than the natural frequency
of the system at the bottom of the well. When o, is greater than the natural
frequency, then there are numerous resonance peaks but Q(g) is always lower
than Q(g = 0). In both cases, Q never decays to zero and approach a limiting
nonzero value, even in the limit of g — oo.

In the case of noise-induced resonance, the motion of the system can be chaotic.
In the vibrational resonance, at the resonance the motion of the system is
nonchaotic and it is periodic for rational values of w/£2 and quasiperiodic for
irrational values of w/$2.

In an excitable system at both stochastic and vibrational resonances, the mean
waiting time of the system in the neighbourhood of the equilibrium point
between two consecutive firings is 7/2, where T is the period of the input
periodic signal.

Both resonances are possible with aperiodic input signals.

5.7 Concluding Remarks

There are few rich features of vibrational resonance and stochastic resonance in
the pendulum system and the modified Chua’s circuit model equation. In the
case of vibrational resonance the stability of the equilibrium points around which
slow oscillations occur is altered when the control parameter g is varied. In the
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conventional vibrational resonance, Q(g) decays to zero for large values of g.
Different from this, in the above two systems Q profile displays multiple resonance
peaks and Q(g) approaches a limiting nonzero value for large values of g. All
the features of vibrational resonance in the pendulum system are explained by the
theoretical approach. It has been shown that the number of resonance is equal to
the number of breakpoints. An interesting feature of the Chua’s circuit is that the
number of breakpoints in the characteristic function can be easily varied. Thus, the
number of resonances can be easily varied by varying the number of breakpoints.

Regarding the noise-induced resonance, for the modified Chua’s circuit system
with a number of equilibrium points N ranging from 2 to 20, for each fixed value of
N, the quantity SNR is found to be maximum at an optimum noise intensity (Dyax).
Dyax increases with N, while the maximum value of SNR at Dyax (denoted as
SNRyax) increases with N, becomes a maximum at N = 6 and then decreases.
For each fixed value of N (2 to 20) at resonance almost periodic switching between
scroll orbits occur. The mean residence time Tyr on a scroll orbit at resonance (D =
Dyax) decreases with N. Further, Tyr (Dyax) = T/[2(N — 1)] where T = 27 /w
and o is the frequency of the input periodic signal. Because the nonlinearity in the
circuit is a symmetric saw-tooth function, Tyr on each scroll is the same.

References

. Y.W. Kim, W. Sung, Phys. Rev. E 57, R6237 (1998)

. J. Kallunki, M. Dube, T. Ala-Nissila, J. Phys. Condens. Matter 11, 9841 (1999)

. C. Nicolis, Phys. Rev. E 82, 011139 (2010)

. S. Saika, A.M. Jayannavar, M.C. Mahato, Phys. Rev. E 83, 061121 (2011)

. S. Rajasekar, K. Abirami, M.A.F. Sanjuan, Chaos 21, 033106 (2011)

M. Borromeo, F. Marchesoni, Phys. Rev. E 73, 016142 (2006)

. M. Borromeo, F. Marchesoni, Phys. Rev. Lett. 99, 150605 (2007)

. A. Wickenbrock, P.C. Holz, N.A. Abdul Wahab, P. Poonthong, D. Cubero, F. Renzoni, Phys.

Rev. Lett. 108, 020603 (2012)

. R.N. Madan, Chua’s Circuit: A Paradigm for Chaos (World Scientific, Singapore, 1993)

10. L. Fortuna, M. Frasca, M.G. Xibilia, Chua’s Circuit Implementations: Yesterday, Today and
Tomorrow (World Scientific, Singapore, 2009)

11. R. Kilic, A Practical Guide For Studying Chua’s Circuits (World Scientific, Singapore, 2010)

12. S. Yu, W.K.S. Tang, G. Chen, Int. J. Bifurcation Chaos 17, 3951 (2007)

13. G.Q. Zhong, K.F. Man, G. Chen, Int. J. Bifurcation Chaos 12, 2907 (2002)

14. S. Yu, J. Lu, H. Leung, G. Chen, IEEE Trans. Circuits Syst. I Fundam. Theory Appl. 52, 1459
(2005)

15. I. Lu, G. Chen, Int. J. Bifurcation Chaos 16, 775 (2006)

16. E. Campos-Canton, J.G. Barajas-Ramirez, G. Solis-Perales, R. Femat, Chaos 20, 1 (2010)

17. A. Boukabou, B. Sayoud, H. Boumaiza, N. Mansouri, Int. J. Bifur. Chaos 19, 3813 (2009)

18. G. Sakthivel, S. Rajasekar, K.T. Thamilmaran, S.K. Dana, Int. J. Bifurcation Chaos 22,
1250004 (2012)

19. S. Arathi, S. Rajasekar, J. Kurths, Int. J. Bifurcation Chaos 23, 1350132 (2013)

20. L. Gammaitoni, A.R. Bulsara, Phys. Rev. Lett. 88, 230601 (2002)

21. A.R. Bulsara, C. Seberino, L. Gammaitoni, M.F. Karlson, B. Lundqvist, J.W.C. Robinson,
Phys. Rev. E 67, 016120 (2003)

22. A. Dari, L. Bosi, L. Gammaitoni, Phys. Rev. E 81, 011115 (2010)

I I N N T

Nl



Chapter 6
Nonlinear and Vibrational Resonances
in Time-Delayed Systems

When the state of a system at time ¢ depends on its state at a shifted earlier time, say,
t — «, then a time-delayed feedback term is introduced in the equation of motion of
the system. The feedback can be linear or nonlinear. Time-delayed phenomena are
ubiquitous in many nonlinear systems due to a finite propagation time in biological
networks, finite reaction times, memory effects, etc. [1—4]. On the other hand, in a
variety of physical, engineering and biological systems the time-delayed coupling is
inevitable because of finite propagation time of transport of information and energy
[5-13].
A first-order delay differential equation is of the form

x=F(t,x(t), x(t — o)), 6.1)

where o; > 0,7 = 1,2,--- are delay times. The time-delays «; can be of different
types depending upon the nature of the sources of the time-delay. In the nonlinear
dynamics literature the effect of the following types of time-delay is investigated in
a variety of nonlinear systems [4]:

1. A single constant delay: «; = o = a constant, i = 1.
2. Multiple time-delay: o; = i, « = aconstant, i = 1,2,---,m. An example is
m

1
Flx(t =) = — > x(t - ie).

i=1
3. Integrative time-delay: A delay term of this kind is represented as (x), =

1 o
— / x(¥)dr.
& Ji—a o

4. Distributive time-delay: An example is / G()x(t — @) do where G in the case
0

of gamma distributed delay is o”~'aPe =% /I" (p) with p and a > 0.
5. Time-dependent delay: «(f) = a + bt or a + b/t with o < ¢.
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6. State-dependent delay: o = F(x(f)). An example is «(x(f)) = |x(?)|.
7. Random delay: o = |£(¢)| where £(¢) is, for example, Gaussian random numbers
with mean 0 and variance 0.

Study of various nonlinear phenomena in time-delayed systems has received a
great interest. Time-delayed nonlinear systems are found to show interesting dynam-
ical phenomena such as novel bifurcations [14, 15], amplitude death [16], strange
nonchaotic attractors [17], hyperchaos [18], stochastic dynamics [19-21], excitation
regeneration [22], re-entrance phenomena [23, 24], patterns [25], improvement
of synchronization [26], destabilization of synchronous states [27], intermittent
transition to synchronization [28, 29], travelling waves [30] and generation of
chaotic radiation in a travelling wave tube amplifier [31]. Stochastic resonance
has been studied in certain nonlinear systems with time-delay [32-38]. Coherence
resonance, a resonance dynamics in the absence of an external periodic force
[39] has also been analysed in a time-delayed system. The effect of time-delay
has been studied experimentally in the Belousov—Zhabotinsky reaction [40, 41].
Numerical evidence for multiple vibrational resonance induced by time-delayed
feedback in overdamped uncoupled and coupled bistable systems [42, 43] has been
also reported.

The main goal of the present chapter is to explore the effect of constant and
multiple time-delays on vibrational resonance. Before that, it is noteworthy to point
out that time-delay is ubiquitous in dynamical systems. We choose the Duffing
oscillator as a reference model for all our analysis in this chapter. In certain physical
and biological systems, local information is also used in signal amplification. Thus,
it is important to analyse the possibility of improving the response of a single
system by means of time-delayed feedback signals. Therefore, before investigating
the occurrence of vibrational resonance in a time-delayed dynamical system, the
enhancement of response of a system in the presence of single periodic force and
a time-delayed feedback will be explored. Next, absence of vibrational resonance
in a linear system with time-delayed feedback will be shown. Then, the effect of
single and multiple time-delay on vibrational resonance in Duffing oscillator will be
analysed. Finally, the occurrence of vibrational resonance in the presence of certain
other types of time-delayed feedback will be presented.

6.1 Time-Delay is Ubiquitous

Let us enumerate some of the notable examples of time-delay in different branches
of science.

1. Propagation delays are common in networks [5], laser arrays [6-8], electronic
circuits [9], neural systems [10-12], high-speed milling and optical and opto-
electronic circuits.
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In ecological systems, time-delay arises when the gestation or incubation times
depend on the variations of the external environment and living conditions due
to climate and weather changes [13, 44-46]. In a population growth delay may
arise due to age structure, for example, in view of time spent in a larval stage
before growing into an adult.

. Typical examples of systems with delays are given by maturation times [46],

hydrodynamic problems [47], chemical surface reactions [48] and feedback
regulated voltage-controlled oscillators [49, 50].

. It is noteworthy to mention that delayed self-communication is of great

significance because of its regulatory mechanism in nature and technology
[51, 52]. Examples include excitable gene regulatory systems [53] where time-
delay is inevitable due to the slow processing of transcription, translation
and translocation, eye movements [54], human balance [55] and optically
communicating semiconductor lasers [56].

. In neural networks, communicating between the various areas may take place

in delays ranging from few milliseconds to hundreds of milliseconds due to the
finite speed of the transfer of data in the axons and dendrites and because of
the processing latency in the synapses [57]. In neural systems, the source for
a precise firing of basket cells in the hippocampus during Theta and Gamma
rhythm is delayed feedback.

. In epidemic model systems delays are introduced to take into account the time

spent in various stages of the disease. This is because one does not recover from
a disease instantaneously but only after some time.

. Time-delay enters in the immune response models, if the outbreak of a disease

caused by an infection is due to biological and environmental processes [58].

. In a chemostat (a device used for the continuous culture of microorganisms)

model, time-delay is introduced to account for the time required for conversion
of nutrient consumed into viable cells [59].

Generally, diseases have the incubation period. In the case of malaria, the
malaria parasites would undergo certain developments in the host before
becoming infections. The period of this development, referred as the incubation
period, normally varies from 10 to 21 days in mosquitoes. In rabies the
incubation period ranges from 2 weeks to several months. In models of diseases,
time-delay is included to account for the incubation period [60, 61].

In certain medical application, drugs are delivered via bubble transport.
Microbubbles filled with a drug are utilized as a transporting agent for delivery
and are sent towards a target by means of ultrasound forcing [62—-64]. In order
to study the behaviour of interacting microbubbles, it is necessary to take into
account the speed of sound in the liquid. This will lead to a time-delay in
induced pressure waves between bubbles.

In biochemical reactions, a source of time-delay can be the response time of the
last step.

In coupled systems, coupling transmit one or more variables to the neighbours.
Often the transmission time is larger than the internal time scales of the systems.
In this case, coupling terms consisting of time-delayed variables are realistic.
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Message decoding in chaos based communication systems would require
chaos synchronization between multiple time-delayed transmitter and receiver
systems. In high speed chaos-based communication systems [65] external
cavity semiconductor lasers form an integral part. In practical applications such
lasers may be subject to more than one optical reflection. This would lead to
multiple time-delays. It has been pointed out that inclusion of several external
cavities could provide higher security for such communication systems [66].

In nonlinear optics, periodic and chaotic outputs are realized by a delayed
feedback [67]. Such delay induced dynamics is used to design practical systems
including high-frequency and broadband optical chaotic oscillators for secure
chaos communication [68] or high-speed random number generation [69] or to
develop alternative imaging techniques [67]. Experimental evidences are reported
for delayed recurrent excitations induced regulation of the structure of the interspike
intervals in the presence of noise [70]. Delayed self-coupling in the study of the
pacemaker cells of crayfish [71] is found to give rise bursting and high-frequency
discharges with relatively long quiescent intervals [72].

6.2 Nonlinear Resonance in Time-Delayed Duffing Oscillator

The equation of motion of the Duffing oscillator with a time-delayed linear feedback
term is given by

¥+ di + wix + BxX’ + yx(t — a) = f cos wt. (6.2)

Applying a perturbation theory to Eq.(6.2), we obtain a nonlinear equation for the
amplitude A of a period-T(= 27 /w) solution and analyze the effect of the time-
delayed feedback on the amplitude A [73].

6.2.1 Theoretical Expression for Response Amplitude

Assume the solution of (6.1) as given by Eq. (1.3). Substitution of the solution (1.3)
and the approximation of x> given by Eq. (1.4) in Eq. (6.2), neglecting 4, b, da and
db as they are assumed to be small and then equating the coefficients of sin w and
cos wt separately to zero lead to the equations [73]

. b 3 da
a = —% I:(,L)2 —a)g — Zﬂ(dz + b2)i| — ?
v

+2w

l[a(t — o) sinwo + b(t — o) cos wa] , (6.3a)
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P 4 2 2 E 2 N @ i
b_Za)[w @)~ 3Pl +b)} 2 "2
—2l [a(t — a) coswa — b(t — @) sin wa] . (6.3b)
1))
Introducing the transformation
a(t) = A(f)cos 6(r), b(r) = A(r)sin 6(z) 6.4)
with A2 = a? + b?, Eq. (6.3) become
. dA At —
A=—+ i sin 6 + u [sinwa cos(80 — O(t — )
2 2w 2w
—coswa sin(0 — 0(t — )], (6.52)
. A 3 f
Al = % |:a)2—a)§— ZﬂA2i| + %COS@
At —
_YAC— D) wasingd — 6 — )
2w
+ coswa cos(f — O0(r — a))] . (6.5b)

In the long time limit, after transient motion, the solution (1.3) is periodic with
period-27/w provided a(?) and b(f) become constants as t — oo. The limiting
values of a and b are related to the equilibrium points of Eq. (6.5). To determine the
equilibrium points of (6.5), we set A = 6 = 0, A(t — a) = A(f) = A*, 0(1 — ) =
0(t) = 0* and drop “*’ in A and 0 for simplicity. This gives

dAw — yAsinwa = fsin 0 (6.6a)
and

3
A |:a)§ —0’+ Z'BA{| + yAcoswa = fcos 6. (6.6b)

Elimination of sin 8 and cos 6 in Eq. (6.6) gives
3 2
A? |:(a)§ -+ Z,BA2 + y cos wa) + (dow —vy sinwa)2:| —fF=o0. (6.7)

An interesting result is that in Eq. (6.7) the time-delay parameter « appears as the
argument of sinusoidal functions. If A(cg) with 0 < o9 < 27/w is a solution of
Eq. (6.7), then it is also the solution for o, = g +n2n/w,n = 1,2,---. That is, the
response amplitude profile is periodic on « with period 27 /w. There is no periodic
term in (6.7) for y = 0.
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6.2.2 Response Amplitude A Versus the Control Parameters
@,y and o

Now we analyse the variation of the response amplitude [73] with the parameters
o, vy and o. We fix the values of the parameters as d = 0.1, f = 0.05, a)g = 1 and
B = 2. Figure 6.1 shows the theoretical response amplitude curve [calculated from
Eq. (6.7)] for a range of fixed values of « for y = 0.05 and —0.05. The effect of
positive and negative feedbacks can be clearly seen. The frequency-response curve
varies periodically with respect to the control parameter «. In order to compare
the theoretical response amplitude A with the numerical value A, we integrate (6.2)
using the Euler method with integration step size 0.001. A very good agreement is
observed between the theoretical prediction and the numerical simulation.

One of the interesting results, as shown in Fig. 6.1, is the amplification of the
amplitude A for both positive and negative values of the feedback strength y. This
feature has practical applications in many systems including nonlinear circuits,
lasers and population growth. When the implementation of a particular type
of feedback is not advantageous, then one can choose the other form of the
feedback. For instance, in nonlinear circuits, particularly in amplifiers, the positive
(regenerative) feedback gives large gain factors but with less stable and largely
distorted output. In contrast to this, in the case of negative (degenerate) feedback,
the gain factor will be relatively lower. However, the output will become relatively
more stable with less distortion. When it is desired to have a highly stable and less
distorted output signal, one may prefer a negative feedback.

In Fig. 6.1, one can clearly observe hysteresis for a certain range of values of «
and . In the hysteresis region, the system (6.2) with time-delayed feedback admits
two stable period-7 solutions and one unstable solution for a range of values of w.
For @« = 1.5, the theory predicts this interval of w as [1.15,1.26], while in the
numerical simulation this interval of w is [1.15, 1.25]. For a certain range of values
of o, the hysteresis phenomenon is suppressed. Figure 6.2 shows the two coexisting

(b) v = —0.05
0.6
0.4
0.2

Fig. 6.1 Plot of the amplitude A of the period-7" solution of the system (6.2) with a fixed time-
delayed feedback (x(r — «)) as a function of w for several fixed values of « in the interval [0, 12]
for (a) y = 0.05 and (b) y = —0.05. The values of the other parameters are d = 0.1, f = 0.05,
w}=1land B =2
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Fig. 6.2 Phase portrait of the 1 : : :
two coexisting periodic orbits
of the system (6.2) with
time-delayed feedback with
y = 0.05,« = 1.5 and 0.5 |- ]
w =125
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period-T orbits of the system (6.2) for y = 0.05, « = 1.5 and w = 1.25. Time-
delayed feedback is able to create an additional periodic orbit which otherwise
would not exist. For example, when f = 0.03, y = 0.05 and ¢ = 1.5 both
large amplitude and small amplitude orbits coexist for w € [1.092, 1, 1465]. In the
absence of time-delayed feedback, only a small amplitude orbit is present in this
interval of w.

For a range of fixed values of «, we calculate the value of w (denoted as wp,yx) at
which the response amplitude A of outer and inner orbits become maximum and the
corresponding value of A (Ap.x) from the theoretical expression, Eq. (6.7), and also
from the numerical solution of the system (6.2). The result is presented in Fig. 6.3
for y = 0.05 and —0.05. Both @wyax and Apax vary in a sinusoidal manner with the
delay parameter «. The difference in the effect of y < 0 and y > 0 can be clearly
seen in Fig. 6.3. In this figure one can observe that for a range of values of o the
inner orbit is not present.

Next, we vary the delay parameter o for fixed values of w. An interesting
observation from the theoretical equation for A given by Eq.(6.7) is that it has a
periodic dependence on o with period-7" which is the period of the assumed periodic
solution. For both y = 0.05 and —0.05 and for @ < 1.092 and @ > 1.275, the
amplitude A is single-valued when « is varied. A multiple branch of A is found for
w € [1.092, 1.275]. Figure 6.4a shows multiple branches of A and the path followed
in the numerical simulation when « is varied in the forward and reverse directions
forw = 1.13 and y = 0.05.

For v = 1.13 the multiple branches of A occurs for « € [1.53 + 2n7/w, 2.74 +
2nw/w], n = 0,1,---. When « is increased from a small value, a jump from a
higher value of A to a lower value of A suddenly occurs at « = 2.74 + 2nw/w.
On the other hand, a jump occurs at « = 1.53 + 2n7/w from a lower value of A
to a higher value of A when « is decreased from a higher value. We take the initial
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Fig. 6.3 Variation of (a) wn.x, at which the response amplitude A of a large orbit (outer orbit
shown in Fig. 6.2) becomes maximum and (b) A, of a large orbit with the time-delay parameter
« for two fixed values of the strength y of the fixed time-delayed feedback. The subplots (¢) and
(d) are for the small amplitude orbit (inner orbit shown in Fig. 6.2). Theoretically and numerically
calculated values of wn,x and A« are represented by lines and symbols, respectively

condition x(z) = 0.5 and x(¢) = 0 for ¢t = 0 to «, in the numerical simulation for the
starting value of «. For all other values of « the solution (x(7), x(¢)) corresponding
to the previous value of « is chosen as the initial condition. The two coexisting
stable branches of A are smoothly connected by the unstable branch. None of these
branches exist for the entire range of values of «.

Next, Fig. 6.4c where w = 1.22, gives an example for a different situation where
a stable branch (lower branch) exists over the entire range of values of o, while
another stable branch occurs for a certain range of a. A consequence of this is that
hysteresis cannot occur when « is either increased or decreased from a value. In the
numerical simulation, we observe the solution corresponding to the lower branch
when the initial condition for the present value of « is chosen as the solution of the
previous . However, if the initial condition is the same for all values of «, then
a jump phenomenon can occur for certain set of initial conditions. For example,
suppose the initial condition is chosen as (x(7), (7)) = (0.6,0) for 0 < ¢ < «, then
the upper branch of A in Fig. 6.4c is realized for the values of « for which it exists.
When « is increased or decreased, a sudden jumping between the upper and lower
branches occurs at « = 0.57 4 2nw/w and 1.89 + 2nw/w,n = 0, 1, - - - as depicted
in Fig. 6.4c. This type of behaviour is not found in the Duffing oscillator in absence
of time-delay. That is, hysteresis can be suppressed by an appropriate time-delayed
feedback. The influence of time-delayed feedback with y = —0.05 is shown in
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Fig. 6.4 Response amplitude versus the delay parameter o for two set of values of w and y. In the
subplots (a) and (b) where v = 1.13 different paths are followed when « is increased from 0 and
decreased from a large value. In the subplots (c¢) and (d) where @ = 1.22 A follows the same path
when « is varied in the forward and backward directions. Continuous lines denote the numerical
simulation. Solid and open circles represent the theoretical A in the stable and unstable branches,
respectively, of the response curve. A is periodic with period 27/w

Figs. 6.4b, d. These figures can be compared with Figs. 6.4a, ¢ corresponding to the
case y = 0.05.

6.3 Resonance in a Linear System with Time-Delayed
Feedback

This section considers both an underdamped and an overdamped linear system with
linear time-delayed feedback and driven by two periodic forces. The equation of
motion of the underdamped linear system with a linear time-delayed feedback is
given by

%+ di + wlx + yx(t — &) = fcoswt + gcos 21, (6.8)
where 2 > o, a)g > 0and d > 0. o > 0 is the time-delayed parameter and y is

the strength of the feedback term. The general solution of Eq. (6.8) forf = g = 0
is not known. Equation (6.8) with f = g = y = 0 is a damped linear system. Its



170 6 Nonlinear and Vibrational Resonances in Time-Delayed Systems

equilibrium point (x*,x*) = (0, 0) is stable. Whenf = g = O and y # 0, Eq. (6.8)
exhibits damped or periodic or growing oscillations depending upon the values of y
and « [4]. In the limit # — oo we seek the solution of Eq. (6.8) in the form

x(t) = Ay cos(wt + ¢,) + A cos(2t + @) . (6.92)

The unknowns A,, and ¢,, are determined as

A, = L S, = [(a)z - w2)2 + y cos a)a]2 + [~dw + y sin wa]?
w m7 w 0 P
(6.9b)
—d i
$o :tan_1|: fo Ty } . (6.9¢)
Wy — w* + y coswuo

Replacement of @ and f by §2 and g, respectively, in Egs. (6.9b) and (6.9¢) gives
Ag, Sq and ¢g. In the linear system, the frequencies of the output are the same
as those at the input driving force. Changes take place only in the magnitudes and
phase factors of the frequency components.

As f(g) increases A,(Agp) also increases. Resonance does not occur at the
frequencies w or §2 when f or g is varied from a small value. Thus, there is no
vibrational resonance in the linear system with time-delayed feedback. However,

when « is varied, a resonance occurs at the frequency w. The condition for resonance

ds . .
i 0 gives the value of @ at which resonance occurs:
o

o (w) = %tan_1 (%) . (6.10)

— g

A, becomes maximum at o = o,.
For the overdamped linear system

)'c—i-ng—i-yx(t—a) = fcoswt + gcos 2t (6.11)

the solution in the limit of + — oo is given by Eq. (6.9a) with

f 2 2 . 2
Ay = —, Sp = (a)O + y cos a)a) 4+ (—w + ysinwa)” , (6.12a)
VA
by = tan”! (M) _ (6.12b)
wy + Y coswa

Ag and ¢p are obtained from Eq.(6.12) by replacing f and @ by g and £2,
respectively. Does vibrational resonance occur in the overdamped system?
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6.4 Vibrational Resonance in an Underdamped
and Time-Delayed Duffing Oscillator

Consider the time-delayed underdamped Duffing oscillator driven by the bihar-
monic force given by

¥ 4 di + wix + BxX* + yx(t — &) = f coswt + gcos 21 . (6.13)
In this section first a theoretical expression for the response amplitude Q in the
presence of time-delay feedback in the underdamped Duffing oscillator will be

obtained. Using this expression, the occurrence of vibrational resonance in both
the double-well and the single-well cases [74] will be analysed.

6.4.1 Theoretical Expression for the Response Amplitude Q

Seeking the solution of Eq. (6.13) for 2 > w asx = X(1) + ¥ (t, T = £21) gives

X +dX + (0} +3B(¥°NX + BX® + (¥) + yX(1 — )

+3BX%(y) = f coswt, (6.14)
¥+ dY + ofy + 3BXP (Y — (¥) + 3BX (Y — (¥7))
+B(W> — (Y3) + y¥(t — Qa) = gcos 21, (6.15)

where (") = (1/2m) fozn Ydz. Neglecting the nonlinear terms in Eq. (6.15), the
solution of the linear version in the limit t — oo is ¥ = (g/u) cos(t + ¢) where

n? = (wg — 2% + y cos .Qo:)2 + (—d$2 + y sin Qa)? (6.16a)
and
—dS2 in 2
¢ = tan”"! ( : j ysmio ) . (6.16b)
wy — §22 4+ ycos La

For a fixed value of y, the quantity p varies periodically with « with period 277/ £2.
In absence of time-delay i ~ $2%. The obtained solution for ¥ gives (¥) = 0,
(¥?) = g*/(2u?) and (¥*) = 0. Now, Eq. (6.14) becomes [42]

X +dX 4+ CX + BX> + yX(t — @) = f cos wt, (6.17a)
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where

3Bg*

Ci :w§+ 2/"2

_ (6.17b)

When f = 0, the equilibrium points of Eq. (6.17) are

c
X} =0, X:’L:ﬂ:‘/—%. (6.18)

Slow oscillations occur around these equilibrium points.
Next, consider the deviation Y of X from X™* and obtain

Y +dY + oY + 3BX*Y? + BY? + yY(t —a) = fcoswt, (6.19a)
where
w? = C; + 3pX*%. (6.19b)

For the choice f <« 1, |Y| <« 1 and hence the nonlinear terms in Eq. (6.19a) can
be neglected. Then its solution in the limit t — oo is Ap cos(wt + @) where A, =

f/VS,

S = [0} — (w* — y cos wo:)]2 + [~dow + y sinwa]? (6.20)
and
1 —dw + y sinwa
® = tan — . 6.21)
w? — (w? —y coswa)

An important observation from the theoretical expression of Q is that it has a
periodic dependence on o with two periods 27 /w and 27/£2. In the expression
for Q the quantity @? has a periodic dependence on & with period 27/£2. In Q,
there are two other terms containing o and are oscillating around y with period
27 /w. There is no periodic term in Q for y = 0. In the following, we proceed to
analyse the occurrence of vibrational resonance separately for the double-well and
the single-well cases.

6.4.2 Resonance Analysis in the Double-Well System

The potential of the unforced and undamped version of the system (6.13) for w? < 0,
B > 0and y = 0 is of a double-well form. For simplicity, we choose the signs
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of y and a)g same. In the presence of damping, feedback and biharmonic force the
equilibrium points around which slow oscillations take place are given by Eq. (6.18).
There are three equilibrium points for g < g. where

2

2 1/2
¢ = [y (2] + |y|)} 6.22)

while for g > g¢, Xj is the only real equilibrium point. The following results are
obtained from dS/dg = 0 which is the condition for the response amplitude Q to be
maximum at a value of g [74]:

Case 1: |y| < |yc| = 0?/(1 — cos w)

2 1/2
w
gyR) = [ﬁ (2|a)§| + 3|yl —w® —|y] cosa)a)} < g, (6.23a)

242 1/2
g(vi) = [ﬁ (|log] + w? + |y| cos a)a)} > ge. (6.23b)

Case 2: |y| > |y.| = 0?/(1 — coswa)
gl =g.. (6.24)

For the case 1 a resonance occurs at two values of g, one at a value of g < g
and another at a value of g > g.. The response amplitude is the same at these
two values of g. For the case 2 only one resonance is possible and it occurs at the
bifurcation point g.. Throughout the analysis, we fix the values of the parameters
asd = 0.5,f = 0.1, » = 1 and £2 = 10. For the double-well case we choose
w02 = —1 and 8 = 0.1. For the numerical calculation of Q, Eq. (6.13) is integrated
numerically using the Euler method with time step 0.01. The time-delay parameter
o takes always multiple values of 0.01.

In absence of time-delayed feedback (y = 0), the double-well system (6.13)
exhibits two resonances for 2|w3| > @? and one for 2|wi| < w?. For y # 0 the
resonance condition is independent of w? and depends on the parameters w, y and
«. Even for 2|w02| < w? for a range of values of y and « the system can be induced
to show a double resonance. Figure 6.5a presents both theoretical and numerical
g as a function of y for @ = 1 and 3. A very good agreement is seen between the
theory and the numerical simulation. For « = 1 and 3 the values of y. are —2.17534
and —0.50251, respectively. There are two resonances for |y| < |y.| and only one
for |y| > |y.|. For |y| < |yc|, as g increases from O two stable slow oscillations take
place around X7 and X*. w? decreases from 2|w?2| + 3|y| and reaches the minimum
value |y| at g = g.. For g > g there is only one stable slow motion and is around
X; = 0. As g increases from g. the value of w? increases continuously from the
value |y|. This is shown in Fig. 6.5b for y = 0, —0.3 and —2.3. For y = 0 and —0.3
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Fig. 6.5 (a) g, versus the parameter y for the underdamped system (6.13) with the double-well
potential case. The solid circles are the numerically computed g, . The lines are theoretical gy .
The values of the parameters are d = 0.5, a)g =—-1,=01,f=01,0 = 1and 2 = 10.
(b) Theoretical a)r2 versus the parameter g. From bottom to top curves the values of y are 0, —0.3
and —2.3, respectively. The horizontal dashed line represents the value of (w? — y cos wa). The
vertical dashed lines mark the values of g, . (¢) Plot of the response amplitude Q as a function of
g for y =0, —0.3 and —2.3 with o = 1. The continuous lines are theoretical Q while the dashed
lines are numerically calculated O

at two values of g, namely at gV and g, w? = »? — y coswa (indicated by the
horizontal dashed line in Fig. 6.5b) and hence Q becomes maximum with Qnax =
1/| — dw + y sinwa|. In Fig. 6.5¢ we notice the appearance of two resonances. In
the absence of time-delayed feedback Q becomes maximum when @, = w and the
maximum value of Q is 1/(dw). For y = —0.3 the theoretical values of g{!) and
gf/zR) are 242.75 and 382.95 while the numerically computed values are 240.34 and
377.43, respectively.

For |y| > |y.| the value of w? is always > (w*—y cos wa). However, it has a local
minimum at g = g, and thus there occurs a resonance. These are shown in Fig. 6.5b,
¢ for y = —2.3. The noteworthy observation is that for |y| < |y.| the double
resonance is due to matching of a)rz with w? — y cos wa, while the single resonance
for |y| > |y.| is due to the local minimization of w?. The single resonance always
occurs at g = g. at which the effective potential of the slow variable undergoes a
transition from the double-well to a single-well. Note that O is minimum at g = g
for |y| < [yel-

In Fig. 6.5¢ for « = 1 the maximum value of the response amplitude is always
lower than the case y = 0. Onax (1, 8) = O, &) > Oy = 0,g.;) can be
realized for a range of values of @ and y, particularly for |y| < |y.| and & € [(2n —
Dr/w,2nw/w],n = 1,2,---. Figure 6.6a shows the variation of Q(g,;) in (y, o)
parameter space for o € [0,2x] with @ = 1. One can clearly see that Q(y, gvz) >
O(y = 0,gy) for o € [, 2n]. Figure 6.6b is the three-dimensional plot of Q as a
function of y and g for @ = 3.5. For @ = 3.5 the value of y is 0.51641. In Fig. 6.6b
for |y| < 0.51641 we notice two resonances and further Q(y, g,x) > Q(y = 0, g.z)-
Only one resonance occurs for |y| > 0.51641.
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Fig. 6.6 (a) Variation of the maximum value of Q, O(g = g,;), as a function of y and « for the
double-well underdamped system. (b) Three-dimensional plot of Q versus the parameters y and g
fora = 3.5
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Fig. 6.7 (a) o, versus the amplitude g of the high-frequency force for y = —0.3. The system is
the underdamped double-well system. Continuous lines and solid circles represent theoretically
and numerically computed values of «;, respectively. (b) Periodic variation of Q with « for
various values of g in the interval [100, 300] for y = —0.3

The condition for a resonance to occur when the time-delay parameter « is varied
is given by (from dS/da = 0)

(0 — 0®) 0p, + (05, —dw?) y coswa — yo (0} — 0*)sinwa =0,  (6.25)

where @2, = dw?/da. Analytical expressions for the roots of the above equation are
difficult to obtain. However, the roots denoted as «,, can be determined numerically
from Eq. (6.25). In Fig.6.7a o, < 3 X 27 /w are alone plotted. (e, are periodic
with period 27/w). For o = 1 and £2 = 10 the ratio £2/w = 10 is a rational
number. The response amplitude Q is thus periodic in « with period 27 /w. This is
because the solution of the system (6.13) is periodic with respect to & with period
27 /w. Suppose there are m values of «,, in the interval [0, 27r/w]. Then, the other
values of o, > 27 /w are given by

L ; 2
ot&R‘film) :a\(/l; _}_j_n, i=1,2,-,m j=1,2,---. (6.26)
w
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Figure 6.7b presents numerical Q as a function of « and g. The periodicity of O
with respect to the time-delay parameter « can be clearly seen in this figure. Note
that when g is varied, since in the expression for Ay, or S only @? depends on g, the
variation of S is due to the variation of ®? and as pointed out earlier the resonance
is due to either the matching of ®? with ®* — y cos wa or local minimization of ®?.
In contrast to this, when the delay parameter « is varied not only @? varies but two
other terms in S also vary with . Consequently, the resonance is due to the local
minimization of the quantity S.

6.4.3 Resonance Analysis in the Single-Well System

For a)g, B > 0 the potential V(x) of the Duffing oscillator has a single-well shape
with a local minimum at x = 0. Unlike the double-well system, the effective
potential of the slow variable X remains as a single-well when the parameter g
is varied. The equilibrium point around which slow oscillation occurs remains as
X5 =0.

The resonance value of g, g, is given by Jeevarathinam et al. [74]

212 1/2
g = [% (0 — y coswa — a)g):| (6.27a)
provided
w* —ycoswa > w}. (6.27Db)

In the double-well system a resonance is possible for all set of values of y and «
when g is varied. In contrast to this, in the single-well case a resonance is possible
only for a set of values of y and « for which the condition (6.27b) is satisfied.
Further, in the double-well system two resonances are possible while in the single-
well system at most one resonance is possible. The theoretical approach considered
in the present work helps us to choose appropriate values of the parameters to realize
vibrational resonance.

Figure 6.8a shows both theoretical and numerical o, versus g fory = 0.15. o,
is periodic with period 27t /w. For @ € [0, 27/ w] resonance occurs at only one value
of « for fixed values of g. In Fig. 6.7a, corresponding to the double-well system, a
double resonance is found for a certain range of fixed values of g. The presence of
only one resonance in Fig. 6.8a for a € [0, 27/w] implies that the variation of >
due to the terms y sin 2« and y cos 2« [see Eq. (6.16a)] is negligible and 1> can
be approximated as > ~ (w3 — £2%)? + d?£22. Then from Eq. (6.20) the expression
for o, is obtained as

I _ dow
L o) B (6.28)
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Fig. 6.8 (a) «, versus g for the single-well underdamped system with y = 0.15,d = 0.5,

w2 =05B8=01y=015f=010

1 and 2 = 10. Continuous lines and solid

circles represent theoretically and numerically calculated values of a,,, respectively. (b) Variation
of Q(a,, ) with g for three values of y. The continuous lines and symbols represent theoretically
and numerically predicted values of Q, respectively. (¢) Periodic variation of Q with « for various
values of g for y = 0.15. (d) Q versus « for few fixed values of y and g = 100

and is independent of y. This is confirmed by numerical simulation. Q versus « is
plotted in Fig. 6.8d for g = 100 and for few fixed values of y. Q is maximum at the
same value of o, however, its maximum value at resonance varies with y.

6.5 Vibrational Resonance in an Overdamped Duffing

Oscillator

In this section we analyze the occurrence of vibrational resonance in the over-

damped system

i 4 wix + Bx® + yx(t — a) = fcoswt + gcos 21 .

(6.29)
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The theoretical expression for the response amplitude Q is obtained as [74]

1
0= = S = (o} + y cos woz)2 + (—w + y sinwa)? , (6.30a)
where
2 *2 2 3¢’
O = C +3BX7, O =)+ oo (6.30b)
2p
p? = (0§ + y cos 520()2 + (=2 + ysin Ra)? . (6.30c)

For a)g <0,y <0, 8 > 0 (double-well case) the critical value of g, g., below
which three equilibrium points X, X} exist and above which only one equilibrium
point X exists is again given by Eq. (6.22) with u? given by Eq. (6.30c). Suppose
we vary g from zero. From the theoretical expression of Q (or ), the condition for Q
to be maximum is w? — |y| cos wa = 0. In absence of time-delay (y = 0) resonance

occurs when w? = 0. For y # 0 and g < g. the slow motion is about X and

3p
w3=lyl+ﬁ(g3—g2), g < & (6.31)

while for g > g it is about X; = 0 and

3B
ol =yl + o (-g), g> g (6.32)

As g increases from zero, the value of w? decreases from 2|w3| + 3|y |, becomes |y |
at g = g. and increases from |y| with further increase in g. ? is always > |y|. That
is, wrz — |y| cos wa never becomes zero except when « = 2nw/w,n = 0,1,2,---
and g = g. For all other values of « even though ®? — |y| cos wa does not vanish,
this quantity becomes a minimum at g = g. and hence a resonance at g, = g.

For the double-well case, we fixd = 0.5, 03 = =1, =1,y = —1,f = 0.1,
o = 1and £2 = 10. Figure 6.9 shows «,,, versus g for y = —1. For small values of
g there is only one value of «,,. An example is given in Fig. 6.10a for g = 1. The
number of values of «,, increases with increase in g. In Fig. 6.10b, corresponding
to g = 8§, multiple resonances is clearly seen. Resonance occurs at 10 values of o,
(in the interval [0, 27r/w]). (However, Q(a,,) > Q(y = 0) is found only at few
values of «,, ). The response amplitude profile repeats in every 27 /w intervals of
a. For g = 12 (Fig. 6.10c) the number of resonances is doubled. At certain values
of o, the value of Q is considerably larger than Q(y = 0). The enhancement of Q
is reduced for higher values of g as shown in Fig. 6.10d for g = 20. Above certain
fixed values of g the resonance curve is modulated by the high frequency signal.
The modulation period is not strictly 277/§2. For irrational values of the ratio £2/w,
the response amplitude exhibits a quasiperiodic pattern.
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Fig. 6.9 «,, versus g for the overdamped double-well system with y = —1. Continuous lines and

solid circles represent theoretical and numerical values of o, respectively
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Fig. 6.10 Theoretical (represented by continuous lines) and numerical (represented by dashed
lines) Q as a function of the delay parameter « for four fixed values of the parameter g. The system
is the double-well overdamped system with y = —1. The horizontal dashed line denotes the value
of Q in absence of time-delayed feedback

Next, we consider the overdamped single-well system. Since Xj = 0 is the only
equilibrium point around which a slow motion occurs, > = C) and it increases
monotonically from @3 when g increases. g, is given by

2/¢L2 1/2
e = [ﬁ (—§ + y|cos a)ozl)] , (6.33a)

where

1 3
aellzn+2)E (2422 |, n=0.1,-- (6.33b)
2] w 2] w
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Fig. 6.11 (a) Plot of theoretical o, (represented by continuous lines) and numerical o, (solid
circles) versus g for y = 1. The system is the single-well overdamped system. (b) Q versus o.
Theoretical and numerical values of Q are represented by continuous and dashed lines, respectively

and

2
@

V=Y (6.33¢)

"~ |coswal|

In the double-well system there is no restriction on the values of woz, w, o and y
for resonance when g is varied. In the single-well system a resonance at a value of
g given by (6.33a) occurs only for the parametric restrictions given by Eqgs. (6.33b)
and (6.33c). An important observation from Eq. (6.33a) is that in absence of time-
delay the single-well system cannot exhibit a resonance when g (or §2) is varied and
Q decreases continuously with increase in g. But resonance can be induced by an
appropriate time-delayed feedback.

Figure 6.11a presents both theoretically predicted and numerically computed
values of «,, € [0, 27/w] for a range of values of g with y = 1. In Fig.6.11b
Q versus « is shown. In this system also Q(«) is periodic in o with period 27/
for rational values of 2/ and quasiperiodic for irrational values of £2/w. In the
interval ¢ € [0, 27r/w], a single resonance occurs for small values of g (as shown
in Fig. 6.11b for g = 3). A multiple resonance occur for higher values of g. This is
shown in Fig. 6.11b for g = 5 and 8. Q(o = «,, ) decreases with increase in g. For
g = 3, 5 and 8 the number of resonances in the interval 0 < o < 27 /w are 1, 4 and
10, respectively.

6.6 Some Common Effects of Time-Delayed Feedback

The following common results are realized in the four systems, namely, the
underdamped double-well and single-well systems and the overdamped double-well
and single-well systems, when the time-delay parameter « is varied:
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* There is no parametric restriction for resonance to occur.

The resonance profile is periodic (quasiperiodic) for rational (irrational) ratio of
2/w.

The number of resonances in the interval 0 < o < 27/w is a complicated
function of the parameters of the systems.

* Resonance is due to the local minimization of the quantity S.

* Obtaining analytical expressions for ¢, and Qmax(@) are very difficult.

When the control parameter g is varied, the key results are the following:
1. Underdamped double-well system (6.13) (a)g <0,8>0)

* At least one resonance and at most two resonances are possible. The number
of resonances is independent of the parameters a)g and B.

+ For |y| < |ye| = @*/(1 — coswa) two resonances occur at the values of g
given by Eq. (6.23) due to the matching of a)r2 with w? — y cos wa. Qmax =
1/| — dw + y sinwa| and is independent of the parameters w? and f.

» For |y| > |y.| only one resonance is possible and it always occurs at g = g
given by Eq. (6.24) due to the local minimization of a)r2 and Qmax = 1/4/S
where S is given by Eq. (6.20).

2. Underdamped single-well system (6.13) (a)g >0, >0)

* Only one resonance is possible and it occurs at the value of g given by
Eq.(6.27a) provided w?> — ycoswa > a)g. The resonance is due to the
matching of w? with w? — y coswa and Qpax = 1/| — dw + y sinwa|.

3. Overdamped double-well system (6.29) (a)g <0,8>0)

* One resonance is always possible and it occurs at g = g. [given by Eq. (6.24)]
where the effective potential of the slow variable X changes from the double-
well to the single-well form. There is no restriction on the parameters a)g and
B. For @« = 2nn/w,n = 0,1,--- the resonance is due to the matching of
o? with |y|coswa and Qmax = 1/w. For @ # 2nw/w,n = 0,1,--- the
resonance is due to the local minimization of »? and

1
Qmax = . (6.34)
2y2(1 — cos wa) + w? — 2wy sinwa
V2y v

4. Overdamped single-well system (6.29) (w3 > 0, 8 > 0)

* Only one resonance is possible with g, given by Eq. (6.33a) for the paramet-
ric restrictions given by Eqs. (6.33b) and (6.33c). The resonance is due to the
matching of w? with —y cos wa and Qumax = 1/| — @ + y sinwa|.
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6.7 Effect of Multi Time-Delayed Feedback

Itis important to analyse the effect of multiple time-delays as it is a generalization of
a single time-delay. There are some notable reports on multi time-delay systems. For
example, the presence of two or three time-delayed feedback or coupling terms leads
to stabilization of unstable fixed points and bifurcations [75-78], synchronization
[79-81], pattern formation [82] and Hopf bifurcation and chaos [13]. Furthermore,
dynamics of detritus-based ecosystem [83], seasonal growth in a prey-predator
model [84, 85] and experimental study of properties of chaos synchronization in
coupled optoelectronic oscillators [86] with more than one time-delay have been
reported. Martinenghi et al. [87] proposed a photonic implementation of reservoir
computing in which the wavelength of a tunable laser is treated as a dynamical
variable with a multiple-delayed feedback topology.

In this section, we consider the Duffing oscillator with multi time-delayed
feedback described by

L
¥+ di + wix + Bx° + % Zx(t— lo) = fcoswt + gcos 2t , (6.35)
=1

where L is the number of time-delayed feedback term and we explore the effect of
multi time-delay on vibrational resonance [88].
The response amplitude Q is worked out to be Q = 1/+/S where

2

2
S = |:a)r2 —w®+ % Z cos law:| + [dw - % Z sin law:| , (6.36)
/ ]

with @? given by Eq. (6.19b) and u? in Eq. (6.17b) is given by

2

2
2 [a)g -2+ % lecos laﬂ] + |:dS2 - % Xl: sin laﬂ] . (6.37)

Now we fix the values of the parameters as d = 0.5, a)g =—-1,8=0.1,f =0.1,
w = 1and 2 = 10. Figure 6.12 shows both the theoretically and numerically
computed response amplitude Q versus the control parameter g for L = 1,2, 3 and
5 for y = 0.1 and for two values of «. The result for y = 0 is also shown in this
figure for demonstrating the influence of multi time-delayed feedback. In this figure
for each value of L two values of « are chosen in such a way that for one value of it
Omax(¥) > Omax(y = 0) (the value of Q at resonance) while for the other value of

it Qmax()/) < Qmax(y = 0)
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Fig. 6.12 Variation of Q with g for a fixed number of time-delayed feedback term with d = 0.5,

a)g =—1,8=0.1,f =01, » = 1 and £2 = 10. In all the subplots, the curve 1 corresponds

to y = 0. For the curves 2 and 3 the value of y is 0.1. The continuous and dashed lines are the
theoretically and numerically calculated values of Q, respectively. The values of « are: (a) curve
2(3) —a = 1.6(4.6). (b) curve 2(3) —a = 0.9(5.2). (¢) curve 2(3) —a = 0.6(5.3). (d) curve 2(3)
—o = 0.4(5.8)

For y = 0.1 and ¢ = 2.6 Qmax is > 2 for odd values of L, while it is < 2
for even values of L and the opposite result occurs for « = 3.4. In view of this,
using the theoretical expression of Q, in y — o parameter space let us identify the
regions where Omax(¥) > Omax(y = 0) for a few fixed values of L. Suppose we
choose y € [-0.5,0.5] and « € [0,27n/w] with @ = 1. The result is shown in
Figs. 6.13a—d. For both y < 0 and y > 0 Fig. 6.13 contains L filled bands where
Omax(¥) > Omax(y = 0). The width of the bands are unequal. The filled bands of
y < 0 become the unfilled bands of y > 0. From the theoretical expression of Q the
condition for enhanced response at resonance is y ), sinlew > 0. This condition
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Fig. 6.13 Plot of regions (marked by solid circles) in the y — « parameter space where Q. (y) >
Omax(y =0)foro =land(@)L=1,(b)L=2,(¢c)L=3and(d)L =5

is realized in the regions filled with solid circles in Fig. 6.13. For each value of L the
total length of « intervals is ~ 7.

For further analysis, we define the gain factor G as Qmax(y)/ Omax (¥ = 0). Figure
6.14 presents the variation of G as a function of the parameters y and « for few
values of L. In this figure, data with G > 1 alone are displayed in order to compare
it with Fig. 6.13. For wide ranges of « and y, the gain factor is > 2, that is, the delay
is able to increase the value of Q at resonance more than two times the value of Q
in its absence. The addition of more and more delay terms decreases the maximum
value of G. Moreover, it produces new regions with G > 1 in the y — o parameter
space and decreases the value of G to less than 1 in certain regions where G > 1
earlier. The analytical expressions for g{) and g!? for the system (6.35) are given
by Eq. (6.23) with the replacement of cosaw by (1/L) Y, coslaw.
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(a)

Fig. 6.14 Three-dimensional plot of G = Qumax(¥)/Omax (¥ = 0) versus y and « for (a) L = 1,
bL=2,(c)L=3andd)L=5

6.8 Vibrational Resonance with Some Other Time-Delayed
Feedbacks

This section presents briefly the effect of gamma distributed time-delayed, inte-
grative time-delayed, state-dependent and random time-delayed feedbacks in the
Duffing oscillator.

6.8.1 Gamma Distributed Time-Delayed Feedback

The dynamics of the Duffing oscillator subjected to a biharmonic force and a gamma
distributed time-delayed feedback term is governed by the equation of motion [89]

¥+ di + wix + BxX* + F(z,x(t — 1)) = f coswt + g cos £2t, (6.38)

where §2 > w and F is the gamma distributed time-delayed feedback term given by

.L,p—lape—ar

F(t,x(t—1)) = y/o Gy(D)x(t—1)dr, Ge(r) = F—(p) . (6.39)

For simplicity, we fix ¢ = 1.
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Applying the theoretical method applied previously the following results are
arrived [89]:

¥ = Ancos(21 + ¢) , (6.40a)
F(r.y(21— 271)) = yAu 277 cos(Rt + 0 + ¢), 6 = % - ’% ,
(6.40Db)
Ay = i, p= [(522 — Y277 cos6)’ + (y2"sin 9)2]1/2, (6.40c)
¢ = tan”"' (%) , (6.40d)
() =0. (y*) = (1/27) OM Yrdr = A}/2, (¥°) =0, (6.40¢)

Thenwith Y = X —X*, X = Oand X} = +./—(C; +y)/Band Y = Ap cos(wt+
@) one obtains

Ay el@+®)
F(r.x(Qi— Q1)) = Re | V2L
(1 +iw)?
= yAL [acos(wt + @) — bsin(wt + @)], (6.41a)
a+ib = 1/(1 + iw)?, (6.41b)
AL =f/\/§, S= (a)rz—wz—}- ya)2 + (dw +yb)2,

(6.41c)

where 2 = w? + 3Bg?/(2*) + 3BX*2. For the case of the double-well potential
system, fix the values of the parameters as d = 0.5, a)g =-1,=1,f =0.1,
w =1, =10and p = 0.5. For g < g., where

2/¢L2 1/2
o= |2 uii-n] . v <ial (6.42)
B
there are three equilibrium points X7 = 0 and X7} . Slow oscillations take place

about X} . For g > g. there is only one equilibrium point X§ and a slow motion
occurs about it. In the calculation of @2, use X* = X} for g < gc and X* = 0 for

g > g
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(i) Resonance occurs at

2 1/2
I
g = [ﬁ (2log] —® + y(a— 3))] < & (6.43a)
1/2
2u?
g = [g (log| + @” — Va)} > g (6.43b)
provided
2 2|w2| — w?
Vel = <y <YYo = L. (6.44)
a—1 3—a

(ii) Fory > y there is only one resonance at g = g'}) = g..
(iii) For y < y.; only one resonance is possible and it takes place at g\(/zR)

Figure 6.15 presents the influence of the parameters y and g on Q for four
fixed values of the parameter p appearing in the gamma distributed delays. For
p = 0.5, the conditions (6.44) are satisfied for y € [—4.49843,0.42857]. That
is, two resonances can occur when g is varied from a small value for values of y
in the above interval. Figure 6.15a confirms this. For p = 3.5 two resonance peaks

Fig. 6.15 Variation of Q as a function of y and g for four fixed values of p. The values of the other
parameters are d = 0.5, a)g =—-1,=1f=010=1,and 2 =10
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Fig. 6.16 (a) y.; and y., versus p for the double-well potential Duffing oscillator. Two resonances
take place in the stripped region while only one resonance occurs in the remaining regions. (b) gy
versus y for p = 0.5. The continuous curve and the solid circles are theoretically and numerically
computed values of g, , respectively

can take place for y € [—0.78,0.31]. In Fig. 6.15, for all values of p the values of
Q at resonance decrease with a decrease in the value of y from the value 1. As y
increases from y., both gf/lR) and g(vi) move away from g..

In Fig. 6.16a the variation of y.; and y., with p is plotted. In the stripped regions
two resonances occur. For the values of y and p above the curve y.,, there is only
one resonance at g = g(vi) > g. given by Eq. (6.43b) while for below the curve y.;
a single resonance occurs at g = g.. Figures 6.15 and 6.16a clearly demonstrate
the strong influence of the parameters of the delay feedback term. In Fig.6.16b
theoretical and numerically computed g, are shown for a range of values of y with
p = 0.5. The theoretical g,, matches closely with the numerical g, for |y| < 1. For
|y| > 1 the deviation between the theoretical g,, and the numerical g, increases
with an increase in |y |.

6.8.2 Integrative Time-Delayed Feedback

The integrative time-delayed feedback term is given by F(r,x(t — 1)) =
(y/a) [y x(t — ©)dr. With x(r) = X() + ¥ (1, 821) the following results are
arrived [89]:

Y(t) = ALcos(wt + @), AL = % 0= 7 (6.45a)
S = [a)rz - (a)2 — ﬁ sina)a)]2 + [da) - ﬁ (1 —cos a)a)]z,
(6.45b)
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3 2
0} =l + 3Bs” + 3BX*2, (6.45¢)
212
2 2
wr = [a)g - 2%+ % sin.Qoz] + [d.Q - %(1 - cos.ro)] .
(6.45d)

Notice the difference between the S’s given by Eqgs. (6.41c) and (6.45b). Since the
solution Y (¢) is assumed to be periodic with period 27 /w, choose 0 < o < 27/ w.

For w3 <0, 8 > 0and y < |w3| (double-well potential case) the values of g at
which resonance occurs are given by

R

5 1/2
gl = [g—ﬂ <2|a)§| -3y -0’ + ﬁ sinwa)] < g, (6.46)

2u? y 1z
g2 = [ﬁ (|w§| +o?- L sina)oz):| > ge. (6.47)
where g. is given by Eq. (6.42). For two resonances to occur the condition on y is
Yel <Y < Yo Where

w? 2|} — »?
Yoo = ——————\ o= (6.48)
1— sin wo 3— - sinwa

oo
When y > y.», only one resonance is possible with the corresponding g, given by
g? Fory <y there will be only one resonance at g = g..

Figure 6.17a depicts the threshold curves y.; and Y, for a)g =-1,=1,d=
0.5,f = 0.1, = 1 and £2 = 10. In the stripped region, two resonances occur while

(@) 2 : _ (b)aso ' : :

Fig. 6.17 (a) Dependence of y.; and y, with the time-delay « for the Duffing oscillator with an
integrative time-delayed feedback term. Two resonances occur in the stripped region. Below and
above the stripped region only one resonance is possible. (b) Theoretically predicted (continuous
curve) and numerically computed (solid circles) values of gyR) and gSZR) for @ = 1 as a function of y
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Fig. 6.18 Q versus gand y for (@) o = 1, (b) ¢ = 2, (¢) ¢ = 3 and (d) ¢ = 4.5 for the
double-well Duffing oscillator with an integrative time-delayed feedback term

only one resonance occurs in the remaining region. In Fig. 6.17b, both theoretically
predicted and numerically computed g{! and g are plotted as a function of y
for « = 1. Here again, the theoretical result closely matches with the numerical
simulation.

The influence of the parameters g and y on Q is depicted in Fig.6.18 for four
fixed values of time-delay «. In this figure, we clearly notice that for y values below
a critical value (y.;) only one resonance takes place. Comparing Fig.6.15 of the
gamma distributive time-delayed feedback case and Fig. 6.18 of the integrative time-
delayed feedback case, the effect of « is found to be similar to that of p.

6.8.3 State-Dependent Time-Delayed Feedback

The goal of the present section is to report the effect of certain forms of state-
dependent time-delays (SDTDs) on vibrational resonance. Such time-delays were
appeared in the modeling of transmission channels of communication networks
[90], in supply networks as a consequence of transportation of materials [91-93], in
population dynamics [94] and engine cooling systems [95]. Speed-dependent delays
are to be taken into account in the milling processes because of the deformation
of the cutting tool [96], automatic landing systems [97], irrigation channels [98]
and drill-string vibration model [99]. Queuing delays in internet congestion control
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algorithm are shown to be SDTDs. Position-dependent axonal conduction time-
delays ranging from 0.1 ms to 44 ms are experimentally noticed in the mammalian
neocertex [100].

(A) Sigmoid State-Dependent Time-Delay

Let us consider the Duffing oscillator Eq. (6.13) with the time-delay

70

@ = T(x() = T

, (6.49)

where 7 is a positive constant and p is a constant. 7(x) is sigmoid function. In the
numerical simulation choose 7(x) in multiples of 0.001, that is,

1 10007y
T(x(?)) = IOOOIm [1 n er:| , (6.50)
where Int(y) means integer part of y. Fix the values of the parameters in Eq. (6.13) as
w=-1,=1,d=05f=010=1,2 = 10and tp = 1. When g is varied
for y = 0 there are two resonances with same response amplitude Q. The resonances
occur at g = 54 and 115. Figure 6.19 illustrates the variation of Q with y and g for
four different values of p. The effect of y and p on the resonance and on the value
of O can be clearly seen. For a fixed value of p the values of g at which resonances
occur shift towards origin, that is, g,, is decreased. g(le) decreases much faster than
gf/zR) with increase in the value of y. However, Q at g(le) decreases with y whereas its
value at gi/zk) increases with increase in y. Figure 6.20 depicts the nontrivial variation
of O with the parameter p for 7p = 1 and y = 0.4 and for two fixed values of g. For
p| > 1, O(p) =~ Q(—p). With respect to p, the response amplitude Q is strictly not
symmetric about p = 0. The choice p = 0 gives T = /2. In this case time-delay
is constant. In Fig.6.20 for g = 54, Q(p = 0) < Q(p # 0) while for g = 115,
O = 0) > QO(p # 1) for a wide range of values of p.

For a range of fixed values of 7y the control parameter g is varied from zero and
its critical values g, at which resonance occur and the corresponding value of Q
are numerically computed. When there are two resonance one at gyk) and another at
gfi) with gf/lk) #* g%) we choose the critical value as the one for which Q is large.
8vr Oscillates with 79. Omax (the value of Q at g = g, ) increases with 7y reaches a
maximum at a value of 7y and then decreases. That is, g,, and the value of Q can be
controlled by the parameter to.

(B) Parabolic State-Dependent Time-Delay
Suppose the time-delay is of the form

a = t(x(1)) = (1 + px?) , (6.51)
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Fig. 6.21 The results for the system (6.13) with the time-delay given by Eq. (6.51). (a-b) y versus
g versus Q for p = 0.2 (a) and p = 0.9 (b) with ty = 0.6. (¢) 7o versus g versus Q for y = 0.3
and p = 0.9. (d) p versus g versus Q for y = 0.3 and ) = 0.6

where 7(x(7)) is quadratic in x. In order to make t > 0 we choose p > 0 and 7y > 0.
Figure 6.21a, b shows the responsible amplitude profile, Q versus g, for a range of
values of y for tp = 0.6 and for p = 0.2 and 0.9. These two figures can be compared
with Fig. 6.19 where time-delay is sigmoid function type. For a range of fixed values
of y and p two resonances occur when the parameter g is varied. g{) and g!? both
move towards origin. In Fig.6.21a (p = 0.2) for y < 0.5 there are two resonances,
only one resonance for 0.5 < y < 0.95 while for y > 0.95 there is no resonance and
0(g) =~ 0 when g is varied. Similar results are found for other values of p. However,
in Fig.6.21b corresponding to p = 0.9, there are number of resonance peaks for
each fixed value of y. The second resonance peak is the dominant resonance for a
range of values of g. The amplitude of the resonance peaks decays with increase in
g. Figure 6.21c, d depict the effect of 7y and p, respectively, on the resonance curve
for fixed values of other parameters. Here again a sequence of resonance peaks
occur when g is varied. The number of resonance peaks increases with increase in
the values of 7y and p. The variation of g,, and Qmax With 7y is similar to the case
of the sigmoid function time-delay.
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(C) Gaussian State-Dependent Time-Delay

Consider a form of state-dependent delay with 7 — 0 as |x| increases from a small
value. An example is the Gaussian form of t given by

a = 1(x(1)) = e P . (6.52)

The maximum value of 7 is 79 and is independent of p. The width of the Gaussian
curve at half of its maximum (tp/2) varies with the parameter p. The width
decreases with increase in the value of p. Figure 6.22 presents the effect of the
parameters y, p and g on the response amplitude for tp = 1. For small values
of p the system exhibits double resonance when g is varied for a range of fixed
values of y. For y greater than a critical value only one resonance occurs. This is
shown in Fig. 6.22a. Three resonances occur for a range of fixed values of p and y.
Three resonances are clearly noticeable in Figs. 6.22b, c¢. In Fig.6.22d forp = 5, a

Fig. 6.22 Q versus y versus g for the system (6.13) with the time-delay 7 (x(7)) = e P, =1
and for four fixed values of p
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large value of p, the middle resonance is weak. Here also the values of g at which
resonances occur move towards origin as the value of y increases. The rate of change
of the values of g at which second and third resonances occur is much slower than
the first resonance. The values of Q at the resonances increase with increase in the
value of y.

6.8.4 Feedback with Random Time-Delay

So far the focus in this chapter is the influence of different types of time-delayed
feedback on the resonance induced at the low-frequency w by a high-frequency
force. In certain systems time-delay can be random. For example, in biochemical
reactions, a source of time-delay is the response time of the last step that can be
random because of the molecular thermal motion. On the other hand, in population
dynamics when the time-delay due to the gestation or incubation times depends on
the variations of the external environment and living conditions as a result of climate
and weather changes then it has to be treated as a random one [101, 102]. Random
delay enters in the immune response models if the outbreak of a disease caused
by an infection is due to complicated biological and environmental processes [103].
Random delay is found to give rise to stabilization of steady state and periodic orbits
[104-108], synchronization [109, 110], existence of a stationary random solution
[111], controlling of systems [112] and bifurcations [113] have been studied in
certain systems with random delays. Random delay induced resonance with and
without an external periodic force is realized in the Langevin equation [114, 115].
Solutions of certain linear differential equations with random delay have been
analyzed in [116].

The goal of this section is to report the resonance in the Duffing oscillator driven
by a single frequency force with random time-delayed feedback with out the high-
frequency periodic force [117].

Consider the Duffing oscillator equation

¥+ di + wix + Bx* + yx(t — |t]) = fcoswt , (6.53)

where the time-delay t is a Gaussian white noise with standard deviation o and
zero mean and y is the strength of the feedback term. Figure 6.23 presents the
dependence of the response amplitude Q on y and 0. When w = 0.1, for a range of
fixed values of ¢ single resonance occurs when y is varied (Fig. 6.23a). The value
of Q at resonance decreases with increase in the value of 0. As shown in Fig. 6.23b
a different behaviour takes place for @ = 1. For each fixed value of o there are two
resonances when y is varied from, say —1. The second resonance is the dominant
resonance.

The mechanism of the observed resonance can be understood using trajectory
plot. Figure 6.24 shows the evolution of x(z) for four fixed values of y and for
o = 0.1 and o = 0.1. For this value of w the resonance occurs at y = 0.6.
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Fig. 6.23 Q versus o and y for two values of w of the system (6.53) with d = 0.5, w? = —1,
Bp=1landf =0.1

@ oF ' ' ' 7 (b) 2 ' ' '
Y=0.6 . . = 0.6145

" 1 L | " " "
0 100 200 300 0 60 120
¢ t

Fig. 6.24 x(r) versus ¢ of the system (6.53) for four values of y and for 0 = 0.1 and v = 0.1.
The dotted curve is the rescaled f cos wt and continuous curve is the numerically computed x(r)

In all the subplots of Fig. 6.24 the dotted line is the rescaled input periodic signal
fcoswt. In Fig. 6.24a (y = 0.6) far before resonance x(#) is bounded in the region
x > 0 and is almost periodic with the period of the input periodic force. For
y = 0.6145 (Fig. 6.24b), x(¢) switches between the positive and negative values,
that is, jumps between the two wells of the double-well potential. The motion is
nonperiodic at the time intervals between consecutive jumpings are random. In
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Fig. 6.25 x(r) versus ¢ of the system (6.53) with w = 1 and 0 = 0.1 and for four values of y
around (a) first resonance and (b) second resonance. In (a) the values of y for the orbits from right
to left are 0.1, 0.25, 0.41 (resonance case) and 1 (at which Q is maximum). In (b) the values of y
for the orbits 1 to 4 are 1, 1.7, 1.72 (resonance case) and 2, respectively

Fig. 6.24c corresponding to the resonance case (y = 0.68) the solution x(#) appears
almost periodic with cross-well motion. The erratic switching between the wells
realized in additive noise driven systems far after resonance is not observed for
y > 0.68 in the random delay. The number of switching between the wells per
drive period increases with increase in y (mean residence time in a well decreases
with y).

For w = 1 as shown in Fig. 6.23b there are two resonances when y is varied. The
two resonances occur at y = 0.41 and 1.72. Now, account these two resonances.
Figure 6.25a displays phase portrait of the system for four values of y foro = 0.1
and w = 1. As y increases from zero the center of the orbit moves towards the origin
as the amplitude of the orbit increases. For 0 = 0.41 the amplitude is maximum,
however, the orbit is confined to a single-well alone. As the value of o is increased
further from 0.41 the amplitude of the orbit decreases and the center of the orbit
further moves toward the origin. At y = 1 the response amplitude Q becomes
maximum and the center of the orbit becomes the origin. For y > 1 the center of
the orbit remains the same while the amplitude Q shows a nonmonotonic variation.

Aty = 1.72 Q becomes maximum. This is the second resonance. For y > 1.72
the response amplitude decreases. The above scenario around the second resonance
is presented in Fig.6.25b. Figures 6.25a and b clearly bring out the differences
between the mechanisms of random delay induced two resonances. For sufficiently
small o, for example @ = 0.1 (Fig.6.24), the observed random time-delayed
feedback induced resonance is similar to the typical stochastic resonance induced by
an additive Gaussian white noise. Here the resonance is due to the almost periodic
switching of the trajectories between the two wells. For large w, for example
w = 1 (Fig.6.25), the induced double resonance is like the vibrational double-
resonance observed in underdamped monostable and bistable oscillators induced by
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a biharmonic force. There is no periodic switching between the potential wells at
resonance. Resonance is found when the parameter o is varied.

6.9 Concluding Remarks

The effects of the amplitude g of the high-frequency periodic force and the delay-
time feedback parameters y and « on vibrational resonance are explained through
a theoretical approach. The presence of time-delayed feedback in the systems
considered in this chapter is found to enrich the vibrational resonance phenomenon.
Particularly, the time-delay parameter o gives rise to a periodic or quasiperiodic
pattern of vibrational resonance profile. This feature of vibrational resonance allows
us to select different values (small or large) for the delay-time o to enhance the
quality of the weak signal and it can be highly useful in optimizing the operation
of multistable systems for the detection and regeneration of signals in a variety of
experimental systems. In the overdamped single-well system, resonances cannot
occur when g is varied. However, the inclusion of an appropriate time-delayed
feedback is found to induce a resonance.

Discussion has been made on the effect of time-delay on vibrational resonance in
the underdamped and overdamped Duffing oscillators with double-well and single-
well cases of the potential. For a)g > 0 and B < O the potential of the Duffing
oscillator becomes the single-well with double-hump shown in Fig.3.1. One can
also study vibrational resonance with this potential. Unlike the other two potential
types, both systems (6.13) and (6.29) with double-hump potential will show

bounded motion for g < g = {/2u?w?/(3|B]). For g > g. the effective potential

of the slow variable X becomes of an inverted single-well form. In the underdamped

double-hump system g, is given by Eq. (6.23a) provided 0 < * — y coswa < of

(compare this condition with Eq. (6.27b) corresponding to the single-well case). For
the overdamped double-hump system gy, is given by Eq. (6.33a) provided « lies in
the interval given by Eq. (6.33b) and further y < y. = »?/| cos we| (compare this
condition with Eq. (6.33c) to be satisfied for the single-well system).
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Chapter 7
Signal Propagation in Unidirectionally Coupled
Systems

A network is defined as a collection of points (called nodes or vertices) joined
together in pairs by lines called edges. Many systems in physics, engineering,
biology and social sciences can be thought of as networks. An array of coupled
systems can be considered as a network where the nodes represent the elements
or units of the system and the edges represent the interactions or couplings between
them. Networks of coupled systems are used to model biological oscillator networks
[1-5], excitable media [6], neural networks [7-10] and genetic networks [11-13].
A network composed of a number of interacting systems (identical or nonidentical)
often forms a complex dynamical system with new fascinating properties that are not
realizable in the individual systems. The fascinating properties include synchronous
oscillations, induced oscillations, fast system response, computational power and so
on.

Internet is a simple example of a network in which the nodes are computers
while the optical fiber cables or telephone lines connecting the computers are edges.
Genetic networks are the networks of connections between proteins either directly
or indirectly interact with one another in living cells. Such interactions make up a
dynamic genetic regulatory network which acts as a complex dynamic system for
controlling cellular functions. In an ecological network, the nodes are the species in
an ecosystem while the predator-prey relationships form the edges.

In molecular biology, networks are used to represent the patterns of chemical
reactions of chemicals in the cell. Patterns of connections between brain cells are
represented by networks. Cells and micro-organisms respond to their environments
through an interconnected network of receptors, messengers and other signalling
molecules [14, 15]. Networks of flux gate magnetometers are shown to be useful to
enhance the utility and sensitivity of a large class of nonlinear sensors such as the
magnetometers, ferroelectric detectors for electric fields [16, 17].

Study of networks with different types of couplings and connectivity topology
is important because they carry information from one unit to another and act
as a source of amplification of information. This would help us to learn and
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understand the role of connectivity topology in networks. There are different
kinds of networks [5]. In general networks are classified into weighted networks,
directed networks, bipartite networks, unidirectional networks, cyclic and acyclic
directed networks, bidirectional networks, random networks and small-world net-
works. Study of features of various nonlinear phenomena in different types of
networks is of great significance. In this chapter we restrict ourselves to the
study of nonlinear resonance, stochastic resonance and vibrational resonance in
unidirectionally coupled nonlinear systems. In a network of unidirectionally coupled
systems, information flow is produced along one direction, for example, from ith
system to jth system (j > 7) and no information flows from jth system to ith
system. In unidirectionally coupled systems, we investigate the role of coupling
on the enhancement of the response amplitude. In all the three types of resonances
the network system displays undamped signal propagation (that is, the response
amplitude of the last unit is greater than that of the first unit) for certain range of
values of the coupling parameter. We employ a theoretical approach for nonlinear
resonance and vibrational resonance. We identify the conditions for undamped
signal propagation. When the number of units increases, the response amplitude
approaches a limiting value. We point out the determination of this limiting value.

7.1 Significance of Unidirectional Coupling

It is of great significance to introduce external perturbations, like weak input
periodic signal and weak noise, to only one unit of a network and also consider
a simple connectivity, for example, unidirectional linear coupling and investigate
the signal propagation through the units. In a unidirectionally coupled network of
systems the information flow is along one direction. The output of ith unit is fed to
(i 4+ 1)th unit only through a coupling term. The time evolution of one or more state
variables of ith unit depends on one or more state variables of the (i — 1)th unit. The
dynamics of the (i — 1)th unit does not depend on the state variables of the ith unit.
The dynamics of the first unit is independent of other units. The output of the last
unit is not fed to any other unit. Figure 7.1a shows the pictorial representation of 10
units coupled unidirectionally. Here, the ith unit is coupled to the (i + 1)th unit only,
that is, the number of coupling is one. Coupling of the ith unit with, for example,
i+ 1,i+2,---, 1+ m, units give rise a unidirectionally coupled systems with m
coupling. Figure 7.1b depicts an example with two couplings.

A set up of a network of the above type has applications in digital sonar
arrays, networks of sensory neurons, analog to digital converters, where arrays
are useful for the transmission of an input signal. For chaos synchronization
and communication in coupled lasers often in the transmitter receiver set up the
transmitter laser is unidirectionally coupled to a receiver laser [18].
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(a)

External force

External force

Fig. 7.1 Examples of one-way coupled networks with 10 units. The dynamics of the first unit is
independent of the other units and this is alone driven by external forces. (a) ith unit (i # 1) is
linearly coupled to (i — 1)th unit. The arrow mark indicates that the output of ith unit is fed to
(i + D)th unit only through the linear coupling term. (b) ith unit (: > 2) is linearly coupled to both
(i — )th and (i — 2)th sites while the second site (i = 2) is coupled to the first site only

There are few interesting dynamics realized as a result of unidirectional coupling.
One-way coupling was introduced by In and his collaborators [16, 19] to induce
oscillations in undriven, overdamped and bistable systems. The mechanism for the
generation of oscillations is described for a three-coupled network of overdamped
Duffing oscillators [20]. The response of three-(one-way) coupled core magne-
tometer systems to a periodic magnetic-flux signal applied to all the three units
is explored. The response is found to be either synchronized to the signal frequency
or to one-third of it [21]. In one-way coupled systems propagation of waves of
dislocations in equilibria are found [22]. One-way coupling is utilized in electronic
sensors and microelectronic circuits [17] and is found to assist the propagation
of localized nonlinear waves [23, 24]. Experimental evidences of propagation and
annihilation of solitons in a mechanical array of unidirectionally coupled oscillators
[25] and an electronic circuit in two-dimensions [26] are reported. Improved
transmission of low-frequency signal by the combined action of high-frequency
input signal and one-way coupling has been found in coupled nonlinear systems
[27-29].

In biology also unidirectionally coupled structures constitute one of the sim-
plest topologies of practical interest. We cite now an example from the field of
gene regulatory network. A network of transcriptional regulators of considerable
interest is the repressilator model. It is a network consisting of n genes with
the protein product of ith gene represses the expression of (i + 1)th gene with
periodic boundary conditions. Oscillatory dynamics is found in an experimentally
constructed repressilator with three cells [30]. Occurrence of monostable, spiral and
limit cycle dynamics are analysed in a mathematical model of repressilator with
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three genes [31, 32]. A repressilator system with even number of genes is found to
exhibit multistability while with odd number of genes display a stable limit cycle
[33]. Existence of quasi-stable travelling wave periodic solutions is analysed both
theoretically and numerically in unidirectionally coupled repressilators [34, 35].

7.2 Nonlinear Resonance and Signal Propagation

We consider n Duffing oscillators coupled unidirectionally. The equation of motion
of the coupled systems is given by

X1 +dx; + a)gxl + ,Bxf = fcoswt, (7.1a)
%+ di + odx; + px} = 8ximy, i=2,3,--,n. (7.1b)

Assume that the values of all parameters in Eq.(7.1) are > 0. In the system (7.1)
the first oscillator alone driven by the periodic signal f cos wt. The other oscillators
are coupled unidirectionally. The system (7.1) is capable of displaying a variety
of nonlinear phenomena. Here the interest is on the resonance behaviour and
enhancement of amplitude of periodic response of the system due to unidirectional
coupling. Therefore, choose f < 1 so that in Eq. (7.1a) periodic oscillation takes
place about the equilibrium point.

By applying a perturbation theory to the system (7.1), it is possible to obtain
a set of coupled nonlinear equations for the amplitudes of the period-T(= 27 /w)
solutions of the oscillators. Then, one can analyse the influence of one-way coupling
on response amplitudes and resonance [36].

7.2.1 Theoretical Treatment

Assume the periodic solution of (7.1) as
xi(t) = a;(t) cos wt + b;(¢) sin wt, (7.2)
where a;(t) and b;(¢) are slowly varying functions of time ¢. Write

5 3

X~ (a + b}) (a;cos wt + b; sinwt) (7.3a)
Xi(t) = a;coswt + b; sin wt — a; sin wt + bjw cos wt (7.3b)
Xi(t) = —2a;w sinwt + 2b;w cos wt — a;w” cos wt — bw? sin wt, (7.3¢)
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where in Eq. (7.3¢) 4; and b; are neglected because of their smallness. Substitution
of (7.2)—(7.3) in (7.1), dropping da; and db; as they are assumed to be small and
then equating the coefficients of sin wt and cos wt separately to zero lead to

b; 3 1
a4 = ~5 |:a)2 —w? - Z,B (a7 + bf)} — 5dai + Sa, (7.4a)
b= 2 a)z—wz—éﬁ(cﬂ—}—b?) —1db-+5b (7.4b)
" 2w 0 47T 2 ’ :
where
e _f
fori=1:8,=0, S, ==, (7.5a)
2w
Sbi_ 5 i—
fori>1: Sy = — 2L g, = 241 (7.5b)
2w 2w
Next, we introduce the transformation
a;i(t) = Ai(t) cos 0;(t),  bi(t) = Ai(?) sin 0;() (7.6)

with A? = a? + b?. Then Eq. (7.4) become
A= —taa s ab=2 |:a)2 —wp — E,BA,-Z} + Sp, (7.72)
2 2w 4
where for i = 1
S4 = i sinf;, Sp= ZL cos 6, (7.8a)

2w w

and fori > 1
8 . 8
Sp = —Ai—18in(0; — 0;—1), S¢ = =—Ai—1 cos(0; — 0;—1). (7.8b)
2w 2w

The response of the system (7.1) in the long time limit is periodic with period-T
(= 2n/w) provided A;(¢) and 6;(rf) become constants as ¢ — oo and are the
equilibrium points of Eq.(7.7). To find the equilibrium points of (7.7) set A =
0; = 0,A;(r) = AY, 0;(r) = 6 and drop * in A; and 6;. The result is [36]

f2, fori=1
3 2
A2 [a)g -’ + Z,BA?} + d*0’A? = (7.9)
§2A2

—y fori>1
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and

4 dw
6; = 6;—1 + tan |:a)§ i %,BALZ:| , 6o =0. (7.10)
When i = 1 Eq.(7.9) is the frequency-response equation of the first oscillator.
For i > 1 Eq.(7.9) is independent of f and depends on the coupling constant §
and the response amplitude A,_; of the (i — 1)th oscillator. Equation (7.9) (for i >
1) is the coupling strength-response (amplitude) equation of the ith oscillator. The
amplitude and phase of the ith oscillator with i > 1 depend on the amplitude and
phase, respectively, of the (i — 1)th oscillator. A;’s and 6,’s can be determined by
solving Egs. (7.9) and (7.10) successively.

7.2.2 Analysis of Effect of One-Way Coupling

Now, analyse the influences of the coupling strength on the response amplitudes A;
and resonance. We fix the values of the parameters as d = 0.5, a)g =1, =1and
f = 0.1 and n = 200. Equation (7.9) contains even powers of A;. It can be viewed
as a cubic equation in terms of A?. Explicit analytical expressions for the roots of a
cubic equation is given in [37]. Equation (7.9) can admit either one real root or three
real roots. First, we determine the values of A| and then successively calculate A,,
Az, .

Figure 7.2 shows both theoretically and numerically computed A; versus i for
a few fixed values of § with @ = 0.7. The theoretical A;’s very closely match
with numerically calculated A;’s. For § = 0.6 as i increases the amplitudes A;
of oscillation of the consecutive oscillators decrease and the distant oscillators do

Fig. 7.2 Variation of the 0.4
response amplitudes A; with i,
the number of oscillators, for
three values of the coupling
strength § of the system (7.1).
The continuous lines and
solid circles represent
theoretical and numerical ‘< 0.2
values of A;. The values of
the parameters are d = 0.5,
w=1,=1,f=0.1and
o =0.7

0.3

0.1

0 50 100 150 200
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not oscillate but settle to the equilibrium state which is the origin. The coupled
oscillators exhibit damped signal propagation (A; — 0 as i — o00). When § = 0.65
and 0.7 in Fig. 7.2 A; increases with i and then reaches a saturation. Though the
first oscillator alone is driven by the periodic force, the one-way coupling gives rise
enhanced signal propagation (4; > A; for i >> 1) over the coupled oscillators. This
is a quintessence feature of one-way coupling. The point is that for the parametric
values corresponding to the undamped signal propagation, there exists a critical
number of oscillators to realize a maximum value of the response amplitude of
the last oscillator. This critical number of oscillators and the maximum amplitude
depend on the control parameters @ and §.

Interestingly, the value of the saturated amplitude denoted as Ay, (limiting value
of A in the limit of very large i) and the condition on § for undamped signal
propagation can be determined from Eq.(7.9). AL = 0 and Ap, > A; for damped
and undamped signal propagation, respectively. Equation (7.9) for i > 1 can be
treated as a map between A;—; and A;. The stable equilibrium states of Eq. (7.9) are
the values of Ar. For i > 1, to obtain the equilibrium states set A; = A, = AL.
This gives AL, = 0 and

| I 2 2 2 2,2 v
A4 = —(a) —C()O:b 8 —da)) . (7.11)

Now, there are two cases:

Case 1: 0* < »
When 0? < a)g, Ap = 0 is the only equilibrium state for § < §. with

e = \/(wz _ 60(%)2 + d2w? = / , (7.12)

linear

where Ajinear 18 the response amplitude of the linear part of Eq.(7.1a) (8 = 0).
Ap = 0 and Ay are the equilibrium states for § > §..

Case 2: 0* > »

Ar = 0is the only equilibrium state for § < dw.Fordw < § < §. the equilibrium
states are AL, = 0 and Ap 1. When § > §. the equilibrium states are A;. = 0 and

AL+.

Next, find the condition on § for enhanced and undamped signal propagation.
The difference between the equations for A; and A;, i > 1 is only in the last term in
Eq. (7.9). For A; the last term isf2 while for A; it is 82Ai2_1. In order to have A, > A,
the condition is SZA% > f2, thatis, § > 8, = f/A;. The value of A| for v = 0.7 and
f =0.1is0.1577 and §, = 0.634. That is, undamped signal propagation occurs for
8 > 0.634 and is confirmed in the numerical simulation. Ay+ given by Eq.(7.11)
depend on all the parameters of the system except f. Further, A} 4 (AL—) increases
(decreases) with increase in the value of §.
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Fig. 7.3 (a) Theoretical §. (dotted curve) and 6, (continuous curve) versus w for the system (7.1).
The solid circles are the numerically computed values of 6,. (b) Variation of Ay with the parameters
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Fig. 7.4 A, versus i and w for the system (7.1). A; is shown only for some selected values of i. The
thick curve represents A,

In Fig.7.3a shows the dependence of . and §, with w. For the values of w and
8 below the lower curve A, = 0 is the only equilibrium state and is stable. In the
regions between the upper and lower curves in addition to Ay = 0, a nontrivial
Ay also exists with Ap (% 0) < A;. The nontrivial state is unstable while the state
Ar, = 0is stable. In the regions above, the upper curve Ay, = 0 is unstable while the
nontrivial Ay, > A is stable leading to an enhanced undamped signal propagation.
Undamped signal propagation with Ay (# 0) < A is not observed. Figure 7.3b
presents Ay, versus 6 and w. For each fixed value of w, AL increases monotonically
with § for § > &,.

Figure 7.4 presents the frequency-response amplitude profile of various oscilla-
tors for a few fixed values of §. For § = 0.45, in Fig. 7.3b Ap, = 0 for all values of
. In Fig. 7.4a for all values of w, A; decays to zero as i increases. The output signal
damps out as it propagates through the oscillators. When § = 0.5 in Fig. 7.3b note
that A;. # O for a small range of values of w implying undamped signal propagation
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and is evident in Fig. 7.4b. The range of w values for which undamped signal propa-
gation takes place increases with increase in 4. This is clearly seen in Fig. 7.4a—c. In
Fig.7.4c where § = 0.7 for first certain number of oscillators the response amplitude
A; increases with w, reaches a maximum and then decreases smoothly. For distant
oscillators after reaching a maximum value A; suddenly jumps to a lower value.

7.2.3 Unidirectionally Coupled Linear Systems

For the unidirectionally coupled linear systems [ = 0) in Eq. (7.1)] we obtain

f 8Ai—1 .
Al = , A= ,i=2,3,---,n.
\/(a)oz - 0?)? + d’w? \/(a)oz — 0?)? + d’w?
(7.13)
Replacing i by i 4+ 1 and expressing A1 in terms of A; give
$ .
Ay = Ay, i=1,2,--- ,n—1. (7.14)

\/(a)g —w?)? + d*w?

For fixed values of the parameters if §/ \/ (w2 — w)? + d>w? < 1 then A; decreases

with increase in i. For §/ \/ (w2 —0?)? +d>@w? > 1 as i increases A; increases
monotonically. That is, either A; decays to zero or diverges with i. There is no
nontrivial variation of A; with i depending upon the values of the parameters.

7.3 Vibrational Resonance and Signal Propagation

In the previous section, we have shown the undamped signal propagation induced
by unidirectional coupling in the n-coupled Duffing oscillators in which only the
first oscillator is driven by a single periodic force. In the present section, we focus
our interest on the effect of unidirectional coupling on vibrational resonance in n
coupled Duffing oscillators. The equation of motion of the network system is

¥+ diy + wixy + Bx} = f coswt + gcos 21, (7.15a)
¥+ di + odx; + px} = 8ximy, i=2,3,--,n. (7.15b)

We first apply the theoretical treatment employed in Sect. 3.1 for a single Duffing
oscillator to the n-coupled oscillators system (7.15) [27].
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7.3.1 Theoretical Treatment

Writing x; = X; + v, where X;’s and y;’s are slow and fast variables, respectively,
and following the procedure described in Sect.3.1 one can finally arrive at the
following results:

s
Y = picos(2t + @), & = tan”! (Qz—_a)g) , (7.16a)
i = $ , (7.16b)
J(@2 - 0} + 22’
[ = Sitict L i=2,3,-.n (7.16¢)
J(@22 = o) + 202
Yi(t) = Qif cos(wt + ¢i), (7.17a)
where
1
01 = . Qi =Pi0i (7.17Db)
\/(a)rzl — ?)? + d*w?
) .
Pi L i=23,-.n (7.17¢)

\/(a)rzl- —0?)? + d2w?

3
wk = Ci +3pX2, Ci=w§+§,3,uf, i=1,2,n (7.17d)

c
X* (x;“2 + Fl) =0, (7.17¢)
Ci 8
X;"3+FX7‘—EX7‘_1 =0, i=2,3,--,n (7.17f)

Note that, in obtaining the theoretically calculated Q;, the nonlinear terms in the
equations of motion of the fast variables 1/; and the slow variables Y;(= X; — X*).
In the system of n-coupled oscillators, the error in the theoretical Q;’s due to the
above approximation grows with the oscillator number i when Q; > 1 for i > 1.
Figure 7.5 shows the variation of theoretical and numerical Q; with i for d = 0.5,
0 =1,B=1f=010=15 2 = 157§ = 1.6 and for few values of
g. The numerically computed Q; approaches a constant value for i > 1, while the
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90

Fig. 7.5 (a) Q;r, theoretically calculated Q;, versus i and (b) Q;n, numerically computed Q;,
versus i for the system (7.15) withd = 0.5, a)g =1,8=1f=0lL0=1502=1546=16
and for three values of g

theoretically computed Q; diverges with 7 for all the fixed values of g including the
case g = 0.

In obtaining y; given by Egs. (7.16b) and (7.16c¢), it has been assumed that 1; >
Y2 and 7. This can be valid in the case of i = 1, where the first oscillator is
driven by the high-frequency force g cos §2¢. Because the other oscillators are not
driven explicitly by the force gcos £2¢, the assumption ¥; > Y2 and ¥ is not
valid. Moreover, in the analytical calculation of Q; also the nonlinear terms in the
equations of Y; are neglected. There are errors due to the neglect of the nonlinear
terms in the equations of ¥; and Y; and further the errors in ¥; and Y; propagate to
the (i + 1)th oscillator through the coupling term. As a result, AQ; = Q;x — Qi is
negligible for the first few oscillators and becomes large for i > 1.

In order to minimize the error in the theoretical Q; and also to minimize the
propagation of this error through the consecutive oscillators, we keep the nonlinear
terms in the calculation of the amplitudes of oscillation of the fast and slow variables
[27]. Now assume

Y = picos(2t + ¢;), X; = A;cos(wt + 6;). (7.18)

Substitution of the above solutions in the equations

U1+ dyry + iy + By = gcos 21, (7.19a)
Vi + dVi + Wi + By = Sy, (7.19b)
X, +dX, + 0}, X| + BX; = fcoswt, (7.19¢)

Xi + dX; + 02 X; + BX} = 6Xi_y, (7.19d)
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wherei =2,3,--- ,nanda)gj = w§+ (3/2),3,uf,j= 1,2,---,ngives

1+ auui + byt — Ry =0, (7.20)
A8+ A + bipA? —Ria =0, i=12,---,n (7.21)
with
8 16 2
a =55 @ -2). b= (@3 -2 +a2?]. 7220
16g> 161> 8
Rm = 9_ﬂ25 1A = W, aia = ﬁ ((03,' —w2)7 (7.22b)
16
ba = 53 (@ -0 +d?], =12, .n (7.22¢)
168212 168242,
Ry = Wl’ Ry = TJ. i=2,3,,n. (7.22d)

Equations (7.20) and (7.21) can be viewed as cubic equations for the variables ;1,12
and Al.z, respectively. We determine 4;, A; and then Q; = A;/f by solving Eqgs. (7.20)
and (7.21).

7.3.2 Effect of § and g on Q;

First, check the validity of the theoretical approach. In Fig.7.6a both the theoreti-
cally calculated Q; and the numerically computed Q; as a function of i is plotted for
three values of g with § = 1.6. The theoretical expression Q; closely matches with
the numerical value Q;. For each fixed value of g as i increases, Q; increases rapidly
to a higher value and finally it attains a saturation value. The plot of Q; versus i
displays a kink-like dependence. This indicates that there is a critical number of
oscillators for realizing the maximum response and this number depends on the
control parameters. An important result in Fig. 7.6a is that Q; > Q; fori > 1, even
in absence of the high-frequency force. That is, a coupling alone is able to give rise
to an enhanced undamped signal propagation in the coupled oscillators. Figure 7.6b
illustrates the effect of the coupling strength on Q;. For § = 1.2 damped signal
propagation occurs while for § = 1.6 and 2 an undamped signal propagation takes
place.

In Fig.7.6 for i > 1, Q; becomes a constant. We call this limiting value of
Q; as Q. Interestingly, is easy to determine py, Ay and hence Q; = Ap/f from
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Fig. 7.6 Variation of theoretical Q; (continuous curve) and numerical Q; (solid circles) with i for
(a) three values of g with § = 1.6. The system is (7.15). (b) Plot of theoretical Q; as a function of
i for g = 0 and for three values of §

Egs. (7.20) and (7.21), respectively. For large i, substitution of y; = p;—; = pur, and
A; = A;—; = Ar in Eqgs. (7.20) and (7.21) gives

4 1/2
pL =0, {ﬁ [92 — w2 £V - dZ.QZ]} (7.23)
and
4 5 5 1/2
— - _ 2 _ 42,42
AL =0, {3/3 [a) Wl £ 3 dw]} : (7.24)

where 0}, = ®f + (3/2)ul. AL = 0 and # 0 correspond to a damped and an
undamped signal propagations, respectively. One can determine the condition on
the parameter § for undamped signal propagation. In Fig. 7.6 in all the examples of
undamped signal propagation, we can observe that O, > Q,. Therefore, assume that
if O, > Q) then

0i>20i—1=->03> 0> 0. (7.25)

For Q; and Q, very good satisfactory analytical expressions are given by Eq. (7.17b)
with i = 2. The condition for Q, > Q; is P, > 1 where

) 385252
P, = , wrzzzwg—}— Pe .

(7.26)
\/(a)rzz — w2)2 + d*w? 2428
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2

Because of the term 2% the second term in w}, can be neglected. Then P, > 1

becomes

§> 6= (@2 — 0?) + dn. (7.27)

Undamped signal propagation can be realizable for § > §,. Ford = 0.5, 0} = 1,
® = 1.5, the value of §, is 1.4577. That is, undamped signal propagation takes place
for§ > 6, = 1.4577.

In the n-coupled systems (7.15) Qp and §, are independent of the control
parameter g. That is, signal transduction at the low-frequency of the input signal
is induced in the coupled oscillators by the coupling term and not by the high-
frequency force applied to the first oscillator. However, Q; depends on g for values
of i not very large. To illustrate this in Fig. 7.7, Q; versus i and g is plotted for § = 1.2
and 1.6. For § = 1.2 < §, = 1.4577 as i increases the response amplitude profile
decays to zero. For § = 1.6 > §,, for each fixed value of g the response amplitude
Q; > Q; fori > 1. For the first few number of oscillators the response amplitude
profile clearly displays vibrational resonance at a value of g. For each fixed value
of g, O; increases and attains the limiting value Qp. It is noteworthy to point out
that Qp. # 0 for g = 0. Signal transduction takes place even in the absence of a
high-frequency force. The significance of this result is that a weak signal detection
and amplification can be achieved either by driving a single nonlinear system by a
high-frequency periodic signal or by means of sufficient number of one-way coupled
oscillators without driving the oscillators by a high-frequency signal. The theoretical
treatment used in the present study clearly brings out the role of the high-frequency
periodic force and the unidirectional coupling on the response amplitude and signal
transduction in the network system.
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Fig. 7.7 Q, versus i and g for (a) 6 = 1.2 and (b) § = 1.6 of the system (7.15)
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7.4 Stochastic Resonance and Signal Propagation

Investigation of features of stochastic resonance in networks of nonlinear systems
is of a great significance primarily because of its constructive role in enhancement
of weak signal detection and transmission. In networks, it has been shown that the
spatiality may broaden the scope of stochastic resonance [38—41]. In a network sys-
tem stochastic resonance can be enhanced by a coupling term and this phenomenon
is termed as enhanced stochastic resonance [38]. In Hodgkin—Huxley neuronal
networks increase in the network randomness (that is increase in the number of
nodes with random connectivity) is found to increase the temporal coherence and
spatial synchronization [42]. Resonance-like effect depending on the number of
systems, whereby an optimal number systems leading to the maximum overall
coherence has been reported [43, 44]. Resonance is found in certain networks where
all the systems are driven by noise, while only one system is subjected to a weak
periodic signal [45, 46]. Doubly stochastic resonance consisting of a noise-induced
phase transition has been observed in a conventional nonlinear lattice of coupled
overdamped oscillators [47]. Double resonance peaks were found to occur in the
Ising model network driven by an oscillating magnetic field [48]. Improvement of
signal-to-noise ratio is possible in an uncoupled parallel array of bistable system
subjected to a common noise [49]. Stochastic resonance has been studied in coupled
threshold elements [50], Ising model [51], Barabasi-Albert network [52, 53], arrays
of comparators [54] and in a Biar model [55].

This section explores the noise assisted enhanced signal propagation in unidirec-
tionally coupled systems with the first system alone driven by a weak input periodic
signal and Gaussian white noise. We choose each unit in the network as the bistable
discrete Bellows map [56-58]. This map possesses the basic ingredients to display
noise-induced resonance. The discrete equation is chosen instead of a continuous
time dynamical system, mainly because the former requires relatively very less
computational time and resources. Often discrete maps served as convenient models
for discovering new phenomena and identifying their features. The other resonances
considered in this book can also be realizable in discrete systems.

7.4.1 One-Way Coupled Bellows Map

The unidirectionally coupled N Bellows maps is given by

(1)
xfllj_l = Lb + fcos wn + \/Bg(n), (7.28a)
1+ (xﬁll))

W= &Y =23, N (7.28b)

1+ (xif) )
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&(n) is a Gaussian white noise with the statistical properties (£(n)) = 0,
(¢(m)E&)) = 8(n — n'), D is noise intensity. We choose the value of b in the
Bellows map as 2. The map x,4+1 = rx,/(1 + x2) admits only one fixed point
x* =0for0 < r < 1.Forr > 1, it has three fixed points: x* = 0 (unstable) and
X*i = £+/r— 1 (stable). That is, the map has bistable state for » > 1. In order to
realize stochastic resonance in the bistable case drive the map by a weak periodic
signal f cos wn and the Gaussian white noise. We fix the values of the parameters
in the network as r = 2, b = 2, f = 0.3, ® = 0.1, N = 400 and vary the noise
intensity and the coupling strength §. The values of f is below the subthreshold, that
is, in the absence of noise the periodic force alone is unable to induce transition
between the two stable fixed points.

7.4.2 Numerical Results

To characterize the noise-induced resonance numerically compute the response
amplitude Q; at the input signal frequency w. Q; is given by

V Qic+ Ol
0= ———, (7.29a)
f
, I 0

Qic = o D cos wn, Qis = o x9 sin wn, (7.29b)
! n=1 ! n=1

where t = 27 /w is the period of the input signal f cos wn and T is chosen as 1000.
Q; is often used as a measure for stochastic resonance [45, 46, 59, 60].

Now, we point out the occurrence of stochastic resonance in the first unit of
the network the dynamics of which is independent of the other units. In Fig.7.8

Fig. 7.8 Numerically 4
computed Q as a function of
the intensity of noise for the
Bellows map (7.28a)
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Fig. 7.9 Time series plot of the Bellows map (7.28a) for few fixed values of noise intensity.
(@) D = 0.001, (b) D = 0.03, (¢) D = 0.175 and (d) D = 0.7. For D = 0.001 there are
two coexisting orbits

as D increases from a small value the response amplitude Q; increases, reaches a
maximum value at d = Dp,x = 0.175 and decreases with further increase in D.
Figure 7.9 shows x;, versus n for four values of D. For D < Dy, the iterated values
rarely switches between the two stable fixed points. At D = 0.175 the iteration plot,
x5 versus n, shows almost periodic switching between the regions x > 0 and x < 0.
Numerlcally computed mean residence times in the regions x < 0 and x > 0 are
~ T/2.For D > D an erratic switching between these two regions takes place.
Now, we report the results of an extensive numerical simulation on the network
system (7.28), varying the parameters § and D. We restrict ourselves to § € [0, 1]
and D € [0, 1]. Figure 7.10 presents the effect of the coupling strength § and D on
the response amplitude of the various units. For small values of § when D is varied
typical noise-induced resonance takes place only in the first few units and in the
other units Q; = 0 for the entire range of D. This is seen in Fig. 7.10a. In this case
for the units far from the first unit x ) becomes a constant. When § > 0.237 all
the units display stochastic resonance and moreover resonance occurs at the same
value of D in all the units. For 0.237 < § < 0.4 the response amplitude of the last
unit is less than Q. In Fig.7.10b for § = 0.27 Q; decreases with the unit number i.
That is, an undamped signal propagation occurs, however, there is no enhancement
of the output signal (at the frequency w) of the last unit because Q of the last unit
is < 1. For § > 0.4 Qnax increases and becomes a constant with the unit number i.
Further, Qp.x of ith unit (i # 1) is greater than that of the first unit. An example for
this is shown in Fig.7.10c where § = 0.75. For clarity in Fig.7.11a Q; versus i is
displayed for a few fixed values of D. For each value of D, Q; exhibits sigmoidal type
variation with i. In Fig.7.11a for D = 0.002 and 0.005, we observe that Q; < O
while Q; > Q; for other values of D.
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Fig. 7.10 Three-dimensional plots of variation of the response amplitude Q as a function of unit
number i and noise intensity D for three values of § for the network system given by Eq. (7.28).
The values of the parameters are r = 2, b = 2, f = 0.3, w = 0.1 and N = 400
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Fig. 7.11 (a) Variation of the response amplitude with the unit number i for six fixed values of D
with § = 0.75. The values of D for the curves 1-6 are 0.002, 0.005, 0.02, 0.05, 0.175 and 0.5,
respectively. (b) Qmax of the last unit with the parameter §. The dashed line represents the value of
0, which is independent of §

In the numerical simulation for § > 0.4 an enhanced undamped signal
propagation (that is, Q490 > Q1) occurs except for very small values of D. Though
the weak periodic signal and noise is applied to the first unit alone, the linear
coupling linking it to the second unit is able to stimulate it to exhibit stochastic
resonance. And this phenomenon propagates to the successive units through simple
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Fig. 7.12 (a) Regions of various ranges of gain factor G in the (8, D) parameter space of the

network system given by Eq. (7.28). The motion is unbounded for § > 1. (b) x versus n for the
units i = 1, 12 and 100 of the network (7.28) with § = 0.75 and D = 0.175 at which the response

amplitude becomes a maximum. ) exhibits periodic switching between the regions x > 0 and
x<0

unidirectional coupling. Figure 7.11b displays the variation of Q. of the last unit
with the coupling strength §. It varies rapidly for values of § near 1. The observed
enhancement in Q is due to the unidirectional coupling. For § > 1 the iterations x,(ll)
diverge.

Now, we define the gain factor G = Qn/Q; with N = 400. And we compute it
numerically for values of D and § in the interval [0, 1]. Regions in (§, D) parameter
space with 5 ranges of G, namely, = 0, < 1, [1, 2], [2, 5] and > 5 are depicted in
Fig.7.12a. The coupling strength has a strong influence on G. The gain factor G is 0
for small values of § for the entire range of noise intensity considered. On the other
hand, it increases with increase in § for fixed values of D.

Figure 7.12b presents an interesting result. For § > 0.237 for each fixed value of
D the number of oscillations of xif) in the regions x < 0 (x > 0) before switching to
x > 0 (x < 0) decreases with increase in the unit number i. This is clearly evident
in Fig. 7.12b where xif) versus n is plotted for i = 1, 12 and 100 for § = 0.75 and
D = 0.175. For large i the coupling term weakens the oscillation in the regions
x < 0 and x > 0 and the output signal appears as a rectangular pulse. That is,
the one-way coupling with appropriate strength gives rise undamped propagation
of signal in the form of rectangular pulse. The Fourier series of such a signal will
contain frequencies low where / = 1,2, .- with decaying amplitudes. Figure 7.12b
corresponds to the case at which stochastic resonance occurs. xﬁf) exhibits almost
periodic switching between the two regions x < 0 and x > 0. Note that x\°s are
not synchronized in the sense that switching of the various units from one region
to another region does not occur at almost the same value of n. At resonance mean
residence times of all the units are found to be 7/2 where T = 27/ w.
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7.5 Concluding Remarks

In all the three resonances in the unidirectionally coupled systems, for a range of
values of coupling strength, the response amplitude increases with increase in the
number of oscillators and reaches a saturation. That is, there exists a critical number
of oscillators to have a maximum response and a further increase in the number
of oscillators is ineffective in enhancing a response amplitude. In both cases of the
first system driven by a single force and a biharmonic force the applied perturbation
method enables us to predict (1) the response amplitude of each oscillator, (2) the
saturation value of the response amplitude and (3) the critical value of the coupling
strength above which undamped signal propagation occurs. The results reported in
this chapter, in general, can be realized in networks of other bistable systems as well
as in excitable systems with the same connectivity topology.
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Chapter 8
Experimental Observation of Vibrational
Resonance

This chapter focuses on the experimental observation of vibrational resonance. One
of the first examples where vibrational resonance was experimentally observed
was in Baltanas et al. [1]. The authors considered an analog simulation of the
overdamped Duffing oscillator with two stable equilibrium states and one unstable
equilibrium state. The system is driven by a biharmonic force. A resonant-like
behaviour was realized when the amplitude or the frequency of the high-frequency
component was varied. The experimental result was confirmed by the numerical
simulation. Later, Ullner et al. [2] reported the occurrence of vibrational resonance
in an excitable electronic circuit. Also Chizhevsky and his collaborators [3, 4]
presented an experimental observation of vibrational resonance in a vertical cavity
surface emitting laser. This device is capable of displaying a bistability of polariza-
tion states of the emitted field that can be monitored by the applied injection current.
It has been shown that observed resonance can be used for the detection of low-level
noisy signals. Occurrence of stochastic resonance in this system was also reported
[5, 6]. In nonlinear circuit analysis, the bistable Chua’s circuit is commonly used as
a prototype circuit to investigate a variety of dynamics. Experimental evidences for
vibrational resonance in a single Chua’s circuit and enhanced signal transmission in
a system of unidirectionally coupled n Chua’s circuits driven by a biharmonic signal
were reported [7].

The present chapter demonstrates the occurrence of vibrational resonance in a
bistable single Chua’s circuit, in the analog simulation of the overdamped bistable
Duffing oscillator, in a vertical cavity surface emitting laser and in an excitable
electronic circuit with Chua’s diode. The presence of undamped signal propagation
of a low-frequency signal in the system of n-coupled Chua’s circuits where only the
first circuit is alone driven by the biharmonic signal is described.
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S. Rajasekar, M.A.E. Sanjuan, Nonlinear Resonances,
Springer Series in Synergetics, DOI 10.1007/978-3-319-24886-8_8



226 8 Experimental Observation of Vibrational Resonance
8.1 Single Chua’s Circuit

The circuit diagram of the single Chua’s circuit driven by a biharmonic force of the
form Fy(¢) + F»(¢) = f sinwt + g sin £2¢ with £ > o is depicted in Fig. 8.1a. This
circuit without F(r) 4+ F»(¢) was invented in 1983 by Leon O. Chua, a Chinese-
American Electrical Engineer, who was a visitor at Waseda University in Japan at
that time. The ease of construction of the circuit has made it a ubiquitous real-world
example of a chaotic system, leading some to declare it a paradigm for chaos.

The practical realization of the Chua’s diode Ny is shown in Fig.8.1b. Ny
consists of two operational amplifiers and six linear resistors. The typical voltage-
current characteristic of the Chua’s diode shown in Fig.8.1c consists of a five-
segment piecewise linear form. We choose the values of the circuit parameters as
C; = 10nF, C; = 100.5nF, L = 18.75mH, R = 1.98k$2, R = Ry, = 220 £2,
R; =2.2k82, Ry = Rs = 22kS2 and R¢ = 3.3k§2. The values of the slopes in the
voltage-current characteristic curve of the Chua’s diode are G, = —0.757mA/V,
G, = —0.409mA/V and G, = 4.580 mA/V, while the values of the breakpoints
are BPy = 1.37V and BP, = 9.54 V.
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Fig. 8.1 (a) The Chua’s circuit driven F(f) = fsinwt and F,(r) = gsin £21. Ny represents the
Chua’s diode. (b) Schematic diagram of the Chua’s diode. Here R} = R, = 220 2, R3 = 2.2k€2,
Ry = R; = 22k and Ry = 3.3kR2. (¢) The characteristic curve of the Chua’s diode of (b)
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In the experiment, we consider the case £2 > . Assume that in absence of
the high-frequency input signal the amplitude A, of the output signal at the low-
frequency w is weak. Our interest is to enhance the amplitude of the output signal at
the frequency w by the high-frequency driving force. To measure A,, the fast Fourier
transform (FFT) of the output signal is obtained using the Agilent (MSO6014A)
Mixed Signal Oscilloscope. A small fluctuation of A, is observed in the FFT
displayed in the instrument. In view of this for a better accuracy an average value
of A, over 25 measurements is obtained. The value of A, measured in the FFT is in
dBV. It is then converted into the units of V. Then Q = A, (in V)/f termed as the
response amplitude of the circuit at the frequency w is computed.

We fix f = 0.3V, w = 50Hz and §2 = 500 Hz. Figure 8.2 displays the power
spectrum of the voltage v; of the circuit for a few fixed values of the amplitude g of
the high-frequency input signal. The amplitude A, at @ = 50 Hz increases and then
decreases which is a typical signature of resonance. To characterize the resonance,
we compute Q at the frequencies @ and 2 of the voltages v; and v, and the current
iy for a range of values of the control parameter g. Figure 8.3a shows the variation
of Q of v; at w and £2 with g. As g increases from a small value Q at @ increases
slowly, varies sharply over an interval and reaches a maximum value at a critical
value of g denoted as g, .

10 50 90
Frequency (Hz)

Fig. 8.2 The power spectrum of v; for four values of g. (a) g = 1V, (b) g = 1.3V, (¢) ¢
1.55V and (d) g = 2V. The values of other parameters are C; = 10nF, C; = 100nF, L
18mH, R = 1.98kQ2,A = 0.3V, w = 50Hz, £2 = 500 Hz
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Fig. 8.3 (a) Q at w (continuous curve) and §2 (dotted curve) associated with v, versus g. (b) Q at
w associated with v, (continuous curve) and iy, (dotted curve) versus g
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Fig. 8.4 Plots of v () and the low-frequency input signal versus ¢ for few values of g. (a) and (b)
g=1V,(c)g=115V,(d)g =13V, (e) g = 1.55V and (f) g = 2 V. In all the subplots the
range of v|(¢) is [-10V, 10 V]. The input signal is 10 times enlarged for clarity

The value of g, is found as 1.3 V. When g is increased further from g, the
response amplitude decreases rapidly to a small value. This type of resonance
behaviour is not observed with Q at §2. Figure 8.3b shows the plot of Q of v, and i,
at w as a function of g. Q(w) of v, and also that of ii. display resonance. In the rest
of the analysis on the single Chua’s circuit focus is on Q of v; at w.

Now, we illustrate the mechanism of vibrational resonance using a time series
plot and a phase portrait. Figure 8.4 presents v; (¢) versus ¢ for six fixed values of g.
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In absence of a biharmonic force the Chua’s circuit for the chosen parametric values
has two stable equilibrium points X4 = (vy, v2,ir) = (5.515V, 0V, —2.784 mA)
and X_ = (—5.515V, 0V, 2.784mA) and one unstable equilibrium point X, =
(0,0,0). Forg = 0,f = 0.3V and w = 50Hz two period-T (= 1/w) orbits
coexist—one orbit about X and another about X_, that is, on either side of v; = 0.
When the system is driven further by the high-frequency force with £2 = 500 Hz,
then for small values of g, the two periodic orbits coexist and v (¢) is modulated by
the high-frequency force. This is shown in Fig.8.4a,bforg = 1 V.

At a value of g, a crossing of v; = 0 takes place. Now, we denote 71 as the time
spent by the trajectory in the region v; > 0 before switching to the region v; < 0.
Similarly, one can define t~. " and 7~ are the residence times of the trajectory in
the regions v; > 0 and v; < 0, respectively. Then, we calculate the mean residence
times ‘EJR and 7. For g values just above the onset of switching between v; < 0
and v; > 0, the residence times rJR and 7 are unequal. An example is shown in
Fig.8.4cwhere g = 1.15V. ‘CJ;{ and 7 vary with g. Atthe critical value g = g, =
1.3V, ‘EJR = 1. = T/2 (see Fig. 8.4¢). There is a periodic switching between the
regions v; < 0andv; > 0 with period equal to half the time of the period of the low-
frequency input signal. The response amplitude Q is maximum at this value of g.
This is the mechanism of the observed vibrational resonance. (Note that periodic
switching between equilibrium states is not a precursor to the onset of vibrational
resonance as pointed out in Chaps. 3 and 4). In the Chua’s circuit system, Q is not
maximum, that is resonance does not occur, at the value of g for which the onset of
crossing occurs. When g is further increased from g,,, the synchronization between
v1(#) and the input signal f sin wt is lost (see Fig. 8.4e). For sufficiently large values
of g, a rapid switching between the regions v; < 0 and v; > 0 occurs and now the
oscillation is centered around the equilibrium point Xy. This is evident in Fig. 8.4f
where g = 2V.

Next, we experimentally analyse the influence of the parameters w, f and 2
on resonance. Figure 8.5 presents the results. In Fig. 8.5a as 2 increases g, also
increases but Q. (the value of Q at resonance) decreases. The width of the bell
shape part of the resonance profile increases when £2 increases. In Fig. 8.5b g,
decreases while Qy,ax increases with an increase in f. The width of the bell shape
part increases for increasing values of f. Figure 8.5¢ shows Q versus g for different
set of values (w, §2) keeping the ratio £2/w as 10. Increase in w and 2 leads to the
effect observed in Fig. 8.5a. In Fig. 8.5d increase in w increases the value of £2,,, but
decreases the corresponding Qpmax.
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Fig. 8.5 The dependence of Q of v; versus g on (a) £2 =0.5, 1.5 and 2.5kHz with f = 0.3V and
w = 50Hz, (b) f = 0.05, 0.15 and 0.25V with @ = 50Hz and £2 = 1000 Hz and (c) different
combinations of w and 2 with §£2/w = 10 where for the curves 1, 2 and 3 the values of (@, £2)
are (50 Hz, 500 Hz), (150 Hz, 1500 Hz) and (250 Hz, 2500 Hz) while f = 0.5 V. (d) Variation of
Q with £2 for three fixed values of ® withf =03V andg = 1.75V

8.2 Analog Simulation of the Overdamped Bistable System

Here we consider the system
¥ —wix + BxX’ = fsinwt + gsinwt . (8.1)

The electronic circuit for the analog simulation of Eq.(8.1) [1] is depicted in
Fig.8.6. It consists of three LM741 operation amplifiers, two AD633 analog
multipliers, one capacitor and eight resistors. The circuit part with the operational
amplifier OA1 and the resistors R, R, and R3 acts as an adder. This part of the
circuit essentially adds the low- and high-frequency signals. The integrator part
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Fig. 8.6 Analog circuit simulation of Eq. (8.1)

consists of the adder with the components R4—R; and OA2 and two multipliers
(AD633 with coefficient o). There is another integrator with the components Rg, C
and OA3.

The dynamical equation of the circuit is

. R R R R2
RgCV, = Vx_7 —a2V3—7 +ﬂ’€3 ! sin wt + 755
R, Rs  RiRg RyR;

sin £21 , (8.2)

where —V, is the voltage at the output of the operational amplifier OA3. In the
paper of Baltanas et al. [1] parameters were fixed as Ry = 6.7kQ, R, = R; =
2.2kQ2, Ry = 15k, Rs = 15092, Rg = 22k, R = 56k, Rg = 10k2 and
C = 10 wF. For these parametric values, the circuit gives rise a symmetric double-
well potential system with a separation between the minima equal to L = 2 and
the barrier height H = 9.3. They were also used two 33120A Agilent wave form
generators for the low- and high-frequency input periodic signals and captured the
response V, with a Tektronix digital oscilloscope. The response amplitude Q at the
frequency w was calculated from the time series of V,. Further, O was computed
numerically by solving Eq. (8.1).

Figure 8.7 presents the experimental and numerical values of Q as a function
of the amplitude g of the high-frequency force for few values of low-frequency
amplitude f. This figure clearly shows the resonance behaviour. The experimental
Q values are displaced to the right and slightly lower than the values of Q obtained
in the numerical simulation. The differences in the values of Q are due to the fact
that the components of the experimental circuit would have introduced a certain
variability in the experimental values of the parameters of the bistable potential.
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Fig. 8.7 Experimentally measured Q (continuous curves) and numerically computed Q (dashed
curves) [1] of Eq. (8.1). The values of f for the fop to bottom curves are 6.656, 3.328, 1.248 and
0.416

8.3 Vertical Cavity Surface Emitting Laser System

This section summarizes the experimental observation of vibrational resonance in a
vertical cavity surface emitting laser reported in [3, 4].

In the experiment two periodic signals with different frequencies @ and §2 were
applied to the injection current. The values of w and §2 were kept at 500 and
100 kHz, respectively. The amplitudes of low-frequency and high-frequency forces
are denoted as Arr and Apg, respectively. The wave form used was a square-wave
with an on-off time ratio 2. The injection current was chosen appropriately so
that the laser operates in the polarization bistability regime. In this case switching
between two states was induced by applying the deterministic modulation. The
response of the laser system was detected using a fast photo detector and the data
were stored by a digital oscilloscope which was interfaced with a computer.

To characterize vibrational resonance the statistical measure SNR and the gain
factor G obtained from the Fourier transform of the time series were used. Twenty-
five thousand sampling points corresponding to 50 periods of the low-frequency
signal were used. For a better result average of the above quantities over a 10-50
time series were used. For the experimental time series SNR was defined as

(8.3)

SNR = 10log,, (M) ;

IN(f5)
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where I5(f;) is the power spectrum of the laser response at the frequency @ and
In(fs) is the interpolated level of noise at w. Then, the normalized SNR,, is computed
through

SNR
SNR, = ——— . (8.4)
SNR(Ayr = 0)
Further, one can define the gain factor as
Is(fs) — In(fs
G = s(fs) — In(fs) 8.5)

—I(f) — Ino(f)

where Iy(fs) and Ino(f;) are the laser response and the interpolated level of noise of
the system at the low-frequency w in the absence of the high-frequency signal.

In the experiment, first the injection current was tuned so that the residence times
in the two levels of the polarized laser emission were almost the same. This can be
treated as corresponding to a nearly symmetric double-well quasipotential [8]. Arr
was then fixed at a value less than the critical value, corresponding to force switching
between the two states at any semiperiod. Figure 8.8 presents [3] the evolution of
the polarized laser emission for a few fixed values of Ayr. In the presence of internal
noise, the laser response displayed the vibrational resonance phenomenon when Ayr
was varied. As Agr was increased, rare switching between the two states were found
(Figs. 8.8b and ¢).

This was due to the combined effect of low-frequency and high-frequency
signals. At a critical value of Agr, a complete synchronization as shown in Fig. 8.8e
between the input low-frequency signal and the laser response was obtained. There
was almost a periodic switching between the two states. When Apyr was increased
further erratic switching between the two states was observed (Fig. 8.8f).
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Fig. 8.8 Time series plots of the polarized laser intensity (in arbitrary units) for few values of
Agr [3]. The values of Ayg are in units of mV. (Figure 8.8 adapted with permission from Ref. [3].
Copyrighted by the American Physical Society.)
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Fig. 8.9 Variation of the gain factor as a function of Ayg for (a) symmetric and (b) strongly
asymmetric quasipotentials [3]. (Figure 8.9 adapted with permission from Ref. [3]. Copyrighted
by the American Physical Society.)
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Fig. 8.10 Laser intensity (in arbitrary units) versus time for several values of Ayp [3]. The values
of Ay are in units of mV. (Figure 8.10 adapted with permission from Ref. [3]. Copyrighted by the
American Physical Society.)

Figure 8.9a shows the plot of G versus Agp. As Agr increased from a small value
at about 10 mV;,s a sharp increase in G occurred. The gain factor G became a
maximum at a value of Agg in the interval [10, 15] mV s and then decreased. It
is a typical plot of a resonance curve and is the characteristic feature of vibrational
resonance.

Next, we point out a different scenario noticed by Chizhevsky et al. for a strongly
asymmetric quasipotential. Pump current was changed to introduce very different
residence times for the two levels of the emitted polarization intensity. In Fig. 8.9b,
the resonance curve is almost of a symmetrical bell-shaped form. Figure 8.10 depicts
the variation of laser intensity with time for several values of Agr where @ = 500 Hz
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and £2 = 10kHz. In this figure one can clearly observe the occurrence of bursts
and the influence of Agr on the interval between consecutive sequence of bursts. In
each pulse train, the number of high-frequency pulses increases with increase in the
value of Agp. The asymmetric case is very similar to the threshold-crossing systems
reported in [9]. In an excitable system the spiking region is activated by applying
an appropriate weak noise to a slowly changing modulating signal. In this case, the
resonance is obtained comparing the rate of the spiking bursting events with the
frequency of the slow input signal.

8.4 An Excitable Electronic Circuit

Figure 8.11 shows an excitable electronic circuit with Chua’s diode as the nonlinear
element [2]. The Chua’s diode 1is implemented with an operational amplifier
from the integrated circuit TLO82. The circuit becomes excitable when the voltage
controlling this operational amplifier is asymmetric [10]. The biharmonic signal
with the frequencies 1 kHz and 50 kHz are produced from two function generators
and introduced into the system through the 1 nF capacitor. The amplitude of the
low-frequency signal is kept at 1.3 V. The response of the system is analysed by
increasing the amplitude g of the high-frequency signal.

Figure 8.12 shows the experimental time series (the voltage drop at the 1nF
capacitor). For very small values of g, the total input signal is below the threshold
and there are no spikes in the output. This is shown in Fig. 8.12a for g = 0.435V.
Above a critical value of g, spikes start to appear. An example is presented in
Fig.8.12b for g = 0.465V. The number of spikes per half period of the low-
frequency signal increases with further increase in the value of g. This is evident in
Figs.8.12c and d for g = 0.66 and 0.985V, respectively. The response amplitude O
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Fig. 8.11 An excitable electronic circuit driven by a biharmonic input signal
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Fig. 8.12 Experimentally measured voltage drop at the 1 nF capacitor as a function of time for five
fixed values of amplitude g of the high-frequency input signal [2]. The values of g for the subplots
(a)—(e) are 0.435, 0.465, 0.66, 0.985 and 1.385V, respectively. (Reprinted from E. Ullner, A.
Zaikin, J. Garcia-Ojalvo, R. Bascones, J. Kurths, Phys. Lett. A 312, 348 (2003). Copyright (2003),
with permission from Elsevier.)

is found to be maximum at g ~ 0.8 V. For a sufficiently large value of g, the system
fires immediately after reaching the equilibrium point, so that the output signal
contains only the own frequency of the excitable system and the low-frequency
component disappears as in the case for g = 1.385V (Fig.8.12¢). This is a
manifestation of vibrational resonance in an excitable system.

8.5 Unidirectionally Coupled Chua’s Circuits

In [2] numerical evidence for amplified signal propagation in a chain of coupled
excitable oscillators was reported. In this work a chain of 1000 oscillators was
considered in which first 100 were driven by biharmonic signals and uncoupled.
The rest of the oscillators were subjected to a high-frequency signal only and
coupled unidirectionally. Yao and Zhan [11] have shown both theoretically and
numerically, low-frequency signal transmission in unidirectionally coupled systems
with first system alone subject to the biharmonic force. The present section provides
an experimental evidence for this in a n-coupled bistable Chua’s circuits.
Constructing a large size electronic circuit on a circuit board and investigating
its performance have limitations due to the physical effects such as parasitic
capacitance effects, internal noise and mismatch in the circuit components. The
tolerance effects and circuit loading can also affect the behaviour of the circuit.
Moreover, parametric identification during the initial stage of circuit design is
difficult because for each parametric values one has to make a search of availability
of the off-shelf components. In view of these reasons, circuit simulators based on
SPICE, for example PSpice (Personal Simulation Program with Integrated Circuit
Emphasis), have been widely used for investigating the dynamics of nonlinear
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circuits [12-16]. Evaluation of circuit functions and performance through PSpice is
more productive than on a breadboard. With PSpice one can quickly check a circuit
idea and perform simulated test measurements and analyses which are difficult,
inconvenient and unwise for the circuits built on a breadboard. Therefore, we choose
PSpice circuit simulation of a system of n-coupled Chua’s circuits with n = 75 units
instead of its real hardware construction. The simulation shows the evidence for
improved transmission of low-frequency signal by the combined action of a high-
frequency signal and a unidirectional coupling.

Figure 8.13 depicts the system of n-coupled Chua’s circuits. The ith and (i + 1)th
circuits (the single Chua’s circuit is shown in Fig. 8.1) are coupled unidirectionally
by feeding the voltage across the capacitor C; of the ith circuit to the (i + 1)th circuit
through a buffer. The high input and low output impedances of the buffer ensure that
the flow of the signal between ith and (i 4 1)th circuits is in forward direction, that is,
from the ith circuit to the (i+1)th circuit only. The coupling resistor Rc characterizes
the strength of the coupling.

The values of the circuit parameters are fixed as C; = 10nF, C, = 100nF,
L = 18mH, R = 2.15k82, w = 100Hz, 2 = 1kHz and f = 0.3V and treat
Rc and g as the control parameters. Figure 8.14a presents the variation of Q; with i
(the number of the Chua’s circuit) for few values of g where Rc = 1k{2. Q; varies
with i and approaches a limiting value. When Q, > Q;(< Q) then Q; increases
(decreases) with i and reaches a saturation with Q75 > Q(< Q1). When Q75 > 0
then the signal propagation through the coupled circuits is termed as undamped.
The measured values of Q; for g = 1.2V and for five different values of Rc are
presented in Fig. 8.14b. Figure 8.15 displays Q; versus g and i for two values of
Rc. For Re = 2.165k$2, Q; versus g (Fig.8.15a) decays to zero as i increases
(damped signal propagation). In Fig. 8.15b where Rc = 1 k2 the signal propagation
is undamped Q; > Qy, i > 1 for arange of values of g. Only for certain set of values
of Rc and g undamped signal propagation takes place.

st Vs 22 Vis
I é

ccy CCy
1
|
e ) 1]1_3 V:?l
VZH'
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Fig. 8.13 The block diagram of a system of » unidirectionally coupled Chua’s circuits. In the first
circuit (CCy), a biharmonic signal F(¢) is connected in series with current (i} ) and the remaining
circuits are driven by the voltage v; of the previous circuit. Here B is a buffer circuit and the
arrowhead represents the direction of coupling
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Fig. 8.14 (a) Q; versus i (the number of the Chua’s circuit) for few values of g with Rc = 1kQ.
For the curves 1-5 the values of g are 0.6, 0.85, 1.1, 1.15 and 1.6V, respectively. (b) Q; versus i
for five values of Rc with g = 1.2'V. The values of R¢ for the curves 1-5 are 1, 1.2, 1.4, 1.8, and
2 k€2, respectively
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Fig. 8.15 (Q; as a function of i and g illustrating (a) damped propagation of signal (for Rc =
2.165kS2) and (b) undamped signal propagation (for Rc = 1k). The thick curve in (b) represents
Q. In (a) O, is not shown because Q;’s with i > 1 are much lower than Q,

Figure 8.16 presents another interesting result. In this figure, v; of the ith circuit
versus t is plotted for four values of i. v, is periodic with period T = 1/w. The v; of
the first circuit (i = 1) is modulated by the high-frequency drive. Since £2/w = 10,
v has ten peaks over one period. The high-frequency oscillation is weakened as the
number of the circuit i increases as seen clearly in Fig.8.16 fori = 5 and i = 15.
For sufficiently large i, the amplitude modulation of v; disappears. The output signal
appears as a rectangular pulse (Fig. 8.16d), of low-frequency w. It is noteworthy to
point out that in the coupled Chua’s circuits, the biharmonic input signal is applied
only to the first circuit. Essentially, the unidirectional coupling serves as a low-
pass filter by weakening the propagation of the high-frequency component while
enhancing the low-frequency component for a range of values g and Rc¢ of the
circuits.
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Fig. 8.16 Plot of v‘i versus time at four different nodes denoted as i where R = 2.15kQ2, Rc =
1kS2 and g = 1.1 V. Notice the suppression of high-frequency oscillations as i increases

8.6 Concluding Remarks

The present chapter reported vibrational resonance in certain experimental systems
and weak signal amplification through the vibrational resonance. The PSpice
simulation study of a system of n-coupled Chua’s circuits revealed undamped signal
propagation for a range of values of the amplitude g of the high-frequency input
signal and the coupling parameter Rc. Another interesting result is the experimental
evidence for suppression of the high-frequency component in distant circuits while
maintaining an enhanced signal propagation of low-frequency signal. That is,
unidirectional coupling is found to act as a low-pass filter. The effect of noise on
vibrational resonance has been studied [17] both experimentally and numerically
in a FitzHugh-Nagumo system. Vibrational resonance is found to occur in the
presence of noise. However, the noise is shown to decrease the response amplitude
at resonance.
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Chapter 9
Ghost Resonances

As shown in Sect. 2.2, when a bistable or an excitable system is driven by a periodic
force of frequency, say, f and subjected to a weak noise it exhibits the phenomenon
of stochastic resonance at an optimum noise level. Essentially, the signal-to-noise
ratio (SNR) measured at the frequency f of the driving periodic force becomes
maximum at a value of the noise intensity. At resonance, in the bistable system
almost a periodic switching between the two coexisting states or potential wells
occurs, with frequency 2f or period 1/(2f). That is, the mean residence time about a
coexisting state or a potential well is 1/(2f). In excitable systems at resonance, the
mean time duration (also called waiting time) between two consecutive bursts/pulses
is 1/(2f) or the mean frequency of bursts is 2f. Note that in the noise-induced
stochastic resonance phenomenon the system is driven by a single periodic force.
The study of the response of a system to external signals comprising the number of
periodic forces of different frequencies is of great important in understanding the
response and functioning of many physical and biological systems. For example,
signals such as musical tones and human speech received by sensory neurons often
contain numerous discrete spectral lines.

Motivated by the above one can ask: What is the nature of noise-induced
resonance in the case of an input signal with more than one periodic force? This
problem has been investigated by the Argentinian physicist Dante R. Chialvo and
his collaborators [1]. They considered an excitable system driven by the two periodic
forces of the form

F(f) = A(sinkfo2rt + sin(k + 1)fp2mt), k=23, (9.1)

kept in subthreshold limit and subjected to an external noise with intensity D. When
the parameter D is varied, the system is found to give rise a sequence of pulses
spaced at random intervals and at an optimum value of D the output pulses are
spaced with an interval ~ 1/f; [1, 2]. That is, there exists a noise-induced stochastic
resonance at a frequency fy that is missing in the input driving force. This fascinating
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phenomenon of resonance wherein enhancement of response of the system at a
frequency absent in the input is termed as ghost resonance. Note that at higher noise
intensities, a resonance at the frequencies present in the input occurs. The ghost-
resonance due to an external noise is the ghost-stochastic resonance. This ghost
resonance phenomenon can be used to explain the missing fundamental illusion in
which a third lower pitched tone is often heard when two tones occur together [2].

The occurrence of a ghost resonance induced by noise has been studied in several
excitable systems [1-9]. In the ghost-stochastic resonance set up when a noise
source is replaced by a high-frequency force the result is the ghost-vibrational
resonance [10]. That is, a ghost resonance can be realized either by a noise or by a
high-frequency force. This chapter is devoted for the analysis of ghost-stochastic
and ghost-vibrational resonances in uncoupled systems and in unidirectionally
coupled systems.

9.1 Ghost-Stochastic Resonance in a Single System

Consider a threshold system which is capable of emitting a rectangular pulse of
short fixed duration whenever the input signal x(¢) crosses the preassumed threshold
value, say 1 [1]. In a neuronal system, this process of giving a spike depending upon
the input signal is called firing. Assume that the input signal is

x(t) = F(t) + D&(r) (9.2a)

where
F(1) = 4 Z sin2rfit),  fi = (k—1+i)fy, k> 1. (9.2b)
n i=1

In Eq. (9.2b) f is a fundamental frequency that is missing in F(¢). The signal F'(¢)
has frequencies kfy, (k + 1)fo, -+ ,(k + n)fo. The noise term £(¢) in Eq.(9.2b) is a
Gaussian white noise with mean zero and unit variance, where D is the strength of
the noise.

9.1.1 System with Periodic Forces

First, consider x(¢) with two periodic terms, thatis, n = 2. We fix A = 0.9, fy = 1
and k = 2 so that x(¢) has two frequencies 2fy and 3fy. There are no firings in
absence of noise. We add noise after every 0.01 time step. Then we vary the noise
intensity D and analyse the response of the system. Our particular interest is on the
distribution of time intervals between consecutive firings (also called firing intervals
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Fig. 9.1 x(¢) (lower curve) given by Eq. (9.2) for (a) D = 0.08, (b) D = 0.15 and (¢) D = 0.30.
Here k = 2,n = 2, fy = 1 and A = 0.9. The dashed line indicates the threshold value 1. The
upper trace is the output of the neuron model in the presence of x(f). Whenever x(f) crosses the
threshold limit x, = 1 the system issues a pulse. Solid circles mark the time duration =~ 1/f;
between two consecutive pulses

or waiting times before give rise a pulse). Now we denote this time interval as T and
the corresponding (firing)frequency as f = 1/7.

Figure 9.1 shows the plot of x(¢) for ¢ € [0,20] and for three values of D. As
D increases the number of spikes per unit time interval increases. In Fig. 9.1 the
solid circles represent the time intervals with the value &~ 1/f; &~ 1 between the
two consecutive pulses. Though the periodic component of the input signal has no
frequency fy, the response of the model considered here issues pulses with the firing
frequency fy also.

Now we identify the various frequencies present in the output signal and their
chances of occurrence. For a fixed value of D, we collect 10° values of firing
frequencies. Using these data we compute the probability for the occurrence of
each frequency in the interval [0, 4] with step size 0.1. Counting the number of
occurrences of firing frequency with a value f” allows £5 % of tolerance. Then, we
divide the probability of each frequency by the total probability of all the frequencies
considered. Figure 9.2 presents the probability distribution P(f) versus f for four
values of D. For relatively low and sufficiently large noise intensities, firings of
pulses takes place with various frequencies. This is the case in Figs.9.2a and d. In
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Fig. 9.2 Probability distribution (P(f)) of firing frequencies (f) for four values of noise intensity
D. P(fy = 1) is maximum for D = Dy,x = 0.15

Fig.9.2b corresponding to D = 0.15 the most frequent spike interval corresponds
tot = 1/fy = 1. When D is further increased, P(f) of f = fy decreases while
those of other frequencies increases as shown in Figs. 9.2c, d for D = 0.23 and 0.3,
respectively. An interesting result for D = Dy,x = 0.15 is that not only P(fp) is not
only nonzero, but is the maximum. For further details Fig. 9.3 shows P(f) versus
the noise intensity for f = fj, 2fy and 3f;. For a range of values of D P(fy) is much
higher than that of the frequencies 2f; and 3fy. As D increases from a small value
P(fo) increases, reaches a maximum at D = D, = 0.15 and then decreases. P(2f;)
and P(3f)) are maximum at a higher value of D but their maximum values are much
smaller than that of f;y. P(f) exhibits resonance when the noise intensity D is varied.
However, the resonance at the frequency fj is the strongest resonance even though
this frequency is not present in the input. This resonance phenomenon occurring at
a frequency that is absent in the input signal is termed as ghost resonance [1].

One can easily verify that for the cases of n > 2 and as well as for k > 2 the
strongest resonance occur at the frequency fj.
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Fig. 9.3 Variation of P(f) T T T T T T T
with D for f = f;y (solid
circles), 2fy (open squares)
and 3fy (open circles)

9.1.2 System with Aperiodic Forces

The various frequencies present in F () given by Eq. (9.2b) are multiples of f. Next,
consider the more general case of a signal with different frequencies, for example,
of the form [1]

F(t) = % Y sin@ufin), fi=(k—1+if+ Af. k> 1. 9.3)
i=1

In the above F(r), the frequencies of each periodic component are not integer
multiples of fy, however, the difference between f,4+; and f, is Af. The periodic
terms are essentially shifted multiples of fo: fi = kfo + Af, o, = (k+ 1)fo + Af,---,
fi = (k—14n)fy + Af. In this signal the fundamental frequency fj is also missing.
The addition of Af makes the frequencies incommensurate and the signal becomes
anharmonic.

Assume that the neuron model detects the location of the highest peaks of the
constructive interference of the signals sin(27f7) and sin(27f>f). Then

sin(2rfit) + sin(2wfor) = 2sin(zf 1) cos(nf 1) , 94

where f* = f, &+ f;. It represents a sinusoidal signal with a frequency f~/2 and
with amplitude modulated with the carrier frequency f*/2. One can show that
the two most dominant peaks are separated with the interval equal to the nearest
integer n, of half-periods of the carrier lying within a half-period of the modulating
signal [1]. When f; = kfy and f = (k + 1)fy, thenn = f*/f~ = 2k + 1 and
the corresponding interval is n/f™ = 1/fy. For the case of a shifted anharmonic
signal [1], with sufficiently small amount of shift, » remains constant while the
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most probable interval is given by

n 2K +1 1
f 2k + Dfo +24f  fy+ [Enys)
That is, one can expect resonances at a frequency
Af
= - 9.6
fe=ht ©0)
when n = 2. For the general case of n = N
I il
T RN =)2 ‘

Now, we are going to verify the above theoretical result through numerical
simulation. First, we calculate f; by varying Af € [—0.5,0.5]. In calculating P(f),
we vary f from O to 8 in steps of 0.001. Figures 9.4a, b presents the numerical
results for n = 2 and 3, respectively. The theoretical prediction given by Eq. (9.7)
is in a very good agreement with the numerical simulation. Though the difference
between f,+ and f, remains as fy, there is a shift in the resonance frequency. The
point is that when a constant shift Af is made to the frequencies of the input signal,
the resonance does not occur at the missing frequency fp but at a shifted frequency.
f: follows a simple linear relation with f;.

The theoretical expression for f; given by Eq. (9.7) is found to be in remarkable
agreement with the experimental results, as well [3-7, 9]. Chialvo [2] has shown
a good agreement between the theory-based simulation data and the physiological
data points of pitches measured from the prominent firing interval in the discharge
patterns of cat auditory nerve fibers in response to complex tones [11] and the

(a) b) | r .
1.2+
3 1r 31t ]
0.8+
08 I 1 . I .
2 2 4 6 8

w1

Fig. 9.4 Variation of the numerically computed resonance frequency f; (marked by solid circles)
with the frequency fi for (a) n = 1 and (b) n = 2. The continuous lines in both the subplots from
left to right correspond to the theoretical f; for k = 2 to 7
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psychoacoustic experimental data of Schouten et al. [12]. In an experiment with
binaural pitch perception, input harmonics are separately presented to human
subjects but through different ears. In this case, a resonance with the missing
fundamental frequency is also realized [13].

9.2 Ghost-Stochastic Resonance in a Network System

The numerical study of dynamics of n-coupled systems described by ordinary
differential equations is time consuming. Therefore, to analyze ghost-stochastic
resonance in n-coupled systems, we choose each unit in the coupled system as a
Bellows map and also we choose the coupling as unidirectional.

In Eq. (7.28), we replace f cos wn by

F(n) = Z ficos(w; + Awo)n, ;= (k+i— Dy 9.8)

i=1

with k > 2 and f; = f. For the single map [Eq. (7.28a) alone] and for wy = 0.05,
k=2n =2,f =04, Awy = 0 and r = 2. Figure 9.5 shows the variation of
the numerically computed Q(w) for o = wy, w; and w; as a function of the noise
intensity D. A typical noise-induced resonance is realized with theses frequencies.
o) = 2wy and w, = 3wy are present in the input signal. The resonance observed
with these frequencies is the usual stochastic resonance. The resonance associated
with the missing frequency wy is ghost-stochastic resonance. The ghost-stochastic
resonance occurs at D = 0.033. Note that the Bellows map is a bistable system.
Next, we consider the n-coupled Bellows maps, Eq.(7.28) with F(n) given by
Eq. (9.8). Figure 9.6 reports Q; versus i for the n-coupled Bellows maps for two

4 : .
W =w
...... W —
W = Wy
0 . I .
0 0.25 0.5

D

Fig. 9.5 Q(w) at ® = wy, w; and w, versus the noise intensity D for a single Bellows map
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Fig. 9.6 Q; versus i of the n-coupled Bellows maps. In (a) and (b) the values of § for the curves
1-5 are 0.2, 0.28, 0.31, 0.5 and 0.7, respectively
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Fig. 9.7 Dependence of Q; versus i for (a) first few values of k where ny = 2 and (b) a few values
of ny where k = 2 for the n-coupled Bellows maps. Here § = 0.7 and D = 0.033

values of D. For D = 0.01 and 0.033 the Q; decays to zero for § < .. Above §.
the response amplitude increases with increase in i and then reaches a stationary
value. Interestingly, the limiting value of Q;, Q1.(i — o0), for § > & displays
resonance-like behaviour. These are shown in Fig.9.6a for five values of §. Qr
increases rapidly with §(3.) for each fixed value of D (Fig.9.6b). For i > 1, 2D
appears as a rectangular pulse-like solution.

Next, we report the effect of k and n¢. Figure 9.7a shows the variation of Q; with
ifork = 2,3,4and 5 where ny = 2, D = 0.033 and § = 0.7. Q, for k = 2 is the
largest. For each unit Q; is found to decrease with increase in k. For each fixed k,
Q; displays sigmoidal type variation with i. For each fixed k, Q; for each i decreases
with increase in n¢ as shown in Fig. 9.7b. In Figs. 9.8a—c Qr, as a function of D is
plotted for k = 2, 3 and 6 and for w = wy, w, w, and w3 with wy = 0.05,85 = 0.7,
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()

10

Fig. 9.8 Variation of Qp with D for (a) k = 2, (b) k = 3 and (¢) k = 6 and for four values of @
for the n-coupled Bellows maps

ng = 2 and L = 2000. For a range of D, the value of Q(wy) is not zero. However, Q
at w = w; and w; are > Q(wy) for a wide range of values of D.

9.3 Ghost-Vibrational Resonance in a Single System

This section is concerned with the ghost resonance induced by a high-frequency
force rather than a noise. For this purpose, we consider the Duffing oscillator driven
by n harmonic forces F () and a high-frequency periodic force g cos §21:

¥+ di + ax + x> = F(r) + gcos 21, 9.9)
where
nf
F() =) ficos(w; + Awp)t. i = (k+i— . (9.10)

i=1

We fixd = 0.5, = —2,wp = 0.5, 8 = 1, 2 = 30wy, f; = 0.1 and treat g as
the control parameter. In the presence of these two periodic low-frequency forces
and with g = 0 the solution of the system (9.9) contains periodic components with
certain frequencies other than 2w, and 3wy. However, Q at these frequencies is very
weak.

Figure 9.9 presents Q(w) versus g for o = wy, 4wy and 5wy where Q(wy) # 0
for g = 0 but ~ 0. As g increases Q(w) at w = wy, 4wy, 5wy displays a resonance.
The resonance of Q(wy) is much stronger than at the frequencies 4w and 5wy. Note
that the fundamental frequency wy is missing in F(¢). The high-frequency induced
resonance at the missing frequency of the input signal is termed as ghost-vibrational
resonance [10]. There are two fundamental differences between the ghost resonance
induced by noise and by the high-frequency force. In the noise driven case, when
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Fig. 9.9 Variation of Q(w)
with g in the system (9.9) for
w = wy (= 0.5), 4wy and
Swp missing in F(r)
[Eq.O.1)] withn =2,k = 2,
Awy = 0 and
h=fHL=f=01

500

the intensity D of the noise is varied, the SNR at wy becomes maximum at one
value of D. Further, the resonances at the frequencies present in the input signal
are weak. In the high-frequency induced ghost resonance, the response amplitude
can be maximum at more than one value of the parameter g (as shown in Fig. 9.9).
In the system (9.9), the resonance at the frequencies present in the input signal are
stronger than the resonance at wg. The resonance at 2wy and 3wy is the well known
vibrational resonance.

9.3.1 Theoretical Calculation of Q(wg)

Now we proceed to obtain analytical expressions for Q(w) at various values of w.
For the system (9.9) with n = 2, we assume that its solution consists of a low-
frequency component X and a high-frequency (£2) component . Substitution of
x =X+ ¥ in Eq.(9.9) gives (with t = §21)
X 4+ dX + aX + BX® + 3BX%(Y) 4+ 3BX (V) = fi coswit + f> cos wat,
9.11)

Y+ dy +ay + By + 3BX7 (Y — (V) + 3BX (v — (¥?)) = gcos 2t.
(9.12)

As usual, we approximate Eq.(9.12) as ¥/ = gcos£2¢, which gives ¥ =
—(g/$2%) cos 2. For this solution (y) = 0, (y?) = g*/(222* and (y°) = 0.
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Then, Eq. (9.11) becomes
X 4+ dX 4+ CX + BX® = fi coswi + f> cos wat, (9.13)

where C = a + 3Bg%/(252*). Slow oscillations of (9.13) occur about its stable fixed
points. Equation (9.13) with f; = f, = 0 admits three fixed points

20247
X* = 0, £+ vV —C/ﬂ for g < g = [—7} (914)

and only one fixed point X* = 0 for g > g.. The change of variable ¥ = X — X*
gives

Y +dYy + wrzY + BY? +3BY2X* = fi coswit + f> cos wat, (9.15a)

where

3 2
a)rzzoz—i- 2'?;

+ 3B8X*2. (9.15b)

For a weak nonlinearity, an approximate solution of Eq. (9.15) can be constructed
through an iterative process [14], wherein the sequence of approximations Yy(?),
Y (?), - - are obtained by solving

Yo + dYo + w?Yo = F(t), (9.16)
Y1 +dY) + w?Y, = F(t) — BY; — 38X*Y? 9.17)

and so on. Now, we attempt to find out both Y, and Y;. The solution of Eq. (9.16) in
the long time limit is

Yo(t) = Ay cos(wit + ¢1) + Az cos(wat + ¢2), (9.18a)
where
dw;
A= f ,¢i=tan_1(— 2w2),i=1,2.
w? — w;

V02— 02) + a2
(9.18b)

Substitution of Yy in (9.17) gives Y;. Y; contains the frequencies w; and w, and
certain other frequencies, namely, lwg, where ! = 1, k—1,k, k+1,k+2, 2k, 2k+ 1,
2k + 2, 3k, 3k + 1, 3k + 2, 3k + 3 due to the terms Yg and YS in Eq. (9.17). When
k = 2 the various frequencies present in Y; are = lwg, [ = 1,2,---, 9. The lowest
and the highest frequencies in Y are w, — w; = @y and 3w,, respectively.
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Retaining only the terms containing wg, w1, @2, @ — @y (Which will become w
if k = 2) in the right-side of Eq. (9.17) leads to [with Y=Y (wo, w1, @2, ®] — wp)]

ao
Yy = . 60s (wot + o — @1 + ¢2)
0

a
+s_02 cos ((w1 — wo)t + ¢o + 2¢1 — ¢2)
01

a
+s—l cos(wit + ¢ + ¢) + Sicos (w114 ¢1)
1 1

+% cos (wat + 2¢) + f— cos (wat + ¢,) , (9.19a)
2 2
where
dw;
¢; = tan”! (— > @ 2), i=0,1,2 (9.19b)
O — w;
w=k+i—Dwy+ Awy, i=1,2 (9.19¢)
_ \/ 2 2)2 2,02 s
si= (02 —w})" + 0}, i=0,1,2 (9.19d)
S01 :so(a)o—>a)1—a)0), A,'ZJ:, i= 1,2 (9196)
N
* 3 2
apgr = 3,3X A1A2, apgp = Z,BAlAz, (919f)
3 2 2 3 2 2
ay = Z,BAI (AT +243). ar = Z:BAZ (A3 +247). ©.199)

W) —wo = oy for k = 2 and Awy = 0. For this case, the first two terms in the right-
side of Eq. (9.19a) are periodic with frequency wy, otherwise the first term alone is
periodic with the frequency wy.

In Eq. (9.19a) for |fi = f» = f|< 1 the third and the fifth terms in the right-side
can be neglected because a; and a, are of the order of f 3 while the fourth and sixth
terms are of the order of f only and the minimum value of s; is dw; which is not very
small for d = 0.5 and wy = 0.5. Then the amplitude of the periodic components in
the solution (9.19a) with the frequencies wp, w; and w, are

Alwy) = f—l A(wr) = f—z (9.20a)

1
A(wo, k =2, Awy = 0) = S_ a%l + a%z + 2ag1ap; cos(2¢r — 3¢1) ,
0

(9.20b)

* 12
Alwo.k £ 2 or Awg # 0) = 0 = 3PXT (9.20¢)

So 505152

Then Q(w;) = A(w))/f.
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Fig. 9.10 Theoretical (continuous curve) and numerical (dashed curve) (a) Q(wy), (b) Q(2wy)
and Q(3wy) versus g for the system (9.9) withwy = 0.5, n =2,k =2, Awy =0andf; =, =
f=0.1

In Fig.9.10, both theoretically and numerically calculated Q(wy), Q(2wy) and
0O(Bwy) as a function of the parameter g are plotted. Theoretical Q at ® = wy, 2wy
and 3wy are in very good agreement with the numerically computed Q. Because
A(wo) is a complicated function of g it is very difficult to find an analytical
expression for g, at wo.

9.4 Effect of k, n and Aw, on Resonance

The theoretical procedure employed in the previous section for the determination
of an analytical expression for Q(wy) can be extended for n > 2. However, such
an analysis involves tedious mathematics, so that we prefer to perform a numerical
simulation. For this purpose, we choose f; = f,i=1,2,-- ,n.

Figure 9.11a presents Q(wp) versus g for several values of k with n = 2 and
Awg = 0. Q(wp) (as well as Q(w;) and Q(w,)) decays to zero with k. For k # 2 the
theoretical expression for A(wy) in Q(wo) = A(wo)/f is given by Eq. (9.20c). For a
fixed value of g as k increases, the quantities s;, i = 0, 1, 2 increase and A; and A,
decrease. Since A(wy) is directly proportional to Ay, A, and 1/sy, its value decreases
with increasing values of k. In Fig.9.11a Q(wp) = 0 for g > g.(= 259.81) when
k > 2. This is because for g > g. the fixed point about which a slow oscillation
occurs is X* = 0 and hence Q(wy) becomes zero [refer Eq. (9.20¢)]. That is, for
k > 2 the output signal will have a periodic component with the missing frequency
wo only if the center of oscillation of the output x(z) is # 0 which will happen for
g < gc. The value of Q(wy) at resonance, as shown in Fig. 9.11b, increases with the
number of periodic forces, n, and attains a saturation. For k > 2 resonance occurs
for n > 2, but the value of Q(wy) at resonance decreases when n increases.
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Fig. 9.11 Three-dimensional plot of Q(wy) versus g and (a) k for n = 2 and (b) n for k = 2 for
the system (9.9) with wy = 0.5 and f = 0.1
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Fig. 9.12 Q(wy) versus g for various values of (a) Awy for k = 2, n = 2, (b) k forn = 2,
Awy = 0.1 and (¢) n for k = 2, Awy = 0.1. In all the cases wy = 0.5 and f = 0.1

Next, consider the system (9.9) with Awy # 0. Figure 9.12a displays the effect
of Awy on the response amplitude profile for k = 2, n = 2 and wy = 0.5. For
Awy # 0 the amplitude A(wp) given by Eq.(9.20c) is inversely proportional to
sos152. For a fixed value of g, the quantities s;, i = 0, 1,2 increase with increase
in Awy. As a result, Q(wy) = A(wo)/f decreases with an increase in Awy. This is
evident in Fig.9.12a. A similar result is seen in Fig.9.12b, where Q(wy) is plotted
as a function of k and g forn = 2 and Awy = 0.1. In Fig.9.12¢c Q(wy) versus g
for various values of n is plotted for k = 2 and Awy = 0.1 where Q(wy) attains a
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saturation. This result is similar to the one shown in Fig.9.11b for Awy = 0. In all
the subplots in Fig.9.12 Q(wy) = 0 for g > g.(= 259.81) because A(wp) x X* and
X* =0forg > g..

9.5 Ghost-Vibrational Resonance in a Network System

This section analyses the features of signal propagation at the missing fundamental
frequency in a regular network of one-way coupled N(= 200) units. Here, we
consider the cases of multi-frequency signal applied to (1) first unit only and (2)
to all the units.

9.5.1 Description of the Network Model

The network has N identical Duffing oscillators. The first unit is uncoupled and is
alone driven by both F(¢) and g cos §2¢. The interaction is along one direction. We
choose the coupling term to be linear. The equation of motion of the network is

%1+ di) + ax; + Bx] = F(t) + gcos 21, (9.21a)
% 4+ di; + ox; + Bx; = 8x-1, i=2,3,---,N (9.21b)

and F(r) is given by Eq.(9.1). Fix d = 05,0 = =2, 8 = 1, wp = 0.5 and
2 = 30600.

9.5.2 Undamped Signal Propagation

In the input signal F'(¢) the fundamental frequency wy is absent. Now, we calculate
the response amplitude Q;(wo) numerically. Figure 9.13a shows Q;(wy) as a function
of the unit i for a few fixed values of the coupling strength § with the values of the
parameters in F(f) asn = 2,k =2, w0 = 0.5, Awy =0, = =---=f, =
f=0.1and g = 0. When g = 0, Q; = 0.01874. For § < 8. = 1.78, Q; < QO
fori > 1. For § > §. as i increases the value of Q; increases slowly then increases
rapidly and reaches a saturation. Qo9 > Q; and the network displays undamped
signal propagation. For very large i, Q; oscillates about a value with small amplitude.
Neglecting this small oscillation, Q; becomes almost a constant for sufficiently large
values of i. Denote Q| as the saturation value of Q;. In Fig.9.13a O}, increases with
increase in § from §.. The undamped and enhanced propagation of signal with the
frequency wy missing in the input signal takes place even when g = 0. The enhanced
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Fig. 9.13 Dependence of Q; versus i curve on (a) § for g = 0,k = n = 2, (b) g for § = 2,
k=n=2,(c)kforéd =2,n=2and g = 0 and (d) the number of periodic forces in F(r) for
§d =2,g=0and k = 2.In all the cases wy = 0.5,f = 0.1, Awy = 0 and 2 = 30wy. The first
oscillator alone is driven by the force F(r) and g cos 2t

signal propagation is due to the unidirectional coupling. Note that the input signal
F(¢) is applied to the first oscillator only.

Q; versus i for three values of g with § = 2 is shown in Fig.9.13b. Q. is
independent of g. The values of g have a strong influence on Q; only for a certain
range of values of i denoting the oscillators number. In Fig.9.13b roughly in the
40th to 70th oscillators Q; varies with g. In this interval of i, Q; rapidly increases
with i. As g increases from O the Q; profile oscillates and becomes stationary for
sufficiently large values of g. Similar effects are found for various values of k and
n. Figure 9.13c, d report the influence of k and n, respectively, on Q; for § = 2
and g = 0. In Fig.9.13c the Q; versus i profile evolves to a stationary one with
increase in the value of k. The Q; profile remains the same for n > 5 in Fig. 9.13d.
An interesting result is that Q. is independent of g, k and n and depends on 4.
A numerical simulation is performed for Awy # 0. Results similar to the case
Awy = 0 are observed. Furthermore, Oy is found to be independent of Aw.
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9.5.3 A Network with All the Units Driven by External Forces

Next, we consider the network with all the units driven by the force F(f) and
g cos £2¢ and the units are coupled unidirectionally. The equation of motion of the
network is

%1 + diy + ax; + Bx} = F(t) + gcos 21, (9.22a)
%+ di; + ax; + Bx} = 8x,i—y + F(f) + gcos 21, (9.22b)
where i = 2,3,---,N. Figure 9.14 shows Q; versus g and i for two fixed values of

8. We observe ghost resonance in each unit. For § = 0.3 (Fig.9.14a) the value of
Q; at resonance increases with the unit number i and then reaches a saturation with
ONmax > Q1.max- For § = 0.5 (Fig.9.14b) we can clearly notice small oscillatory
variation of Q; with i for the values of g near resonance. The oscillatory variation
of Q; is found in the network system (9.21) also. Comparing Figs.9.13 and 9.15,
we observe that the enhancement of the response amplitude at resonance in the
network (9.22) is relatively higher than that of the network (9.21).

For the network system (9.21), in Fig. 9.14a Q of the last unit is < 3 for § < 2.
Furthermore, Q of the last unit is independent of the value of g. For the network
system (9.22), in Fig.9.14 Q of the last unit depends on the value of g. In the
system (9.21) undamped signal propagation with Qy > Q; occurs for § > 1.78
and even for g = 0. In contrast to this, in the system (9.22) Oy > Q) takes place
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Fig. 9.14 Variation of Q; with g and i for two values of § of the network system (9.22) where
d=05a=-2,=1,f=0.1,0) = 0.5, 2 = 30wy, k =2,n=2and Awy =0
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only for certain range of values of g, however, (Q) > Q; even for a wide range of
values of § < 1.78. As far as the signal amplification and propagation at a missing
frequency wy is concerned, driving all units in the unidirectionally coupled system
considerably improves the response amplitude over a certain range of values of g
and § compared to the driving the first unit alone.

9.6 Ghost-Vibrational Resonance in Chua’s Circuit

The ghost-vibrational resonance is observed experimentally in the Chua’s circuit.
The Chua’s circuit shown in Fig.8.1 is modified by including multi-frequency
driving signal F(r) = (1/n) Y_\_, fisinw;t + g sin 21 where ; = (k + (i — 1))wo.
The response of the circuit is analysed for the parametric choice R = 2150 €2,
C; = 10nF, C; = 100nF, L = 18 mH, f; = 600mV and §2 = 1500 Hz. Forn = 2,
k = 2 and wy = 25Hz from the power spectrum of the signal v; the amplitudes of
the signal at frequencies wg, w; and w, are measured by varying the amplitude g of
the high-frequency signal. Then Q is computed. Figure 9.15 shows the result. The
O(wyp), O(wy) and Q(w,) of the state variable v; exhibit a typical resonance.

Q(wy) is measured for several fixed values of wy as a function of g and the result
is presented in Fig. 9.16. Ghost-vibrational resonance occurs for each fixed value of
wy. Figure 9.17a depicts Q(wp) versus g for k = 2,3,---,10 for n = 2. For these
values of k also resonance at wy is observed. Q(wp) as a function of g and n for
k = 2 is presented in Fig. 9.17b.

Fig. 9.15 Plot of O(w;), T T
i =0, 1,2 measured from the

Chua’s circuit as a function of 20
g with wy = 25Hz

& 10




9.7 Concluding Remarks 259

(a) (b) 40
’ > 30
24 k !‘\ S 20 A\
~ AR 10 > 1o |} IEA o ool
s s o R R
o “‘\‘lﬂhllllll’ \ \\\\, R “‘a»k\\v«\‘\‘\jl L
s sy Wl 6 k X RS
ot NI n \ &&\\\Q&\““\\

Fig. 9.17 The dependence of Q(wy) with g for (a) k = 2,3,---,10 withn = 2 and (b) n =
2,3,-++, 10 with k = 2 for the Chua’s circuit. Here wy = 25 Hz

9.7 Concluding Remarks

The output of a linear system subjected to a periodic force with a single frequency
w contains only the frequency . In contrast to this, the output of a nonlinear system
has the frequency w and its integral multiples. If a linear system is driven by a multi-
frequency signal, the frequencies present in the output are the same as those in the
input. Interestingly, the output of a nonlinear system driven by a multi-frequency
force not only contains the harmonics of the input frequencies, but inter-modulation
components of harmonics can also be generated.

This chapter has shown the enhancement of the response amplitude in the
output of a nonlinear system by a noise or a high-frequency force at the missing
fundamental frequency in the input multi-frequency signal. For the ghost-stochastic
resonance to occur, we must consider a bistable or excitable system. High-frequency
induced ghost resonance can occur even in a single-well nonlinear system. The
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ghost-stochastic resonance in excitable systems is different from that of it in bistable
systems. In excitable systems the ghost resonance at the missing frequency is
dominant over a wide range of noise intensity. But in the bistable systems resonance
at the missing frequency occurs but is not the dominant resonance.

In the excitable systems, when there is a shift in the input frequencies, then
the resonance frequency is given by Eq.(9.3). The resonance frequency is not
the missing frequency. It is a function of the number of periodic terms present
in F(z), the parameter k, frequency shift and the fundamental frequency. In the
bistable systems this is not the case. Resonance occurs at the fundamental frequency,
however, only for small values of k.
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Chapter 10
Parametric Resonance

In a weakly nonlinear oscillator driven by an external periodic force, the response is
generally amplified near the natural frequency of the system and the response at all
other frequencies far away from the natural frequency is very weak. A different kind
of resonance and response of an oscillator occurs when one or more of its parameters
vary periodically in time. When the parameter of an oscillator varies with time, then
the oscillator is called a parametric oscillator or a parametrically driven oscillator.
An example is the pendulum whose support oscillates vertically with an angular
frequency w and a forcing amplitude F (Fig. 10.1). The equation of motion for the
evolution of the pendulum angle 6 with respect to the vertical is given by

é—i—dé—i—wg(l +fcoswt)sind =0, (10.1)

where d > 0, 3 = g/I,f = F/w}. Here g, | and d are acceleration of gravity,
length of the pendulum and the damping coefficient, respectively. The force F cos wt
serves as an energy source. The natural frequency is not a constant now, but varies
periodically. In such a case for a certain specific choice of the parameter f, the
amplitude of the induced oscillation grows steadily. This phenomenon is termed as
parametric resonance [1-8].

Usually, a parametric resonance is not considered in systems driven by an
additive external periodic force, but it is considered for systems where one or
more coefficients in the equation of motion vary periodically with time. Examples
include periodic variation of stiffness, mass, density and environmental change. In
a varactor parametric oscillator oscillations occur when the capacitance of the diode
is varied periodically. Parametric instability can be realized when a tank with a
liquid vibrates vertically. In this case standing waves on the free surface can be
observed which is known as Faraday instability. The parametric resonance underlies
the physics of swings [9] and of the Botafumeiro censer in the Cathedral of Santiago
de Compostela in Spain [10]. Neutrino systems can display parametric resonance.
In neutrino systems, a periodically varying condition is realizable when a beam of
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Fig. 10.1 A parametrically I
driven pendulum 4 Fcos t

oscillating neutrinos passes through a medium with a periodically varying density.
The parametric resonance can then occur leading to enhanced oscillations. For
example, atmospheric neutrinos traversing the earth passes through an alternatively
varying density of layers and thus can show enhanced oscillations [11].

This chapter provides some examples of parametric resonance, the conditions
for parametric instability in the linear and certain nonlinear systems, a quantum
analogue and various applications of the parametric resonance.

10.1 Examples of Parametric Resonance

Some of the notable examples of parametric resonances [12] are listed below:

1. In 1831, Michael Faraday reported the occurrence of ripples at the surface of
a liquid when a tank containing a liquid is periodically excited at twice the
frequency of the ripples [13]. This is a classic example of parametric resonance,
because of the fact that the vertical vibration of the tank is an intrinsic parameter
of the system and it depends on time due to the periodic vibration.

2. In 1883 Lord Rayleigh observed that when the tuning fork attached to the end
of a stretched string, vibrated with frequency f, then the response frequency of
the vibrations of the string was f/2 [14].

3. In 1908 Andrew Stephenson realized the changing of an unstable equilibrium
state of an inverted pendulum through a vertical periodic force at the pin [15].

4. A spectacular parametric oscillator, the Botafumeiro [10], has been presented
to prayers, pilgrims and the public in the Cathedral of Santiago de Compostela
(Galicia, Spain) since the Middle Ages. There, a heavy censer about 1.5m
tall is forced to oscillate with fast increasing amplitudes by a small number
of people, up to the top of the Cathedral vault in only about 80 s-while the
incense fumes spread over the attendant souls-and passing the equilibrium point
at about 70 kmh™', half a meter above the floor.

5. In 1859, Franz Melde noticed the parametric resonance in a taut string [16, 17]
by exciting a transverse oscillation of the string by forcing the tension of the
string to oscillate with a tuning fork at twice the fundamental frequency of the
string.
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10.

When the capacitance of a capacitor in an amplified circuit is modulated, for
example by varying the separation between the plates with an external voltage
source, then it can amplify an input weak signal voltage of a different frequency
applied to the capacitor [18].

Parametric oscillation is the key phenomenon in optical parametric oscillators
(OPOs) which are used in several advanced experiments in nonlinear optics and
quantum optics. For example, an OPO is used in the generation of entangled
Einstein—Podolsky—Rosen quantum states of two photons employed in quantum
information. In an OPO, a noncentro-symmetric nonlinear crystal is placed in a
cavity resonator. The crystal is excited to oscillate by a strong pump laser beam
focused into the crystal [19]. A second-order nonlinear polarization is induced
in the crystal. This leads to the mixing of the pump beam with two outgoing
beams from the crystal. These two beams get amplified at the expense of the
pump beam energy.

. Suppose a string attached to a bob is passed through a small fixed smooth ring.

The other end of the string is held by our hand and let the bob to oscillate. When
the bob passes its equilibrium point, pull the thread by a small amount and
further extend it to its initial length as the bob reaches the maximum deflection.
The result is the fast growing amplitude of the parametric oscillations of the
bob [5].

. In the Watt governor with a sinusoidal variation in the engine speed the greatest

chance of instability can occur when the excitation frequency in the engine
becomes double of the natural frequency of a conical pendulum [20].
Parametric resonance has been realized in micro- and nano-electromechanical
systems [21-23], MEMS/NEMS devices [24—26] and cutting process [27].

10.2 Parametric Instability in a Linear System

Linearisation of Eq. (10.1) gives

0+ db + a)g(l +fcoswt) =0. (10.2)

When d = 0, Eq.(10.2) is the Mathieu equation. Equation (10.2) models many
physical systems. In 1868 Emile Mathieu introduced this equation to model the
vibrations of an elliptical membrane [28]. This equation is found to describe the
dynamics of parametrically driven micro capacitive cantilever [29] and the motion
of an ion trapped in a linear rf trap [30]. The Mathieu equation, though linear, is not
solvable analytically in terms of standard functions.
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10.2.1 Ilustration of Parametric Resonance

Parametric resonance is best explained through Eq. (10.2). Suppose it is desired
to know the regions in the (a)g, f) parameter space where the equilibrium point
(6, é) = (0,0) is stable, it is unstable and periodic solutions exist. Figure 10.2
show the numerical result for @ = 1 and for three values of d. In the dotted regions
the equilibrium point (0, 0) is unstable and the amplitude of oscillation grows with
time. This phenomenon is called parametric resonance and it occurs when

w = w, =2wy/n, (10.3)

where n is a positive integer. In the blank regions all the solutions are bounded
(quasiperiodic motion for d = 0 and for d > 0 the solutions in the long
time limit approach an equilibrium point). The stable and unstable regions of
the equilibrium point are separated by smooth boundaries. On the continuous
curve periodic solutions exist. The shape of the resonant tongues change when
the damping coefficient d is increased. The area of stable regions (blank regions)
increases with increase in the value of d. Figure 10.3a shows the Poincaré map of
the system ford = 0, f = 1/3 and @ = 3. The five orbits in this figure are
obtained for five different initial conditions. All the orbits are quasiperiodic and
bounded. In Fig. 10.3b for d = 0.1, f = 1/3 and w? = 3 the trajectory approaches

Fig. 10.2 Resonance tongues (a)
of the system (10.2) showing

the regions of stable (blank

regions, marked as ‘S’) and +— 0.5
unstable (dotted regions,

marked as ‘U’) solutions for

(@)d =0,(b)d = 0.1 and

(¢) d = 0.5. On the curves

stable periodic solutions exist. [b)
In the blank regions, the fixed

point (0, 0) is stable while in

the dotted regions the motion ™ 0.5
is unbounded. Here v =1
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Fig. 10.3 (a) Poincaré map of the parametrically driven linear system (10.2) ford = 0, f = 1/3
and a)é = 3. (b) An example of a trajectory approaching the equilibrium point (0, 0) for d = 0.1,
f =1/3 and @} = 3. (¢) An unbounded motion for d = 0.1,f = 1 and w} = 3
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Fig. 10.4 Time series of the system (10.2) with f = 1, @ = 1 and for (a) a)g = 0.25, (b) a)g =
07, @wi=1,d)og =2, w}=25and(f) wf =4

the equilibrium point (0, 0) in the long time limit. Figure 10.3c shows an example
for amplitude growth.

Consider Fig. 10.2 forf = 1 withd = 0.1. When a)g is varied from a small value,
the stability of the equilibrium point (0, 0) of the system undergoes the transition
stable — unstable — stable — unstable - - -. In Fig. 10.4 x(¢) versus ¢ is shown for
several fixed values of a)g. This figure illustrate the above transition. Figure 10.5
shows both x versus 7 and x versus x with f = 0.1, w = 1, d = 0 and for two values
of a)g—one in a blank region and another in a dotted region. For a)g = 1 (lying in the
dotted region of Fig. 10.2) a trajectory started near the equilibrium point oscillates
with diverging amplitude as shown in Figs. 10.5a(i), a(ii). In Figs. 10.5b(i), b(ii) for
a)g = 2 (lying in the blank region of Fig. 10.2) the long time motion of the system
is a bounded quasiperiodic orbit and the equilibrium point (0, 0) is stable.
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Fig. 10.5 Time series and phase portrait of the system (10.2) for two values of w? and for f = 0.1,
w = 1 and d = 0. The values of a)g are 1 and 2 for the subplots (a) and (b), respectively
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Fig. 10.6 6(¢) versus 7 for (a) the linear system (10.4) and (b) the system (10.2). The values of the
parameters are d = 0.1, w3 = 1,f = 1 and @ = 1. Here x(0) = 1 and x(0) = 0

The causes and characteristics of parametric resonance are significantly different
from those of the resonances occurring when the oscillator responds to a periodic
force. For example, the strongest parametric oscillations are excited when the cycle
of modulation is repeated twice during one period of natural oscillations in the
system, that is, when the frequency of parametric modulation is twice the natural
frequency of the system. In this case maximum energy transfer to the system occurs.
The oscillator phase-locks to the parameter variation and absorbs energy at a rate
proportional to the energy already stored in it.

Now, bring out an important difference between parametric resonance and
resonance due to an additive external periodic force. Figures 10.6a, b show 6(f)
versus ¢ for the linear system

6 +db + a)ge = fcoswt (10.4)
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and the system (10.2). In Fig. 10.6a the externally forced resonance causes the
state variable 6 to grow slowly to a maximum value. In Fig. 10.6b the parametric
resonance causes 0(f) to grow exponentially for the linear system.

10.2.2 Theoretical Treatment

Now we present a theoretical treatment for the analysis of the parametric resonance.
First, we consider the system with d = 0. Since the dominant parametric resonance
occurs if w is close to 2wy, one can write @ = 2w + € where € is a small resonance
determining parameter. Assume the solution of (10.2) in the form

€ . €
0 = a(r) cos (wo + 5) t + b(f) sin (wo n 5) ‘. (10.5)
Using (10.5) in (10.2) with w = 2wy + €, after simple algebra, it gives
/ 1 / 1
a = —Z(fwo +2€)b, b = —Z(fwo —2€)a . (10.6)
The above equation indicates that to get an oscillation of 6(¢), the initial value of

a(0) or b(0) must be nonzero, that is, 6(0) and 6(0) must be nonzero. One can
assume the solution of (10.6) as

a(r) = ape’,  b(t) = bpe!" . (10.7)

Then, Eq. (10.6) becomes

H® (fwo +2€)/4\ (a0 _
((fwo—Ze)/4 " ) ( ) =0. (10.8)

For a nontrivial solution, the condition is that the determinant of the coefficient
matrix in the above equation must be zero. That is,

1
w? — 6 (fPwj—4€’) =0 (10.9)
which gives

1
n= iz,/f2w§—462. (10.10)

In Eq.(10.7) the amplitude of oscillation grows with time if ¢ > 0 leading to
parametric instability. This happens for values in the range —fwy < 2¢ < fwy.
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Outside this instability frequency window, one finds that

1
p=iR, Q= Z,/[fzwoz — 4¢2] (10.11)

and the solution has the terms
. € €
sin [(a)o + 5~ .Q) t] and cos [(a)o + 5~ .Q) t] . (10.12)

The frequency of oscillation is neither wy nor w/2. In the limit f — O the
system (10.2) oscillates with its natural frequency wy.
When d # 0 in Eq. (10.2)

a(t) = age" ™", b(t) = boe" " . (10.13)

Then, the condition for the parametric instability is

1
= Z\/f2w§—462—d>0. (10.14)

The parametric resonance window is
2 Loy 5
€< Zf wy —d° . (10.15)

The numerical simulation supports the above theoretical prediction.

10.2.3 Analog Simulation

Let us show the occurrence of the parametric resonance in the Mathieu equation in
an analog circuit simulation. Figure 10.7 depicts an analog circuit of (10.2). For this
circuit the evolution equation for the variable V is

, L,d&V  RCdvV R ,
RC— + - -+ (I + FsinonV = 0. (10.16)

With the change of variables t = RCY, w = RCw', F = f, V = 0 and dropping
the prime in 7 and o’ this equation reduces to Eq.(10.2) with d = R/R1 and
a)g = R/R2. Fix the parameters in the circuit as R = 10k, C = 100nF,

R1 = 100kR2, F = 1V and w = 159Hz. In this case d = 0.1. a)g can be
varied by varying the resistance of the resistor R2. The experimental time series
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Fig. 10.7 An analog circuit of the damped Mathieu equation. In this circuit ‘M’ is a multiplier
chip (AD633JN)
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Fig. 10.8 Analog circuit simulation time series of the system (10.2) for several values of R2 in the
circuit shown in Fig. 10.7

obtained for six different values of R2 corresponding to the values of a)g used in
Figs. 10.4a—f are presented in Figs. 10.8a—f, respectively. The qualitative features of
the time series shown in Figs. 10.4 and 10.8 are similar. The resonance behaviour
of the system (10.2) for d = 0 is also realized in the electronic circuit simulation.
The circuit shown in Fig. 10.7 without the resistor R1 corresponds to Eq. (10.1) with
d = 0. The experimental simulation plots corresponding to the parametric choices
used in Fig. 10.5 are shown in Fig. 10.9.
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time (ms)

Fig. 10.9 Analog circuit simulation of time series and phase portrait of the system (10.2) for two
values of R2 in the circuit shown in Fig. 10.7 without the resistor R1. The values of R2 for the
subplots a and b are 10 and 5 k€2, respectively

10.3 Parametrically Driven Pendulum

For a certain range of values of the parameters, the pendulum system (10.1) exhibits
a parametric instability in which the amplitude of the oscillation increases with time.
Figure 10.10a shows the resonance tongues for d = 0. The area of the stable regions
increases with increase in d as shown in Figs. 10.10b and c.

In the linear system (10.2) with d = 0, when f — 0 parametric resonance takes
place for w/wy = 2/n where nis aninteger [1]. n = 1, thatis, @ = 2w, corresponds
to the most unstable oscillation. Now, we analyse this case theoretically employing
the multiple-time scales method [31]. For convenience, we rewrite Eq. (10.1) as

b+ 210 + |:1+4/Lsin (21):|sin9 -0, (10.17)
Wo
) 1 4(03
where T = wot, A = d/Quwo), i = f/(4w) and define v = sl ~ as the
®

detuning parameter. For small oscillations the equation becomes

§+ 210 + |:1+4/Lsin (21):| (9—%93) —0. (10.18)
i

0
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Fig. 10.10 Resonance (a) 2
tongues of the parametrically

driven pendulum

system (10.1) showing the |
regions of stable (blank

regions) and unstable (dotted

regions) solutions. On the 0
curves, stable periodic
solutions exist. In the blank (b) 2
regions, the fixed point (0, 0)
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regions the motion is w1
unbounded. Here w = 1

d=0.2
0 | | | L |
0 1 2 3 4 5
(C) 2 T %
w1 i
d=0.3
O | |
0 1 3
w

The parametric excitation acts on both the linear and cubic terms. We write
0(t) = Vebo(r,T) + € 0,(x.T) + /2 05(2, T) + - -, (10.19)
where T = et, substitute it in Eq.(10.18) and then collect terms containing the
same powers of €.
The zeroth-order equation is 6 46, = 0, where the prime denotes differentiation
with respect to t. The solution of this equation is

6y = X(T)e"" + C.C, (10.20)

where C.C denotes complex conjugate of the preceding term. From the terms
containing /€ one gets 0" + 6; = 0 whose solution is

6, =Y(T)e" +C.C. (10.21)

Next, the equation obtained from the terms containing € is

0y +6,=G [90, A6}, 116y sin (ﬁt)] : (10.22)
wo
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G of the above equation should not contain terms proportional to e'® in order to
avoid a secular growth of 6. Using Eq. (10.20) and w/wy = 2 — 4v, this condition
gives [31]

dx _— i
7= (A X 4 ke - %|X|2X , (10.23)
where X is the complex conjugate of X. Writing X = Ae~2"7, the above equation
becomes
dA - i
— = (-A+iv)A+puAd——|APA. 10.24
= (A A+ pd - Al (10.24)

Consider both the linear and nonlinear stability of the equilibrium point § = 0.
Dropping the nonlinear terms in Eq. (10.24) and defining A = Ar + iA; lead to the
equations

A;{ = —AAR — VA] + uAgr , Ai = —AA1 + VAR — A . (10.25)

For the equilibrium point (Ag,A;) = (0, 0), the stability determining eigenvalues
A4 are

Ar = =2+ A2 — (A2 4+ 02— pu?). (10.26)

For the equilibrium point to be stable, the condition is A> 4+ v> — u? > 0, that is,
W < e where pe = /A% + V2.

For ;1 > i, write A = Re'?. Substitution of this in Eq.(10.24) (with the
nonlinear term) gives

R2
R = —AR + uRcos2p, ¢ =v— i usin2¢ . (10.27)

The steady state amplitude |A| = R is obtained by setting R = ¢’ = 0. Then,
solving the resultant equations gives

AG=R; =0, AL =40+ Vpu>—22). (10.28)

The following are the key results:

s Forv < 0, |A]*> = 0 is the only stable solution for u < e = +/A2 + v2. For
> e, |A|%F is stable while |A|3 is unstable. Figure 10.11a shows j — j. versus
|A]? forv = —0.1and A = 1.

e Forv = 0, |A]? is stable for & < u. = A. For u > we, |A|2 is unstable, while
|A|3 is stable (Fig. 10.11b).

e When v > 0, |A|? is the only solution for 4 < A and is stable. For A < p <
W there are three solutions for |A|> and are given by Eq. (10.28). The solutions



10.3 Parametrically Driven Pendulum

Fig. 10.11 Plot of u — pc
versus |A|? for the pendulum
system (10.17). The
continuous curve and the
dashed curve represent stable
and unstable branches of
solutions, respectively. The
arrows indicate the evolution
of |A|?> when p is increased
and decreased
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|A|2 and |A|i_ are stable, while |A|% is unstable. For > . there are only
two solutions. |A|2 is unstable and |A|ﬁ_ is stable. Figure 10.11c shows p — .
versus |A|?> for A = 1 and v = 0.5. When p increases from a small value jump
phenomenon occurs at 4 = .. When u is decreased from a value greater than

[L¢, @ jump in the response amplitude occurs at © = A.

For the system (10.2) driven by noise, a theoretical procedure based on Green’s
functions and averaging techniques has been developed for the calculation of SNR
[32]. The occurrence of parametric resonance in Duffing oscillator was investigated

in [33].

For more details on parametric resonance and instability of the pendulum system

one may refer to the [5, 6, 34-37].
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10.3.1 Effective Parametric Resonance

In the linear system (10.2) and in the nonlinear system (10.1), as shown in Figs. 10.2
and 10.10, respectively, periodic orbits in the (a)g,f) parameter space exist only
for the parameter values represented by the continuous curve. It is possible to
realize stable periodic oscillations induced by a parametric perturbation with high
frequency for a wide range of parameters values. As an illustrative example, we can
consider the parametrically driven Duffing oscillator system

%4 di + Bx® + frsinwt = 0 (10.29)

with w > d. Assume the solution of (10.29) as
_ o
x(1) = z(t) + —z() sinwt , (10.30)
w

where z(7) is a slow motion and the last term represents the small fast motion [38].
To determine z(¢) substitute (10.30) in (10.29) and obtain

2 d
2+2(d— lcosa)t+ ‘—fzsina)t) +i(f—2 sina)t)
1)) 1)) 1)

2 2 d
+z (% — % cos2wt + % cos a)t)

3
+2°8 (1 + iz sina)t) =0. (10.31)
w

For @ > 1 and f/w? < 1 averaging over a period T = 27 /w gives

2
7 +di+ f—zz +B2=0. (10.32)
2w

When f/w? < 1 but not small, then Eq. (10.31) becomes

2

2
I4+z|d+ lcosa)t +f—z+,3z3=0. (10.33)
1) 2w?

The model Eq. (10.33) can be regarded as an oscillator with an induced natural
frequency oy = f/ (V2 w).

In Eq. (10.33) the term (2f/w)zcos wt can be neglected when f < w?. In this
case the effective force is (f2/(2w?))z. The key result is that the system (10.29) with
a high frequency driving force is equivalent to a parametrically driven system with
the natural frequency wy. For large w, wy increases with f. However, the amplitudes
of the terms neglected in the above analysis grow. The combined effect is that as wy
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approaches /2, then the dissipative and forcing terms get balanced and the system
can resonate by parametrically amplifying itself. This phenomenon is termed as
effective parametric resonance [38] and it gives rise to attractive periodic solutions.

Carrying out a modal expansion for the system (10.33) by retaining the terms up
to order f/w, the stability curve for the equilibrium point (x, x) = (0, 0) is obtained

as [38]
f 2 d\>2 a) f 2_
(%) ‘(z) ‘(a‘w—ﬁ) =0 (1039

The equilibrium point (0, 0) is stable for (note that f is assumed to be < w?)
f<fi=V20* -0V —d?. (10.35)

Figure 10.12a presents the plot of f; versus w ford = 0.2 and 8 = 10. Forf > f,
the equilibrium point is unstable and the trajectories starting near the origin end up
on a stable limit cycle attractor. For @ = 10, the theoretical value of f is 41.44. In
Fig. 10.12b, for f = 40, the trajectory started with the initial condition x(0) = 0.1
and x(0) = 0 exhibits a damped oscillation and is attracted to the equilibrium point.
For f = 41 (Fig. 10.12c) the trajectory after a transient evolution becomes a limit
cycle orbit. In Fig. 10.12a the solid circles represent the numerically computed f; for
several fixed values of w. The theoretical prediction is in good agreement with the
numerical simulation.

!

T " " 5 1 ! 1
0 5 10 15 0O 25 50 75 -3 0
W ¢ T

Fig. 10.12 (a) Plot of f, as function of w of the system (10.29) for d = 0.2 and § = 10. The
continuous curve is the theoretically predicted value of f below which the equilibrium point (0, 0)
is stable. The solid circles are the numerically computed values of f.. (b) x(¢) versus ¢ for f = 40
and w = 1. (c) Phase portrait of the system for f = 4l and w = 1
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10.4 The Quasiperiodic Mathieu Equation

Consider the equation
X+ (a)g + € coswt + e cos(w + eA)t)x =0. (10.36)

Parametric resonance in Eq. (10.36) was studied in [39, 40]. To identify the regions
in the (a)g, A) parameter space where stable bounded and unstable diverging
solutions exist, the region w3 € [-0.1,0.4] and A € [-10,5] is divided into
300 x 500 grid points. For each grid point, Eq. (10.36) is integrated using the fourth-
order Runge—Kutta method with step size (27/w;)/500 with the initial condition
x(0) = 1 and x(0) = 0. If |x(r)| < 20, for r < 1007 where T = 2x/w, then the
solution is assumed to be bounded solution otherwise unbounded. The set of values
of (w3, A) for which bounded solutions exist are collected.

Figure 10.13a presents the stability charts for e = 0.1, u = 1 and w =
1 in (w3, A) parameter space. In the black regions the solutions are bounded.
Figures 10.13b—d display the fine resolution of stability regions. The fine structures
in the subplots clearly show the intricate pattern of stable and unstable regions in the
parameter space. Figure 10.14a presents x versus x for two values of a)g with A = 3.
For a)g = 0.25 (corresponding to the unstable region) the state variables x and x
diverge. In Fig. 10.14b where a)g = 0.3 (chosen in the black region of Fig. 10.13a)
the orbit is bounded. In [39] different methods for computing boundaries of regions
of stable and unstable solutions (transition curves) are described.

It is possible to determine the analytical expressions for the transition curves, that
is, boundaries between stable and unstable solutions in the (a)g, A) parameter space
through an approximation analysis [40].

Introduction of the two times scales £ = ¢ and n = et transforms Eq. (10.36)
into

Xee + 2€xg,; + €2xy, + [0) + € cos wE + €& cos(wE + An)|x =0,

(10.37a)
where
9%x 0%x 0%x
‘xff = a—gz s x,m = 3_]72 . Xgn = @ . (1037b)
Substitution of the power series
x(§.n.€) =xo(5,m) +exi(§.m) + -+, (10.38a)

1
wi = 3 heor+ (10.38b)
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Fig. 10.13 Regions of stable solutions (black region) and unstable solutions (white region) for
Eq. (10.36) withe = 0.1, u = 1 and w = 1. (b—d) Magnification of a small rectangular region in
the previous subplots

in Eq. (10.37) gives
1

Xogg + Z)CO =0, (10.39a)
1

Xige + le = —2xogy — Wi1Xo — Xg cos § — pxocos(§ + An) . (10.39b)

Solution of (10.39a) is

xo = R(n) cos (% — H(n)) . (10.40)
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Fig. 10.14 Phase portrait of the system (10.36) fore = 0.1, u = 1, w = 1 and A = 3 and (a)
a)g = (.25 (in an unstable region) and (b) a)g = 0.3 (in a stable region)

To determine R and 6, we substitute (10.40) in (10.39b). Then, we replace

cos (% — 9) cosé by cos26cos3 (% — 9) —sin26sin 3 (% — 9)
(10.41a)

and

cos (% — 9) cos (E+ An) by cos(20 + An)cos3 (% — 9)

—sin (20 + An)sin 3 (% — 9) .

(10.41b)
After some algebra the removal of secular terms leads to the equations
dR R
=3 [sin260 + usin(26 + An)] , (10.42a)
n
do 1
an =-or -5 [cos20 + pcos(20 + An)] . (10.42b)
The solution of (10.42a) is written as
R(n) — R(O)e—(l/Z)j’(sin29+usin(20+An))dn . (1043)

It has been pointed out in [40] that R(n) diverge if 6 is periodic because the
integral in Eq. (10.43), in general, does not vanish if 6(n) is periodic. When 6 (1)
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is nonperiodic, then the torus flow of 6 will be ergodic so that the integral in (10.43)
becomes zero implying boundedness of R(n). This property can also be used to
identify stable and unstable regions in the parameter space.

Next, the change of variables A = Rcos 6, B = Rsinf and t = An lead to the
equations

. 1
A =|w;—=)|B— EA sint — EB CoST , (10.44a)
2 2 2
. 1
AB = — (a)1 + E)A + %B sint — %B COST (10.44b)

where the over dot refers to differentiation with respect to 7.
Differentiating (10.44a) with respect to t and then eliminating B and B
using (10.44), finally leads to the equation
A+fi(DA+fH(0A=0, (10.45a)

where
1 1
fi(@) =0, f(r) = e (w% — Z) +0() (10.45b)

and f; and f, are 27 periodic in 7.
One can assume the solution of (10.45) as

o
A= Z C, COS % + d, sin % . (10.46)
n=0

The software MACSYMA [40] was used to compute ¢,, d,, and the condition for
nontrivial solutions. The expressions obtained for the first two transition curves are

M[Za)l 4o? — 1 1/2+4w2—1]
A= (402 —1)"" + (ot ~ 1) :

2 (40} — 1)
2] (807 1) (407 = 1) = 1607 + 4o

= e 10.47

16 (160} — 82 + 1) * (1047
. 12 [(4a)1 +3) (402 — 1) + 16w12—5]

A= (4] —1) - e e,
2 12 (40? — 1)
(10.47b)

respectively.
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Fig. 10.15 Stability chart of the nonlinear system (10.48) fore = 0.1, u =2 andw = 1

A complex stability chart occurs for nonlinear systems with quasiperiodic
parametric perturbation. For example, we can consider the nonlinear oscillator

¥+ (0F + ecosot + epcos(w + €A)t) (x—x°/3) = 0. (10.48)

Figure 10.15 presents the stability chart in the w? and A plane € = 0.1, u = 2 and
o = 1. Though Fig. 10.15 is less complex than Fig. 10.13 of the Mathieu equation,
Fig. 10.15b clearly indicates the fine structure in the stability chart.

10.5 Quantum Parametric Resonance in a Two-Coupled
Systems

In this section the focus is to show the occurrence of quantum parametric resonance
in a two-coupled systems [41]. Though there is no classical analogous of quantum
entanglement, the investigation of entanglement dynamics in a coupled system of
driven harmonic oscillators by Bastidas et al. [41] indicates certain signatures of
classical parametric resonance.
Consider a system of coupled harmonic oscillators with a time-dependent

coupling coefficient. The Hamiltonian of this system is

N 1

H=2 (% +p2) + 50 (@ +3) + v(0a+4-, (10.49)
where y(f) = g + Agcos £2t. The Hamiltonian of the uncoupled system can be
expressed in terms of the so-called ladder operators & and &' .
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The annihilation operator of the uncoupled system with H = pL/2 +
(w*(1)/2)X% is given b
1188 Yy

a+(1) = =B+ ()3+ + B+ ()p+ . (10.50)
where B4 () is the solution of the classical equation of motion
By +0*()By =0 (10.51)

with the Wronskian condition

By B* —BB* =i. (10.52)
a and a' satisfy the condition
aA _ oA +'[ﬁ A] 0, A=aa (10.53)
—_— — 1 s = B = a’ a .
dr ot

With /i(r) = &', (1)a+ (1) one has

(@)

V!

where |0, 7) denotes the ground state. Note that the dynamics of the system is
completely determined through the solution of Eq. (10.51).

Using a unitary transformation U the Hamiltonian H (1) of the coupled system
can be mapped to the Hamiltonian Hr () of the two uncoupled systems. That is,

nln,t) = nln,t), |n,t) =

0,1) (10.54)

Hr () = UTH(1) U, (10.55a)
. 1 . 1 )
Hy(1) = 3 (3 +€1dh) + 3 (P +232), (10.55b)
[y, )r = Ul 1), (10.55¢)
€l = 0 £20|y(1)] . (10.55d)

One can write the quantum state of the system with Hg (1) as

[V ny )R = exp{i [0 (1) + Opt1 (D]} [n—, O)R|n4, )R - (10.56)

In (10.56) |n4+, t)r are the quantum states with energy €4 (f) and

t
0] =/(ni,t|i§t—ﬁR|ni,t) dr . (10.57)
0
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To determine the wave functions corresponding to |n=, t)g start with
axl0.0.0)r =0, ax(1) = —Bx(0g+ + Bx()p= . (10.58)

where ax corresponds to the oscillator mode with energy ex(¢) and Bx(¢) satisfy
the Mathieu equation [refer Eq. (10.51)]

Bx(t) + [ex ()]’ Bx() =0 (10.59)

and B4 and B_ are subjected to the condition (10.52) which requires [41]

Be(ig) = — FU0) (10.60)

B=x(to) = >

1
V2ex(t0)

Once B are determined, then the solution (wave function) of (10.58), that is, the
solution of

. _ 9
(_B:Fq:F - IB:FBq_:F) Pxo(gx.1) =0 (10.61)
is
1/4 B
. b¥
Pxo(gF.1) = (m) exp [1Eqi] . (10.62)

The normalized ground state wave function is

Pro0 (= g+,1) = P (g—, 1) P+ 0(g+,1) . (10.63)

Now, we turn our attention to Eq. (10.59). Substitution of explicit form of €x in
Eq. (10.59) leads to the equation

Bx + [(0® F 208) F 20Agcos 2t] Bz = 0. (10.64)

This equation is in the form of the Mathieu equation.
We solve Eq. (10.64) by writing

Bx(t) = B r(?) + iBx1(?) (10.65)

with the initial conditions given by Eq. (10.60). Now, we identify the stable and
unstable solutions of B_. Figure 10.16 depicts the stability chart in (§2, g) parameter
space with w = 1 and Ag = 0.1g. In the white region the solution B_ is bounded
in the long time limit. In the black region B_(f) diverges with time. For 2 = 1,
B_ is unstable for g € [0.357,0.394] and stable in the remaining intervals of g. In
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Fig. 10.16 (a) Showing stable (white region) and unstable (black region) behaviour of B_(r) in
the (£2, g) parameter space of Eq. (10.64) where w = 1 and Ag = 0.1g. (b) Magnification of part
of a region of the subplot (a)

Figs. 10.17a, b for g = 0.35 lying in the stable region both B, (f) and B_(t) are
bounded and quasiperiodic. For g = 0.36, Figs. 10.17c and d, B4 (¢) is bounded
while B_(¢) spirals outward about the origin and diverges with 7. Both B4 (7) are
bounded for g = 0.4 (Figs. 10.17e and f).

In [41] the relation between the entanglement behaviour and the dynamics of the
Wigner function and the ground state wave packet were reported.

The Wigner function is considered as a representation of the density operator p
for a pure or a mixed state of quantum mechanical system [42]. It is given by

1 © ips S . S
Wap =5 | e <q — S lbla + §>ds . (10.66)
—00

For the reduced system (10.55) W is worked out as [42]

B 1 Alm(ar)gp
Wr(q.p,1) = A 7 [2Re() + B] exp |:2Re(06) + ,3i|

_qZ (4|0{|2 _ ,32) +p2
X exp |: JRe(a) + B , (10.67)
where
_ Re(§)Re(t*)  \'"°
B (rrRe(g—)c2 + Re(.§+)s2) ) (10.68a)
£F =it == (10.68b)

RO Neh
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Fig. 10.17 Orbits of Eq. (10.64) for three fixed values of g forw = 1, Ag = 0.1gand 2 = 1
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The plot of the Wigner function for various values of £2 and g indicate signatures of
quantum parametric resonance [42]. In the stable regions of Fig. 10.16, the Wigner
function is found to show stretching along a dynamical axis and localization with
time. In the unstable regions, the Wigner function displays a stretching along a
dynamical rotating axis and contraction in the perpendicular axis.

The quantum analogue of classical parametric resonance has been investigated
in the harmonic oscillator subjected to an impulsive force [43]. The Hamiltonian of
the perturbed system is

H= Lﬁz + lmwzfc2 + loz(fc[) + px)or(z) . (10.69)
2m 2 2
where §7(f) is periodic with period T The properties of the quantum system is found
to reflect the stable and unstable dynamics of the corresponding classical system.
The energy eigenvalues and eigenfunctions of quantum mechanical evolution
operator or Floquet operator are analysed. The eigenfunctions of the classical system
corresponding to the stable regions are found to be normalizable while singular in
the classically unstable parameter regions.

10.6 Applications

Parametric resonance has promising applications in signal amplification [44], noise
squeezing [45, 46], mechanical modulation [47], mass sensor [48, 49] and stability
of floating bodies like boats, balloons and parachutes [50]. It finds applications in
detecting very small change in mass and forces using micromechanical systems
[51, 52], microsystems and nanosystems for quadrupole ion guides and ion traps
[53], optomechanical cavities [54], magnetic resonance force microscopy [55] and
trapping-mode force microscopy [56]. Parametric resonance has been explored
to amplify a signal in cantilevers [57], resonators [58], magnetometers [59] and
MEMS Gyroscopes [60-62]. Let us enumerate some other notable applications of
parametric resonance.

1. Columns and beam columns with distributed mass and under pulsating axial
forces may undergo finite lateral displacements. In this case the lateral stiffness
is a function of the amplitude of the axial force. When the axial force is varied
with time, then the stiffness parameter also vary correspondingly. A resonance-
like behaviour can occurs with forcing. In this condition an infinitesimally small
amplitude of a periodic axial force can destabilize the system [63].

2. Gyroscopes are often used in commercial applications for rotation mea-
surements, for example in a Global Positioning System (GPS), automatic
safety systems, vehicle control, interactive consumer electronic systems and
navigation and guidance systems. Loss in sensitivity present in harmonic oscil-
lations based micro-gyroscopes [64] can be overcome by an actuation scheme
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employing parametric resonance. This has been studied both theoretically and
experimentally in a micro-gyroscope [65].

. A two-slab neutron interferometer set up is proposed for precision experimental

tests for exotic gravitation interactions. The equation for neutron propagation
in between the slabs is given by a modified Mathieu equation. The neutron
transmission coefficient determined by solving this equation has predicted the
possibility of enhanced neutron propagation under proper parametric resonance
conditions [66].

. Parametric resonance can be utilized in micromechanical systems including

sensors in automobile air bag systems and actuators in printer cartridges.
The parametric resonance can destabilize the system and lead to growth
of amplitude of oscillation exponentially with time. This effect is useful to
improve the performance of parametrically excited MEMS [67]. Knowledge
about parametric resonance is useful in MEMS filter design [68].

. In parametrically driven oscillators there is a sharp transition between a stable

equilibrium state (zero response) and a large response. This transition is
sensitive to the parameters including its mass. Consequently, a change in the
mass can be sensed with a parametric oscillator by measuring the frequency
shift. It has been pointed out that the mass detection by a parametrically driven
MEMS oscillator can be enhanced two orders of magnitude higher than the
harmonic resonator based mass sensor [69]. Further, frequency shifts can be
exploited for recognition of chemical substances such as water, alkanes and
alcohols [70].

. In the NEMS resonators, useful for resonant sensing and precision measure-

ment operating at high frequencies (> 30 MHz), the signal transduction is
limited by the presence of even a very low noise in electronic readouts devices.
In such cases parametric resonance can be utilized for amplifying the signal of
a device before employing electronic amplification [71].

It has been demonstrated experimentally that the coupling between mechanical
motion and single-electron charging in a nanomechanical transistor is useful
in a parametric actuation scheme where the voltage applied between drain
electrodes and the source is varied periodically. This novel scheme gives rise to
mechanical vibrations through a parametric instability [72].

In a harmonic oscillator with modulated parabolic confinement, the bosonic
rising and lowering operators diverge strongly in time when the modulation is
approximately twice the natural frequency of the oscillator. That is, parametric
resonance becomes a spectroscopic tool in many-body quantum systems,
particularly, in cold atoms in optical lattices. It has been shown that spatially
homogeneous time-periodic modulation of optical lattice’s intensity gives rise
to the amplification of charged and density waves in ultracold fermionic atoms
[73].

. Parametric resonance can be realized in point-contact spin-valve nanodevices.

For example, in [74] a nano scale point contact was used experimentally to
inject a high-density ac current into an IrMn/NiFe/Cu/NiFe spin valve capable
of producing spin transfer torque (STT) on NiFe moments in the contact region.
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A time-dependent modulation of the effective damping parameter was induced
by a time-dependent STT. As a result, magnetic moments undergone parametric
resonance. This phenomenon can be utilized for increasing speed and reducing
the power of logic and memory devices.

10. Systems with trapped and cooled ions isolated from surrounding environments
are useful for studying quantum simulations, quantum information processing
and frequency standards. Trapped and cooled ions possess excess micromotion
if the rf potential node does not coincide with the minimum of the effective
static potential. Experimentally, such excess motion has been detected through
parametric resonance by modulating the trapping voltage [30]. The micromo-
tion can then be eliminated minimizing the resonance signal by applying a
compensating voltage.

11. In certain systems the occurrence of parametric resonance has to be avoided.
For example, parametric roll resonance is a disastrous resonance severely
damaging ships [75-77].

10.6.1 Parametric Resonance Based Scanning Probe
Microscopy

Now we present in detail an application of parametric resonance in a highly
sensitive nanoscale imaging and force spectroscopy [56]. An important tech-
nique for nanoscale imaging and force spectroscopy is dynamic scanning probe
microscopy (SPM). The sensitivity and the minimum force exerted on a sample
with ambient conditions are limited by the low quality factor (Q factor) of the SPM
microcantilever. Moreno and his coworkers [56] proposed the use of the parametric
resonance to increase the sensitivity in dynamic SPM.

In the experiment with SPM the cantilever deflection from the photodiode was
passed through a high-pass filter in order to isolate the ac component. It was
amplified by a variable gain amplifier and then multiplied with a periodic driving
signal. The frequency w of the driving signal was chosen close to twice the natural
frequency wy of the microcantilever. The resulting output was then feedback to the
dither piezo. In order to understand the occurrence of parametric resonance in the
above experiment an approximate model equation for the cantilever dynamics in the
above setup was constructed.

We denote the modal mass of the cantilever and tip as m, the modal stiffness or
cantilever spring constant as k and the velocity proportional modal defining strength
representing linear hydrodynamic losses as c¢. Define z(¢) be the base motion of the
dither piezo, x(¢) the instantaneous displacement of the tip, both measured in an
inertial frame of reference and dj the equilibrium gap between the tip and the fixed
sample. Since the photodiode detects the bending of the cantilever as x(¢) — z(¥)
the dither piezo motion is z(f) = G[x(f) — z(t)] cos wt where G is the total gain
of the optical measurement system. G is essentially the strength of the parametric
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excitation. For G < 1

Gx(t t
o) = SO0 o iy coswt + O(G?) . (10.70)
1 + Gceoswt

Then the equations of motion for the tip can be written as

%+ wi(1—Gcosw)x + %k = % [Fe(x, %) + Fe(x,x) + Fi(x,x,do)] ., (10.71)
where @ ~ 2w and F., Fy and F; are the intrinsic geometric and inertial
nonlinearities of the microcantilever, the dissipative nonlinear fluid forces and the
tip-sample nonlinear forces, respectively. Here wy = /k/m is the natural frequency
of the microcantilever and Q = mwy/c is the natural quality factor of the resonance
in the absence of the feedback circuit. Equation (10.71) becomes the damped
Mathieu equation when F, = Fy = F, = 0.

Parametric resonance was implemented in SPM with the use of Nanotech
Electronica SPM [56]. To observe parametric resonance, the excitation frequency
was varied so that @ = 2w, and the feedback gain increased gradually until a
significant cantilever response was observed at half of the driving frequency. In this
way the threshold value of G was determined. Then G was kept constant and the
excitation frequency was slowly increased across the principal parametric resonance
and the response of the cantilever was recorded. The response curve of the cantilever
was found to be extremely sharp and was almost zero outside a 50 Hz bandwidth.

10.7 Concluding Remarks

An interesting feature of parametrically excited oscillators is that a large response
over a large bandwidth can be achieved even for the excitation frequency far away
from the natural frequency. On the other hand, through a parametric perturbation an
unstable equilibrium point can be made into stable. That is, an inverted pendulum
can become stable for certain conditions on a)g and f. In such a case, any small
deviation from the unstable vertical position would not be amplified without bound
but the motion of the system will be bounded. Parametric amplification can be
considered as an open-loop control strategy and can be implemented in MEMS
sensors to monitor the behaviour of the device.

Parametric resonance has been investigated in the sine-Gordon equation [78],
nonlinear Schrodinger equation [79], Bose-Einstein condensates [80], theoretical
model of electrostatically interacting carbon nano tube arrays [81], tunable super-
conducting cavities [82], micro-ring gyroscope [83], microstructure operated by a
parallel-plate electrode [84], very high-frequency NEMS resonators [85], micro-
ring MEMS sensors [86], periodically tapered optical fibers [87], P 7T -symmetric
system [88]. The possibility and the features of parametric resonance dominated
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production of gravitational waves during the inflationary period to the radiation
dominated period of the universe was investigated [89].

Parametric resonance has been investigated experimentally in an array of elec-
tromechanical parametric resonators [90], AIN-Mo double damped NEMS res-
onators [91], piezoelectric NEM [92], coupled micromechanical oscillators [93],
silicon microcantilevers [94], doubly clamped NEMS [95] and optically trapped
aerosols [96]. Five resonance modes have been observed experimentally in a
parametrically driven torsional oscillator. And they were found near the drive
frequencies 2w /n, where w is the natural mechanical resonant frequency and n is an
integer equal to 1 or larger [97].
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Chapter 11
Autoresonance

Autoresonance (also called self-sustained resonance) is a phenomenon that occurs
when a resonant forced nonlinear system stays phase-locked with an adiabatically
varying driving force whose frequency is a function of time [1, 2]. Essentially, the
system automatically adjusts its amplitude continuously so that its instantaneous
period of oscillation matches with the period of the driving force leading to the
growth of its energy. That is, autoresonance is a method of exciting a nonlinear
dynamical system to high energies by means of a weak driving force whose
frequency is varying with time. Autoresonance was first realized in relativistic
particle accelerators [3] and in the analysis of the cyclotron resonance stability [4].

In the autoresonance phenomenon the nonlinearity of the system is used to lock
in resonance thereby giving significant amplification even when the parameters of
the system vary. Consider the excitation of a resonant nonlinear system by means
of variations of one or more parameters. Due to the variations of the parameters the
resonant frequency of the system changes and the system is detuned from resonance.
In order to maintain the system in resonance an appropriate feedback control or
suitable monitoring of driving force has to be implemented. In a different approach,
in autoresonance the system phase-locks with the external additive driving force and
keeps phase-locking in the presence of variations of the parameters of the system.
The point is that the phase-locking is completely a nonlinear process and it takes
place due to the slow self-adjustment of amplitude of frequency of oscillation of the
nonlinear system.

The phase-locking, an important feature of autoresonance, plays a significant role
in coupled oscillators, Raman scattering, higher harmonics generation, nonlinear
frequency conversion and wave guide arrays. It can be used to realize a suitable
control of electron dynamics in quantum solid state devices. There is a class of
autoresonance termed as parametric autoresonance, where one or more parameters
and the frequency of the driving force are chirped [5-7]. That is, autoresonance
can be induced by means of an external additive driving force or by a parametric
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perturbation. In both cases, the frequency of the perturbation is time-dependent.
Theory of autoresonance has been developed for single and coupled oscillators
[8-12].

11.1 Illustration of Autoresonance

In the earlier chapters the frequency of an external deterministic force applied to a
nonlinear system to realize different resonances is assumed to be time-independent.
Often the force is chosen as f cos wt or f sin wt. The phase of the force is wt and is
linear in time. As shown in Chap. 1 for | f| <« 1 the amplitude of oscillation settles
to a periodic state and there is no growth of it. When the phase of the force is chosen
as a nonlinear function of time, for example, wt £ ar?, then, on average, the growth
of the oscillation amplitude leading autoresonance can be realized.

To illustrate the phenomenon of autoresonance, we consider a pendulum system
described by the equation of motion

6 + db + 2 sin 6 = f cos(wot — ar/2) . (11.1)

In the above equation, wy /27 is the linear frequency of the pendulum while wy — ot
is the time-dependent frequency of the driving force. « is the frequency sweep rate
(also called chirp rate). Assume that the system is excited initially at t = 7 =
—1000.

We solve Eq. (11.1) using the fourth-order Runge-Kutta method with step size
At = 0.001 with 6(0) = 6(0) = 0. Collect the values of time 7 and ¢ (amplitude
of oscillation) corresponding to 8(f) = 0 with 8(t — Ar) > 0 and 6(t + Ar) < 0.
Figure 11.1 presents the variation of amplitude of oscillation with time for three

T T T T
©
)
T 1L f=0.0461
2 f =0.046
B
5 0 f=0.02 il
" 1 " 1 "
-1000 0 1000 2000

time

Fig. 11.1 Variation of the oscillation amplitude of the pendulum system for three values of the
amplitude f of the driving force with wy = 2w, d = 0 and @ = 0.001. Onset of autoresonance
occurs at f = 0.0461
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values of f with wy = 27, d = 0 and ¢ = 0.001. For f < f. = 0.046, in
the long time limit, the oscillation amplitude becomes a constant. This is shown
in Fig. 11.1 for f = 0.02 and 0.046. The amplitude of oscillation, on average, grows
with time for f > f. (see Fig. 11.1 for f = 0.0461). Though the difference between
f = 0.0461 and f = 0.046 is very small, the system exhibits a distinct response.
There is a sharp threshold near f = 0.046. The system is said to be captured into
autoresonancefor f > f., where the system automatically phase-locks with the drive
and evolves in autoresonance at later times. That is, for f > f;, the instantaneous
driving frequency is locked to the instantaneous excitation frequency so that the
condition for resonance is met. In this case, the oscillation amplitude grows without
saturation until certain other effects kick in.

The observed autoresonance is a reversible process and the pendulum can be
returned to its nearly initial equilibrium state by reversing the direction of variation
of the frequency of the driving force. The slow oscillatory variation of the oscillation
amplitude (shown in Fig. 11.1 for f = 0.0461) is an indication of stability of the
autoresonance state. It is to be noted that to realize the nonlinear stochastic and
vibrational resonances fine tuning of a control parameter is required while it is not
necessary for autoresonance. In Fig. 11.1 three distinct stages of evolution of the
oscillation amplitude is clearly seen. For #y < ¢ < t;(~ 0) the system is far from
the resonance and the amplitude is almost a constant. The system is in a weakly
nonlinear autoresonant evolution stage for #; < t < f,, where the amplitude grows
almost linearly. For ¢t > 1, the system is in a strongly nonlinear region and the
autoresonance continues.

11.2 Threshold Analysis

Now we present a mathematical analysis of the threshold for autoresonance [2] with
reference to the pendulum system (11.1).

In the linear region (fp < t < t;(& 0)), the system is effectively linear and
described by a linear differential equation. The applied force excites a driven mode
at the drive frequency and an undriven, homogeneous mode at the linear frequency.
These modes have equal but opposite amplitudes. They are proportional to the drive
and inversely proportional to Aw(f) = w(f) — wy = —a«t. Thereafter, the amplitude
of the driven mode is approximately inversely proportional to Aw(f). As a result the
driven mode grows in proportion to 1/¢ as t — 0. The homogeneous mode is not
further excited by the sweeping frequency. The resultant motion of the system is the
sum of the free-running homogeneous mode and the phase-locked driven mode.

In the weakly nonlinear region (f; < ¢ < f,), it is reasonable to approximate sin 6
by 6 — 63 /6 and rewrite Eq. (11.1) as

6 + db + w? (9—%93) =fRe (") , (11.2)
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where ¥ = wot — at?>/2. Assume the solution of the form
0 =acos¢ = Re (ae”?) . (11.3)
Substitution of
6 = Re (@' +igae?), 0 ~Re[(d+2iag + iap —ad®)e?], (11.4a)
6% = Re (%a?’ei‘p) (11.4b)
in Eq. (11.2) gives
diag + iad + idap — ad® + wia — %wéa?’ =felV=9 (11.5)

where a is neglected since a is assumed to be small.
Defining @ = ¢ — ¢ as the phase mismatch and equating real and imaginary
parts separately to zero give

. 1 . 1 . 1
a(l) = —§a¢ — Eda(P — Efsm@ B (1163)

: 1 1
a)g Y ga)gaz + chosdﬁ . (11.6b)

For a nearly resonance case the oscillation frequency of the pendulum is wos = ¢ ~
wo and ¢ ~ 0. Then w3 — ? ~ (wo + ¢)(wy — ¢) = 2wo(wo — ¢). Now, Eq. (11.6)
become

1 1
a= —Edd — z—wof51n¢ , (1173)
. . 1

& =wy—V — —woa® — fcosd . (11.7b)

16 2wod

Next, neglecting the dissipation (d = 0), define I = a?/2, 2(I) = wy — woa®/16 =
wo(1 —1/8) and F = f/(~/8 wy). Then Eq. (11.7) become

I =—2JIFsin® , (11.82)

. F
®=QU) —wy+at——cosP . (11.8b)

Vi
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Equation (11.8) differ from that describing the usual nonlinear resonance by the
slow time variation of the driving frequency ¥ = wy — at.

In the absence of the external periodic force and damping / = 0 and & = ().
Then I = a constant and @ = £2(I)t. The action I remains the same while the
phase mismatch @ will increase. When the system is subjected to the external force
the action will increase if the system is in phase with the driving force. If it is out
of phase with the drive then the action will decrease. The rate of change of action
depends on the action itself and is inversely proportional to /7.

At t ~ 0 (refer Fig. 11.1) the system enters from the linear region to the weakly
nonlinear region. At this time the system is phase-locked and @ starts out near .
In order to stay in autoresonance @ must stay near 7. Substitution of d@/d¢f = 0 in
Eq. (11.8b) gives

1 F
oat — —woly + — =0, 11.9
g@olo N (11.9)

where I is the equilibrium action and assume that I = Iy — A where A is small.
Because [ is a slow motion of time, one can use series expansion of I about [ in
Eq. (11.8). This leads to

A:zF\/Esinqwr%, (11.102)
é =SA, (11.10b)

where S = wy + F/(2IS/2).
The Hamiltonian of (11.10) is

1
H(®, A) = ESAz + Veir(®),  Ver(®) = 2F /Iy cos d — %q). (11.11)

Equation (11.10) can be viewed as a particle of effective mass S moving in the
effective potential Vg. Figure 11.2a depicts the form of the effective potential. It
has a series of tilted potential wells. For the system to remain in a phase-locked
state with @ staying near  the particle must be trapped at the bottom of one of the
wells of V. The system will stay in autoresonance as long as the phase mismatch
@ will be near zero and Eq. (11.9) will be satisfied. The effective potential wells will
exist only if the tilt is less than the depth of the wells [2]:

% <2F Iy or S\Iy > % . (11.12)
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Fig. 11.2 (a) Plot of V5/(2F+/Iy)) = cos® — y® for two values of the parameter y =
a/(2FS\/Ty). The critical V. defined by Eq.(11.12) happens for y = 1. (b) Numerically
computed (solid circles) f., the value of f above which autoresonance occurs, versus the parameter
a in log,, —log,, scale. The continuous curve is the theoretically predicted relation (11.14)
between f, and «. Here wy = 27 andd = 0

The critical value of I above which the wells will be retained effectively is obtained
by differentiating S+/Ty with respect to Iy after substituting the expression for S. The

result is
8F\*/?
e = (—) . (11.13)
wo

Substitution of Iy for I in Eq. (11.12) gives

3/4

Fo= |3 (5)3/4 or fo = SM(%) (11.14)

a)03

Figure 11.2b shows numerically computed f. versus « in log,, —log;, scale with
wy =2mandd = 0.

In Fig. 11.1 the variation of amplitude is shown for + < 2000. For each value
of f > f. the autoresonance does not continue forever but it breaks down at
a certain time. This is illustrated in Fig.11.3 for f = 0.0461 and 0.065. The
pendulum system considered above is undamped (d = 0). The autoresonance
occurs for weak damping also. For example, Fig. 11.4 displays the variation of the
oscillation amplitude with time for two fixed values of d and for two values of f. For
d = 0.001 and 0.005 the numerical simulation predicts that f; = 0.0477 and 0.0548,
respectively. Furthermore f. depends on d. It has been shown that the breaking time
for autoresonance is ~ d~! [2].



11.3 Parametric Autoresonance in the Duffing Oscillator 299

40 &

) f=00650 ———*
=
[®]
!
S 20}
g f=00461 —
g
0 l l e
-1000 1000 3000
time

Fig. 11.3 Plot of the oscillation amplitude as a function of time illustrating a breaking of
autoresonance at a large time. Here d = 0, wy = 27 and o = 0.001
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Fig. 11.4 Amplitude versus time in the presence of damping (a) d = 0.001 and (b) d = 0.005
for wy = 27 and ¢ = 0.001

11.3 Parametric Autoresonance in the Duffing Oscillator

Assaf and Meerson [13] pointed out the difference between autoresonance achiev-
able by additive force and parametric force. Consider a child on a swing. When a
mother pushes the swing, once in each swing, essentially the time-interval between
the pushes increases as the amplitude of the swing grows. This is an external
autoresonance. Differently, when the child swings himself, by moving up and
down the position of his center-of-mass twice in each cycle, the period of these
modulations increases as the amplitude of the swing increases. This is a parametric
autoresonance.

Now we analyse the parametric autoresonance in the ubiquitous Duffing oscil-
lator [6]. In the system (11.1), the frequency of the additive force is treated as
time-dependent. Now, we consider the case without an additive force but with
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the parametric perturbation in which the frequency of the perturbation is time-
dependent. We choose the system as the Duffing oscillator equation

5é+d)'c+a)§x+fxcos@(t)+,3x3 =0, (11.15)

where 0(1) = 2wot — wut?> with 1 < 1 being the chirp rate. The linear frequency
chirp is, say, v(¢) = 6 = 2wy — 2ut.

11.3.1 Approximate Solution

Assume the solution of (11.15) as
x =acos$ = Re (ae') . (11.16)
The various terms in Eq. (11.15) are then given by
i = Re (e +igae?) . %= Re(2iage? —ag’e®) . (11.17a)
¥ ~ Re (%a:”ei‘p) , (11.17b)
xcos @ = acos¢ cosQuot — ut’) = %aRe (e?e@~02) | (11.17¢)

where a is neglected due to its smallness. For nearly resonance case one can assume
¢ ~ wp and ¢ ~ 0. Substitution of (11.17) in (11.15) and neglecting da gives

. : 3 1 :
diag — ad® + idag + wia + Z,Ba3 + Efae—zlw—@/@ =0. (11.18)

Equating real and imaginary parts of Eq.(11.18) separately to zero and the
substitution of

g — §* ~ (w0 + §)(wo — §) = 2wp(wo — ) . ¥ =¢—6/2 (11.19)

result in
. 1 1 .
a=—=da+ — fasin2y , (11.20a)
2 4(1)()
. 3 5 1
Y= ut+ — Ba” + —fcos2y . (11.20b)
8(1)() 4(1)()

The chirping rate p appears in the evolution equation of the phase and not explicitly
in the equation for the amplitude a. Notice the difference between Eqgs. (11.7a) and
(11.20a).
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Fig. 11.5 a versus ¢ for three values of p of the parametrically driven Duffing oscillator
Eq. (11.15). The values of the parameters are d = 0.01, @3 = 1, $ = —1 and f = 0.1

To excite the system the initial value of a should be nonzero. Figure 11.5 presents
the variation of a with time for three values of u for d = 0.01, a)g =18=-1
and f = 0.1. When p = 0, the amplitude exhibits a damped oscillation, however,
a(t) decays to a nonzero value. For 0 < p < 0.0007 autoresonance occurs. An
example is shown in Fig. 11.15b for & = 0.0002. For n > 0.0007 a(¢) decays to
zero (Fig. 11.5b).

11.3.2 Analytical Theory of Parametric Autoresonance

For simplicity, we start with the case d = 0. With the change of variable I = a?/2
and defining @ = 4wout/f Eq.(11.20) becomes

I = Llsinmﬁ, (11.21a)
20)0
. 3
Y= L(oz+00521/f)+—'31. (11.21b)
4600 4a)0
The Hamiltonian function for the above system is
3
f P . (11.22)

H(Iv wv t) = 4_Cl)()1(a(t) + COS2'W) + S_wo
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Now, we proceed to describe the slow trend in the amplitude and phase. When i = 0
and d = 0 the frequency v is a constant and an equilibrium point of (11.21) is

I = f Yyr=0. (11.23)

3B

(I*,¥*) is an elliptic equilibrium point. For i # 0 this equilibrium point does
not exist. But for ¢ <« 1 it is reasonable to define a quasi-equilibrium point
(I*(f),¥*(¢)) and assume that it is a slowly varying function of time. This point
actually represents the slow trend in autoresonance and is associated with an ideal
phase-locking regime.

To determine the quasi-equilibrium point, substitute / = I*, ¥ = * and y/* =
0in Eq. (11.21b) and obtain

fla +cos2y™®) + 3I* = 0. (11.24)

For small ¥* approximating cos 2y* ~ 1 gives [* = f(a + 1)/(3p). To find y*,
differentiate (11.24) with respect to 7 and use Eq. (11.21) for I* and v *. The result is

1602
20 sin 29 * + sin dy* = f“;(’“ (11.25)
Writing sin 2y * & 2y*, and sin 4y * & 4¢* in the above equation gives {*. Now,
fl@+1) k 4ap
k * _
I = V=g k= iR (11.26)

Equation (11.26) is valid for ¢ <« 1 or ¢t > 1. In Fig. 11.6 a(¢), ¥ (¢), I(?), a*(¢),

¥*(¢) and I* () versus t obtained with a(0) = a*(0) = /2I*(0), ¥(0) = ¥*(0)
and 1(0) = I*(0) are presented. In this figure the dashed lines are a*(¢), ¥*(r) and

b : — (c
) ot 7 ( )0.5
0.4
0.4 -
= ~
0 0.2
0.1
0 I I -0.4 I I 0 I I
0 200 400 0 200 400 0 200 400

t t t

Fig. 11.6 a(r), ¥ (r) and I(r) versus ¢ for the Duffing oscillator system. The values of the
parameters are d = 0, 3 = 1,f = 0.1, = —1 and p = 0.0009. The dashed curves in
the subplots (a)—(c) are a™(¢), ¥ * (r) and I'*(¢), respectively
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I*(¢). Oscillations occur around the quasi-equilibrium point and hence 7*(¢) and
Y*(t) are called trends [6] and are the essence of parametric autoresonance. The

amplitude
[ 2
a*(r) = 2I*() = % (f + dwout) (11.27)

steadily grows with ¢ and is a function of the chirp rate. On the other hand, forz > 1
the phase ¥ *(f) &~ wy/(ft) decreases with time and is independent of 1.

It is convenient to describe the phase Y through a second-order equation.
Differentiation of (11.21b) with respect to time and eliminating / give rise to the
equation

2
. t
b+ L sinay + T Gnoy—p=o0. (11.28)
16600 2
It can rewritten as
.0 72
v+ —V{,) =0, V{)t)=—-— cosdy—futcos2y —uy . (11.29)
oy 4wy
Interestingly, defining
3
v:—’BI—l—JicosZIﬁ—i—ut (11.30)
46()0 4

[refer Eq. (11.20b)] allows us to introduce a new time-dependent Hamiltonian

HW, v, 1) = %vz—l—V(w,t) (11.31)

which describes a unit mass particle in a time-dependent potential with velocity v.
This Hamiltonian description can be used for small values of p.

11.3.3 Dynamics in the Neighbourhood of (I*, y*)

Define 6/ =1 —1I* and §yy = ¢ — ™ as the deviations of 7 and v from I* and ¥ *,
respectively. Writing H(I, ¥, t) = H(I*,¥*,t) + H(61, 8, t) and assuming 6/ and
8y are small, then substitution of 6/ = I — I* and 8y = ¥ — ¥ in (11.22) gives

Sk 3p 2 2
oD Y g O G

H(L 8y, 1) = — (a+1D)@Gy)* . (11.32)
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Then the Hamilton’s equations are

. H _ fk fa+1)
8 = Y wole+ 1) o= 3wop W (133
OH fk 3p
= 35 = "o+ DY T aa (1.335)

We proceed now to find the local maxima and period of 87 and §y [6]. Consider
the adiabatic invariant [14]

1
J = o ¢ 81d(8vyr) ~ constant . (11.34)
T

|J| represents the area of the ellipse defined by (11.32). Therefore,

2H

J = ——— & constant . (11.35)
fva+1
For k < 1 one can neglect the term with §15y in |J|. The result is
_ 3|8 2 fvoz +1 o
U = — e (D)% + e (59)2 . (11.36)
4oof Vo + 1 wolBl

Both terms in (11.36) are positive. As a consequence of it, when one term becomes
a maximum then the other would vanish. Consequently, the maxima of §/ and §yr
denoted as §1iax and 8¥max, respectively, are given by

1/2
S () = (L Vet 1 ) |

(11.37a)
3Bl
3an| Bl )” ’
] N =|— . 11.37b
wmax( ) m ( )
The period of oscillations of the action and phase given by T' = 27 (dJ/0H) is
4
T=—"— (11.38)
fa+1

which decreases with increase in ¢. It is possible to find the analytical solution of
(11.33).
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11.3.4 Analytical Solution of Equation (11.33)

From (11.33), the second-order linear equation for § is obtained as

2
SV + 02()8Y =0, w () = f(“—tl) , (11.39)
dw;

where the term containing 2 is neglected since . < 1. With the change of variable
T = a = 4wyut/f the above equation becomes

(z+1

GV + 5

v =0. (11.40)

Its general solution can be written in terms of Airy functions [15]. A simple form of
8 (¢) can then be obtained for a large argument of the Airy functions. In [6] using
the WKB method the solution of (11.39) is found as

Sy () =

3/2 _
M—l) , (11.41)

cos (qo + 3%

C
(a4 14

where ¢ and g are to be determined. Substitution of (11.41) in (11.33b) gives, in
the second-order accuracy,

2f 2k, /4 )32 -1
8I(t) = — / clatl) sin | go + M . (11.42)
38 3k

To find ¢, consider the sum of the squares of Eqs. (11.41) and (11.42):

2ke = Va + 1 (8y)* + _ (81)° (11.43)
42 + 1 ’ ‘
Comparison of this equation with Eq. (11.36) gives
3 J
o= S@lBl (11.44)
2fk

Then g in Eq. (11.41) is determined by the initial condition. The phase ¥ and the
action [ are given by ¥ = 8§ + ¥* and I = §I + I'*. Theoretically predicted /(¢),
Y (1), I;max (t) and Yryax (¢) are found to be in very good agreement with the numerical
simulation [6].
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11.3.5 Dynamics for Arbitrary Initial Conditions

It is possible to determine the maximum (and minimum) deviations of / and
denoted as §1iax (81min) and $V¥max (6Vmin), respectively.
From Eq. (11.32) let us write

0 1/2
I+ = _3f_ﬂ (o + cos2y) + [9’0—}32 (o + cos2y)? + i—? H} ) (11.45)

When I = I, or I = I, because of I = 0 the phase ¥ = 0. Denote the

H(I,y = 0) corresponding to I = Iax and I as Hyp and Hg, respectively, one
can write

(11.46)

_ fle+) | [Pe+1) | 8w 172
Imax,min - 3[3 + [ 9[32 + y u,d:| .

Using the fact that w = 0at ¥y = VYmax and Y¥min in Eq.(11.21b) gives I =
—(f/3B)(a + cos2y). This in turn in (11.22) yields

f2
" 24wmf

Hy = (o + €08 2Wmax.min)” » (11.47)

where r and [ refer to right and left, respectively. The above equation gives

1 240, 1/2
Ynaxmin = 3 cos 1[(—f—2°ﬁHr,l) —a] : (11.48)

Knowing the value of H,, Hyq, H; and H, the values of Iux, Imin, Wmax and ¥y, can
be calculated. The theoretical predictions are found to be in good agreement with
the numerical results [6].

11.3.6 Effect of Damping

From (11.20) after some simple algebra the quasi-equilibrium point is obtained as

)T e

a = —_ (07 —_ . a
- =) |

L1 [200d 2% 1408

vo=ae [f +a+(1—4w§d2/f2)1/2} (1149
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Fig. 11.7 (a) a(r), a*(¢), xmax (£), and (b) ¥ (r) and v *(¢) versus ¢ for the Duffing oscillator for
w2 =1,f=0.1,d=001,8=—1and = 0.0002

with d < f/2wy. Figure 11.7 presents the variation of a(t), a*(f), xmax (¢), ¥ (¢) and
Y*(n) forwg = 1,f =0.1,d = 0.01, = —1 and jx = 0.0002. As t increases from
0, a(t) — a*(¢). Further, a(r) obtained by solving (11.20) closely matches with the
numerically computed xp,x solving the system (11.15) for small values.

11.4 Autoresonance and Limiting Phase Trajectories

In the previous two sections we have considered a nonlinear system subjected to (1)
an additive driving force and (2) a parametric perturbation both with time-varying
frequency. This section considers a nonlinear system with an additive external force
with fixed frequency while assuming the coefficient of the linear term nonoscillating
and monotonically increasing with time. Kovaleva and Manevitch [16] investigated
the condition for the transitions from bounded oscillations to autoresonance.

Consider the following undamped and periodically driven Duffing oscillator
equation with the coefficient of the linear term as time-varying [16]:

%4 (1 —2€t(t1))x + €Sax® = 2¢F sint , (11.50)

where {1 = et, { (1)) = s + bl", s, > 0 and € > 0 is a small parameter.
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11.4.1 Approximate Solution

Solution (11.50) in the limit of + — oo for € < 1 can be obtained by applying the
method of multiple scale [17]. Introduce the complex conjugate change of variables

& =y+ix, O*=y—ix. (11.51)

Writing Eq. (11.50) as
=y, (11.52a)
y = —[1 —2€el(11)] x — Seax® + 2¢Fsint (11.52b)

and replacing x and y in terms of @ and @* result in
& =id —iel® + ielP* —ica(P — P*)® + 2¢Fsint . (11.53)

The multiple-scale method begins by writing approximate solution in the series
form as

D(t,€) = Py(19, 71) + €@ (10, T1) - (11.54)

With d/dt = 9/dtg + €d/011, 19 = t and 7 = €f where 7 and t; are the fast and
slow time-scales, respectively, Eq. (11.53) becomes

By b, D
S0 e L e = iy + €@y —iel By + i€l D
31’0 3‘61 31’0

—iea(®g — By)® —ieF [e™ —e—iry] , (11.55)

where terms containing €2 and higher powers of € are neglected. The leading order
approximation gives

3P
e, (11.56)
31’0

the solution of (11.56) is @y(to, 71) = @0(11)3”0 where @((7;) is a slow function.
Equation (11.56) with terms containing € after substitution of @, = ®e'™ is

L

e = i®; — il Pye'™ + iLPye ™
31’0 d‘L’l

—ia (B — BF) —iF (€™ —e ™) . (11.57)
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Secular growth of @ (o, 71) in ) to be avoided which gives

do,

= il Py + iad; D —iF . (11.58)
7]

The parameter 8 in Eq. (11.58) can be eliminated by the change of variables

b 3 1/2 3 1/2
T = 8171, ,3 = F s W(‘[l) = (_O{) @0(1’1), f = F( O{) . (1159)

s 5
Equation (11.58) then takes the form

W _

5 = (LT =)y —if (11.60)

In terms of the polar representation v = ae'4 with a > 0 the above equation is
rewritten as

(a+iaA)e = —i(1 + Br" —a®) ae'® —if , (11.61)

where an over dot refers to differentiation with respect to . Equating the real and
imaginary parts of Eq. (11.61) separately to zero and after some simple algebra one
arrives to

a=—fsinA, (11.62a)

A:—l—ﬁcuaz—f cos A . (11.62b)
a

In the leading-order approximation, the solution of Eq. (11.50) is

x(1) = (%)1/2 a(ty) sin(A + 1) . (11.63)

The nature of x() is thus completely determined by the amplitude a and the phase A.
The system (11.50) is not excited if a(t;) = 0. Assume that a(0) = 0.

11.4.2 Limiting Phase Trajectories
When 8 = 0 (thatis » = 0 in ¢(7;)) then dH/dt = 0 where

1 1
H:a(—§a+za3—fcosA) ) (11.64)
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H is a constant of motion and is zero for a(z;) = 0 or for
a>—2a—4fcosA=0. (11.65)
For B = 0 the equilibrium points of (11.62) are defined through

A*=0, a®—a*—f=0, (11.66a)
A*=0, a®—a*+f=0, (11.66b)

where the range of A* is considered as A* € [-27, 27].
For § = 0 and f = 0.25 the equilibrium points of (11.64) are

(A%.ar) = (0,1.10716), (£m,0.26959) , (11.67a)

(S

(A¥.al) = (£7,0.83757) . (11.67b)
The points (A}, a}) are elliptic type and (AY, a}) are saddles. Equation (11.64)
indicates that for a(0) = 0, if A(0) = £x/2 then H(0) = 0. Thus, H(r) = 0 for
orbits starting from a(0) = 0, A(0) = +x/2, £37/2. Fora(0) = 0, A(0) = —x/2
to/2,3m/2t0 2w, —37/2 to —2x the quantity H is < 0 while for other values of
A(0) and a(0) = 0 the quantity H > 0.

Figure 11.8a depicts the phase trajectories of (11.62) for § = 0 and f = 0.25.
This figure is obtained for a set of initial conditions. In this figure the stable elliptic
equilibrium points and saddles are marked by solid circles and ‘x’, respectively. The
dashed orbits are the heteroclinic orbits connecting two saddles. The thick orbits
correspond to the initial conditions a(0) = 0, A(0) = —n/2 and 37/2 and a(0) =
V2, A(0) = —n. In Fig. 11.8b a(t) versus t is shown. The sign of H of some
of the orbits in Fig. 11.8a is indicated. H is nonzero for the heteroclinic orbits. For
f = 0.25 the value of H for the heteroclinic orbits is —0.01833. The thick orbits are

@2 =023 R ETE: ]

25
T

Fig. 11.8 (a) Phase space orbits of the system (11.64) for 8 = 0 and f = 0.25. For details see the
text. (b) Two limiting phase trajectories for which H = 0
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the boundaries between the orbits with H > 0 and H < 0. Such orbits are termed
as the limiting phase orbits [17, 18] or the limiting phase trajectories (LPT). LPTs
can be effectively used to describe the strong energy exchange between coupled
systems or targeted energy transfer to a system from an energy source. It has been
shown that autoresonance is due to the loss of stability of the limiting phase orbits
of small oscillations [17, 18].

Equations (11.64) and (11.65) imply that for A(0) = —u/2 there are either
three real values of a(0) or only one real value of a(0) giving rise to LPT. For
simplicity, consider the LPT with A(0) = —x/2. In this case Eq. (11.65) becomes
a(a® — 2) = 0 giving a(0) = 0, +/2 (discard the choice a(0) = —+/2 because
it is < 0). Thus, there are two LPTs. Since the system (11.62) with 8 = 0 is an
autonomous system the part of LPT with A(0) = —x/2 and a(0) = +/2 right
to A(0) = —m/2 is obtained by integrating (11.62) in the forward time direction
while the part lying left to A(0) = —x/2 is computed by integrating (11.62) in
the backward time direction (that is, replacing d¢ by —d¢ in Eq. (11.62) and then
integrating it in the forward time direction). The two LPTs are shown in Fig. 11.8b.
These two LPTs are functions of the parameter f. Denote the lower and upper LPTs
as LPT) and LPT,, respectively.

What will happen to the two orbits LPT) and LPT, when f is varied from a small
value? To find out this, consider the point A = —x. InFig. 11.8aat A = —x, LPT,
becomes a minimum while LPT; becomes a maximum. Substitution of A = —7 in
Eq. (11.65) gives

a*—2a+4f=0. (11.68)

Its roots denoted as a’ are the values of the maximum of LPT; and the minimum
of LPT,, respectively. Figure 11.9 presents the variation of equilibrium points of
(11.66) and the roots of (11.68). The equilibrium points and only the roots that are
> 0 are plotted in the figure. At a value of f the minimum and maximum of both

]..5 -— / -1

f2

4 0.5

0

Fig. 11.9 «* and «’ as a function of the parameter f with 8 = 0. For details see the text
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LPTs merge with the saddle point (A*, a*) = (—m,aY). It is easy to determine the
critical value of f at which above happens. This critical value f corresponds to a
transition from three real roots to only one real root of (11.68). From (Appendix B),
for the equation y*+by+c = 0 the condition for only one real root is 27¢>+4b> < 0.
The critical value of f for Eq. (11.68)isfi = /2/27 ~ 0.27217.Forf < fi there are
two LPTs and heteroclinic orbits lying between them. As f increases from a small
value, the minimum of LPT, and maximum of LPT; move towards the saddle point
(—m,aY). At the threshold value f = fi, the two LPTs merge with the heteroclinic
orbits. The result is the amplitude of the orbit separating the orbits with H > 0 and
H < 0 is large. This transition is essentially because of the loss of stability of the
LPT of small oscillations. In Fig. 11.9 for values of f above a critical value (denote
it as f>) the system (11.62) with 8 = 0 has only one real equilibrium point which
is of elliptic type. The value of f, is given by [obtained by setting the condition for
only one real root of a in Eq. (11.66)]

2
fh= =~ 0.38490 . (11.69)

At this value of f the elliptic fixed points with A* = £ coalesce with the two
saddle points and disappear. The only equilibrium point is (A*,a*) = (0,a).
Figure 11.10 illustrates the changes in the phase space trajectories in (A, @) phase
space for three values of f. In all the subplots of Fig.11.10 the thick orbits
correspond to (a(0), A(0)) = (0, —m/2). a(r) versus t of the limiting phase orbit
of the system is shown in Figs. 11.11a—c for f = 0.273, 0.37 and 0.39, respectively.
In[16, 18] the system with f < fi,fi < f < f, andf > f, are termed as quasilinear,
moderately nonlinear and strongly nonlinear systems.

b) |
L =037 17
g _|_ | ¢ _

Fig. 11.10 Phase space trajectories of the system (11.62) for (a) f = 0.273, (b) f = 0.37 and
(©f=039withg =0
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Fig. 11.11 a(t) versus t of the limiting phase orbit of the system (11.62) for the three values of f
used in Fig. 11.10

11.4.3 Autoresonance

Now, we investigate the response of the system (11.62) with 8 # 0. Fix a(0) = 0
and @(0) = —n/2 and restrict to n = 1 and n = 2. For f < fj, in the numerical
simulation a(7) asymptotically approaches the upper (lower) branch of a¥ for § < 0
(B > 0).In the long time limit a(t) spirals about a} and reach it in the limit 7 — oo.
a?’s become a stable focus. That is, the system is shifted to the region of small and
large oscillations for § > 0 and 8 < 0, respectively. Autoresonance does not occur.

For f > fi, autoresonance takes place for a range of value of 8. Figure 11.12
presents numerically computed a(t) for two values of § forn = 1 and n = 2.
When n = 1 and f = 0.3 growth of a(t) occurs for 0 < 8 < 0.0231. That is,
autoresonance takes place. For § > 0.0231 there is no autoresonance and a(t)
approaches an equilibrium point. There are shown in Fig. 11.12a. For n = 2 and
f = 0.3 autoresonance is realized for 0 < B < 0.0058 (Fig.11.12b). For a
short time interval the trajectory is found to be close to the LPT of quasilinear
oscillations. However, in the autoresonance region the shape of a(r) is similar
to the LPT of the moderate nonlinear system (8 = 0). That is, the growth of
oscillation with an unbounded orbit from a bounded orbit in the system with
slowly time-varying frequency (8 # 0) is the same as that of the transition from
a small to a large oscillation amplitude in the system with constant parameters
(B = 0). This essentially happens as a result of loss of stability of quasilinear
oscillations. Interestingly, autoresonance occurs for certain range of values of 8 only
for f > fi. Thatis, f > f; where f] is the necessary condition for the occurrence of
autoresonance.



314 11  Autoresonance

(b) ‘ ‘
4+ f=03n=2 4
3+t o
= 0.0058
S g 1
1F
B = 0.0059
0 I I I I I
0 10 20 30 40 50

T

Fig. 11.12 a(7) of the system (11.62) for two values of B with f = 0.3 and for two values of n

11.5 Autoresonance in Optical Guided Waves

The first observation of autoresonance in optics was reported in [19]. Consider a
nonlinear two-coupled wave guides, in which one wave guide is spatially chirped
by allowing its refractive index to increase monotonically in the direction of
propagation of waves, and the medium exhibiting Kerr (cubic) nonlinearity. When
refractive index profiles (linear + nonlinear) of the two wave guides are identical
then a linear resonance occurs. The linear refractive index profile is

Anp(x,z) = Any(x) + Any(x)az (11.70)

where Any(x) is a z-invariant symmetric couple profile while An,(x) represents the
shape of the chirped wave guide and « is the linear spatial chirp rate and —1 /o < z.
A pump wave is fed into the chirped wave guide and no input into the second wave
guide.

The evolution of the envelope ¥ is described by the nonlinear Schrodinger
equation

oy Py
—inm =t [AnL(x,2) + [V ] v . (11.71)
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Assume the solution of (11.71) as
¥ =M [Cr@URX) + CLEULK)] (11.72)

where U and Uy are the eigenmodes of the left and right (chirped) wave guides,
respectively, in the absence of nonlinearity and chirp. Cr. and Cr are the amplitudes
of UL and Uk, respectively, By = ffzo Ug  HoUrLdx and Hy = 02/0x% + Any(x)
is the unperturbed Hamiltonian. Using the above form of v in Eq.(11.72) with
K = ffzo UpHoUpdx, x = fozo |Up |*dx and Ay = ozf_ozo |Ur|? Any(x)dx leads
to equations [19]

—iCr = kCp + §|CR|2CR + AoCra, (11.73a)
¢y = kCr + §|Cﬁ|CL, (11.73b)

where an overdot refers to differentiation with respect to z, In Eq. (11.73) R, y and
Ay are the coupling coefficient, the effective nonlinearity and the effective chirp
rate, respectively.

Assume that an initial wave packet v; with the spatial form Uy is fed to the right
wave guide. The equations for the population difference

R = (ICL]> = |CrD/(ICLI” + ICrI) (11.74)

and the phase mismatch ¢ = 6gr — 6, where g and 6, are the phases of Cr and Ct,
respectively, are obtained as

R = —2kV1—R? sing, (11.75a)
1 2kR

¢’ = Aoz — = R|Cril* + ——=cos ¢ , (11.75b)
2 J1—-R2

where |Cg;| is the amplitude of the wave fed into the right wave guide. If the
refraction index does not cross the linear resonance then most of the power is
concentrated in the right wave guide. In this case |Cr| > |Cp| and R ~ —1. In
Eq.(11.75b) when Apz — yR|Cr;|?/2 is zero then the linear resonance crossing
takes place. After crossing the resonance the phase mismatch ¢ locks near zero and
shows small autoresonant oscillations. As a result of this |Cr| decreases to zero
and |Cy | increases almost to the value |Cr ;| and R varies from —1 to 1. That is, a
full power exchange results. The power flows unidirectionally from the right wave
guide to the left wave guide thereby maintaining the refractive indices almost the
same in spite of the chirp. The mechanism is that through nonlinearity the system
self-adjusts to maintain resonance. In this way the wave guides are almost identical
for long distance propagation. z and |Cr ;| determines the limiting value of «. The
transition to autoresonance takes place when T = 2.45« /y |Cr.i|(Ag)™3* = 1. By
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controlling |Cg ;| this threshold can be achieved. No power propagates from right
wave guide to the left wave guide for below the threshold. All the power tunnels
above the threshold. When T < 1 the system crosses the linear resonance, but
the nonlinear index variation rate in the left wave guide is too small to follow the
variation in the right wave guide. So there is no phase lock and transfer of power
is inefficient. On the other hand, for 7 > 1 power tunnels from one wave guide
to another wave guide because in the left wave guide the variation of rate of the
nonlinear index is enough to follow the variations in the right wave guide. The above
theoretical predictions have been verified in an experiment with SBN:75 crystal. For
details refer to [19].

11.6 Energy Conversion in a Four-Wave Mixing

The nature of wave propagation in a medium significantly depends on the type of
nonlinearities present in it. For example, in a single wave propagation a lowest-order
nonlinearity gives rise to a third-order self-modulation. When many different waves
are made to propagation in a nonlinear medium, then apart from self-modulation
other phenomena such as cross-modulation and wave mixing occur also due to
resonant wave interactions (RWI). A RWI of two waves consists of a linear mixing
term and the phase mismatch ¥ = ¢; & ¢,. A three-wave RWI involves mixing
terms with product of two envelopes and ¥ = ¢ £ ¢ £ ¢s. If the three-wave
resonance is not possible, then the four-wave mixing with ¢ = ¢; = ¢» = ¢p3+t¢4 and
product of three envelopes is important. In a plasma an incoming laser can decay via
RWIs into another ion-acoustic or electrostatic plasma waves and electromagnetic
waves [20]. RWIs are important in plasma [21], nonlinear optics [22], acoustics [23]
and hydrodynamics [24].

In driven or interacting oscillatory or wave systems an autoresonance scheme can
be utilized in order to

* maintain resonance even if the parameters of the system change in space and time
slowly and
 transfer energy among the interacting waves efficiently.

Interestingly, autoresonant wave mixing suggests a new application of optical para-
metric amplification (OPA) [25-27]. Now, we proceed to illustrate the autoresonant
four-wave mixing (FWM) process in an optical fiber [25].

Consider the following set of equations for slow wave envelopes A; describing
the interaction between four waves in a nondegenerate process in an optical fiber
[28]:

4
dA .
= =iy | |APA + 2 Z |A;IPA; + 2A,A,A Y |, (11.76)

dz foradl
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where the phase mismatch ¢ = [ AB(')dz with AB(z) = —(B1+B2)+(B3+B4),
B is the wavevector of the /th wave, y is the nonlinear coefficient, [ = 1, 2, 3, 4 and
k, I, m and n are integers such that for / = 1 or 2 (the two pump waves) the values
of the other integersare k = 3 —I,m = 3, n = 4ande = 1. If [l = 3 or 4 (the
signal and the idler) thenk =7 —/,m = 1,n =2 and € = —1. In Eq.(11.76) A;(2)
is the envelope of the electric field of the Ith wave so that Ej(z, f) = A;(z)elPr—m),
Defining ¢{ = yPyz with Py being the total power of the signal, a; = A;/ /Py with
Z?=1 |aj|?> = 1 and phase mismatch S = v/(yPo) Eq. (11.76) becomes

d )
d—? =i(2—|aP)a + 2igna,aie=®, 1=1,2.3.4. (11.77)
Next, we represent a;’s and the phase mismatch @ as
a=be®, 1=1,2,3, as=be XY, (11.78a)
b= B, B =Ib|, ¢ =arg(b), (11.78b)
D = —(¢1 + ¢p2) + (¢3 + a) . (11.78¢)

These transform Eq. (11.77) into

dB, .
E:—26BkBmB,,sm(b, 1=1,2,3,4 (11.79a)
do
— =R+ Qcos P, (11.79b)
d¢
where
A
R=B§+B§—B§—Bﬁ+—ﬁ, (11.80a)
yPo
0 2BBBB( ! l—i-l—i-l) (11.80b)
=2D152D3B4 | —— — >t — + =5 | - .
Bl B B B

Further, Eq. (11.79a) give the so-called Manley-Rowe relations

B! =B}, + B, — B}, (11.81a)
B} = B3, + B}, — B3, (11.81b)
B = B}, — B}, + B}, (11.81c)

where Bjy(z = 0) are the initial amplitude of /th wave.

Next, for simplicity we assume that AS is a linear function of position z and
define « as the nonuniformity rate coefficient such that A = a(yPy)*(z — z0)
where 7 denotes the point at which A = 0. Further, we define a shifted normalized
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coordinate

AB?
£ = 70 —yPozo+¢, ABj=Bj,+By—B3—Bi,. (11.82)

Then, Eq. (11.79) take the form

dB
d—; = 2B\ByB;sin @ , (11.83a)
do X

E =af —4B; + Qcos P , (11.83b)

with B, 3 are given by Eq. (11.81).

In the system (11.83), the spatial chirp rate o can be < 0 (or > 0) corresponding
to the increasing or decreasing the radius of the fiber. Fix the initial time as B}, =
B3, = 0.49, B3, = B, = 0.01, ®(—40) = 0 and B3(—40) = 0.01. Convert
the phase mismatch ¢ into the range [—1, 1] for convenience. Figure 11.13 presents
the numerically computed solutions of Eq.(11.83) for « = +0.1. For ¢ = 0.1
(Fig. 11.13a,b) the evolution of the system essentially consists of three main stages
[25].

e |o|¢ < =2 is the first initial stage. In this stage @ exhibits bounded oscillations
around the average value of @ = 0. Its oscillations decrease as |«|& approach
—2. Also, in Fig. 11.13 one does not observe a considerable transfer of energy
from the pumps (B; and B») to the signal (B3) and idler (B,).

e The second stage corresponds to —2 < |a|§ < 4 and is the autoresonant
stage. This interval involves an efficient excitation of the signal and the idler
with continuing phase-lock. On average, the square of the amplitudes of the
four waves vary linearly with |«|é. There are slow oscillating modulations.
The amplification continues until almost complete pump depletion realized at
|o|E ~ 4.

o |w|E > 4 is the final stage. In this stage, the signal and the idler attain saturation
while the pumps decay.

Figures 11.13c,d depict the results for « = —0.1. The qualitative dynamics for
a = —0.1 is almost similar to « = 0.1. The autoresonant second stage is how
—2 < || < 0. In the initial phase-locking process the average value of @ ~ .
For higher values of « the autoresonant process is absent, an example for this is
shown in Fig. 11.14 fora = 1.5.

The theoretical treatment presented in Sects. 11.3 and 11.4 for the deep under-
standing of the autoresonance in Duffing oscillators can be extended to the FWM
system also. In [26] the autoresonant TWM process has been investigated. There are
differences between autoresonant states in TWM and FWM. For details see [26].
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Fig. 11.13 Numerically computed wave envelopes B? and phase mismatch @ for « = 0.1 and
a=—0.1

11.7 Autoresonance in a Nonlinear Wave System

An important nonlinear partial differential equation possessing a variety of localized
solutions called solitons is the nonlinear Schrodinger equation (NLSE) iy, + ¥, +

|¥|2y = 0 This section explores the autoresonant excitation of a nonlinear wave of
NLSE [29].
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Fig. 11.14 Same as Fig. 11.13 but fora = 1.5
Let us consider the driven NLSE
W 4 Y + [Y[PY = el R0 — gy p) (11.84)

where g(x, t) is a plane wave with the wave vector ko and slowly varying frequency
k3 — A(7) where A(t) = d¢/dt. Assume the solution of (11.84) as

Y(x, 1) = a(x, 1)elkor ko) (11.85)

with Im(a, #) = 0. Defining ae'’ as f, v = 2k and then substituting (11.85) in
(11.84) give

ify + ivfy + fur + IfPf = €e?? . (11.86)

Equating the real and imaginary parts of Eq. (11.86) separately to zero and defining
@ = 0 — ¢(¢) lead to the equations

a; +va, + a®y + 2a,D, = —€sin @ , (11.87a)
a(@; +v®,) —ay +aP? + Aa—a® = —ecos P . (11.87b)

For the solution with ¥ (x,t = ) = v, where |y| < 1 and is independent of x,
Eq. (11.87) becomes

a;, = —€sin® , (11.88a)
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Fig. 11.15 (a) a(r) and (b) @(r) versus t for the NLSE for three values of A and for ¢ = 0.1,
To = 100, a(—Tp) = 0.1 and @(—T,) = 7. Dashed lines represent / A(z) fort > 0

a®, = a® — A(f)a —ecos P . (11.88b)

With / = a? the Hamiltonian of (11.88) is
1
H(,0,1) = 512 + 2e+/1 cos( — ¢) . (11.89)

That is, Eq. (11.88) can be thought of as a system with the Hamiltonian H(/, 9, 1).
Now, choose

Ap sin(m/2T0), —To<t<Ty
A() = (11.90)
Ao, t>Ty.

Figure 11.15 presents the variation of the amplitude a and the phase mismatch @
(mod 27) for € = 0.1, Ty = 100, a(—Ty) = 0.1, ¢(=Ty) = = and for three
values of Ay. Solution for + < 0 corresponds to initial phase-locking stage. After
phase-locking, a typical autoresonance dynamics occurs where the phase mismatch
is close to zero. Further, for r > 1 the amplitude a(¢) closely follows / A(¢) . that
is a®() ~ A(t) (driving frequency). Equilibrium points of (11.88) can be easily
obtained. Equation (11.88a) gives ®* = 0. Then in the equation a* —aA(f) —e = 0
[refer Eq.(11.88b)] neglecting € due to its smallness one gets a* ~ 0 and a* =
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v A(?) . That is, a(t) and @(¢) vary around the nontrivial quasi-equilibrium point
a* ~ Ag(t), @* = 0. A(t) = Ag fort > Typ. When A(r) ~ Ay the wave solution is
given by

¥ &/ Ag ot Ao (11.91)

To study the stability of the autoresonant solution, we substitute a = a* + §a,
and @ = @* + §® in Eq.(11.88) and linearize it around (A*, @*). Then writing
Sa, 5D ~ ekt gives rise to the relation

(v —kv)? = (KZ _ ai) (K2 Ay — 3ai) . (11.92)

The above equation indicates an instability for € /a* < k> < 2Ao+3¢/a*. Note that
when € = 0 the plane wave solution is always unstable for sufficiently small «. But
when € # 0, there is a stability window k> < €/a* for the autoresonant solution.
That is, the plane wave solution can be stabilized by an appropriate autoresonant
driving.

For a detailed discussion on spatial autoresonance in NLSE and autoresonant
excitation of waves in certain other soliton equations one may refer to the [29-33].

11.8 A Quantum Analogue of Autoresonance

A quantum analogue of autoresonance is the ladder climbing [34]. For the case of
monochromatic radiation the transition dipole moment for the transition between
initial and final state is small. Consequently, monochromatic light is inefficient to
excite a molecule from an initial state to a final state. In such a case, a light pulse
with time varying frequency is employed to make a system to go from an initial state
to a final state through a series of intermediates states. This approach is termed as
ladder climbing.

When the frequency of a wave can be made to vary with time in such a way to
follow consecutive transitions is said to be chirped. Such chirped laser pulses are
used to control molecular dissociation [35, 36] and to enhance the transfer to higher
states [37, 38]. The autoresonance mechanism is proposed to explain many-photon
ionization of Rydberge atoms [1].

This section briefly present the theoretical and numerical analysis of ladder
climbing reported in [34].

Consider the classical system

mi + wgx + dx’ = f cos (wot — woat?/2) . (11.93)
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Seeking solution in the from x = ay(t) + a(t) cos 6(¢) gives

a=— sinA , (11.94a)
2mawy
A = wypd® —at — S cos A , (11.94b)
2mwoa
where
5d
A=0—wpt+a’/2, f=——'. (11.95)
12maw;

Introduction of T = /a t, u = JwoBf/Cmwea'’*), ¥ = JwoB a™/*ae'? yields
v+ (t— |y Y +ip=0. (11.96)
Numerical analysis predicts that for u > p. &~ 0.41 [34] the amplitude grows

continuously and phase locking persists (autoresonance). Using this value the
threshold condition on f is given by

fo = 0.82ma’>/*\Jax /B . (11.97)
The energy eigenvalues of the system (11.93) for f = 0 are given by
E, ~ hawy (n+%) |:1—,3’ (n+%):| , ,3’=%, (11.98)
where n =0, 1,2, ---. The spacing between adjacent energy levels is
AE, = E,q1 — E, = ha[1 =28 (n + 1)] . (11.99)

As n increases AE, decreases. The discrete energy levels can be viewed as a ladder.
Consider the excitation of the system by an external field of driving frequency w.
Assume that initially the system is in the ground state (E = Ej). To excite the
system to the state Ej, the frequency of the applied field has to be set to the value
(E1 — Eo)/h. When the probability of finding the system with E) is unity, then to
excite it to the level E; the frequency has to be adjusted to (E; — E})/#. Because the
energy levels are unequally spaced, in order to induce a transition from the nth state
to the (n + 1)th state, the driving frequency must be

AE,
Onngt = — = wo[1 = 28'(1 + 1) (11.100)

That is, at every transition the frequency is to be shifted by an amount 2w, . Further,
the frequency must be kept at a value over a certain interval of time allowing the
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transition probability for n to (n + 1)th the state becomes unity. In contrast to this,
in the classical autoresonance the driving frequency is continuously varied.

How does a quantum system proceed if the driving frequency varies continu-
ously? To explain the response of the system define three time scales: Tr-Rabi time
scale, Ts-the sweep rate scale and Ty -the nonlinear transition time scale. They are
defined as

/2mh 1 2h
T = Y20 g L 2P (11.101a)
f Ja mo

For an efficient population transfer in a two-level system by a chirped pulse the
requirement is

Ts
T < —> (11.102a)

V2

To apply the classical theory several energy levels at all times must be coupled. This
can be realized by means of the amplitude of the driving force. Therefore, the width
of the resonance should include the resonance at w,, ,,+; in addition to ,, ,+ ;. Here
n — m is the number of levels mixed by the applied force. The condition for the
above is

T3
TrTNL

>1. (11.102b)

The decoupling between the adjacent resonances corresponds to

2
T
TRTNL

<1. (11.102c)

The ladder climbing regions are defined by (11.102a) and (11.102c¢). In terms of the

three time scales the classical threshold condition for autoresonance f > f, becomes
T

TsTn

< 1.48. (11.102d)

Defining P = Ts/Tg and P, = Ts/Ts the condition (11.102a) and (11.102c) for
ladder climbing take the form

Py>P > 2 (11.103)

while the conditions (11.102b) and (11.102d) for the classical autoresonance
becomes P > P, and P; > /0.67/P;.
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The results of a numerical simulation for the Morse oscillator with the potential
o —ax\2
Vix)=—(>1A—-¢e%) (11.104)
ha)o

and the perturbed Hamiltonian

H' = e\/h/(me}) xsin(t — ar*/2) . (11.105)

appear in [34]. The unperturbed energy eigenvalues of the Morse oscillator are
given by

2 2N\ /2
E, = DB’ (n—i—%) [Z—ﬂ” (w%)} B = (;1—“a) . (1.106)

E’ s of the Morse oscillator given by (11.106) is similar to that of the system (11.93)
given by (11.98). The time-dependent wave function is assumed as

Y(t) =" CaD)Yn . (11.107)

where v, are the eigenfunctions of the unperturbed system and C;,s to be determined
are generally complex valued. According to a time-dependent perturbation theory
the evolution equations for C, are [39, 40]

iCy =Y H,,Cu. H,, = Vulx|¥m). (11.108)

A coupled channel method can be used to solve (11.108) [40, 41]. In [34] numerical
analysis is performed for C(()O) = 1and Cflo) = 0 for n > 0. Figure 11.16 presents
the result for P = 1.43 and P, = 16.3. These values are above the threshold for
ladder climbing. An autoresonance-like behaviour is clearly seen in this figure.

A ladder climbing quantum phenomenon was investigated [42] in the anharmonic
oscillator system with the Hamiltonian

1, 1 1
H=op*+ S(L+feosppe + o pat ¢ =2+ar/2. (11.109)

For this system the equations of C,, are given by (with # = 1)

iC, =EnCn+§2m:Cm(wm|x2|wn)cos¢, (11.110)
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Fig. 11.16 (a) |C,(1)|? versus time for P, = 1.43 and P, = 16.3 [34]. (b) Variation of energy of

the Morse oscillator driven by a driving force with chirped frequency. (Figure 11.16 adapted with
permission from Ref. [34]. Copyrighted by the American Physical Society.)

1 3 1
where for f « 1,En%n+§+?'3(n2+n+5),n:0,1,2,...‘wnh
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Eq.(11.110) becomes

iCn = EnCn+£ [ Qn—l Cn—2 + (2” + I)Cn + Qn+l Cn+2] COS¢ . (11112)

Equation (11.112) were solved numerically [42] with C,(t9) = 8,0, 1o = —10//a,
a = 107% B = 0.001,f = 0.04 and including 40 energy levels for computation.

Figure 11.17 depicts the result of the numerical simulation showing quantum
autoresonance. For further details refer to the [42].

11.9 Applications

The autoresonance phenomenon enables numerous exciting and widespread appli-
cations in physics and engineering. Several applications of autoresonance has
emerged in atomic and molecular physics [1-3, 34, 43-45], particle accelerators
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Fig. 11.17 E, versus time of
the chirped parametrically 8L
driven quantum anharmonic 2
oscillator [42]. (Figure 11.17 o
adapted with permission from 8
Ref. [42]. Copyrighted by the e
American Physical Society.)
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[46], nonlinear waves [30, 46—48], fluid dynamics [49-51], plasma physics [52, 53],
superconducting Josephson junctions [54], optics [19] and planetary dynamics [55].
Autoresonance can be used to generate ratchet dynamics in Hamiltonian systems
[56]. Let us summarize some of the promising applications of autoresonance.

1.

A precise control of magnetization switching dynamics is very essential for the
retrieval and fast processing of data stored in magnetic data storage devices.
Autoresonance mechanism can be used to control the magnetization reversal
dynamics on a time scale of a few tens of nanoseconds. For example, a chirped
microwave field hundred times smaller in amplitude than the static field is able
to efficiently reverse the magnetization [57].

In nonlinear wave systems, particularly in soliton equations like the sine-
Gordon equation, the Toda chain and the nonlinear Schrodinger equation,
a realization of multi-phase waves is an intricate problem since it requires
complicated initial conditions. It is possible to generate such waves and control
them by exploiting the autoresonance oscillation from zero by employing plane
wave-like disturbances possessing through resonances in the system [58].

. An autoresonant trap mass spectrometer has been developed. In this device

detection of ions formed by electron ionization inside a cylindrical trap and
mass selective ejection are achieved based on autoresonance based energy
pumping process [59].

Autoresonance is applied for excitation of plasma wave [52], cnoidal wave
formation in Korteweg-de Vries equation [30], nonlinear mode conversion [60],
excitation of diocotron modes in non-neutral plasmas [53, 61, 62] and m-fold
symmetric vortices formation in fluid dynamics [50, 63].

. A computer model of ultrasonically assisted turning vibrating system with

an autoresonant control has been proposed. In this system the autoresonance
control is used to maintain the resonant oscillation automatically through a
positive feedback, providing transformation (phase shift) and amplification of
the control [64].

The autoresonance mechanism is used to inject antiprotons into a positron
plasma leading to the formation of antihydrogen [65].

A Josephson chirped amplifier device has been proposed for a qubit readout
applications [66].
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8.

10.

11.

12.
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In a nonparabolic quantum well (a small semiconductor device) the optical
response depends on the strong peak present at the plasmon frequency. This
resonance condition is lost when the electrons are in the anharmonic regions
and hence the absorption becomes inefficient. As shown in [67], this problem
can be overcome by the use of a chirped laser pulse. Simulations have shown
efficient detrapping of electrons from a nonparabolic well by a sequence of few
pulses.

The plasma beat-wave accelerator (PBWA) is used as an alternative to the short-
pulse laser wave-field accelerator. In PBWA two lasers propagating in an under-
dense plasma are detuned from one another by means of a frequency shift in the
neighbourhood of the electron plasma frequency w,. The beating between the
lasers give rise to a modulated envelope. This can act on the plasma electrons
and excite resonantly a large amplitude Langmuir wave desirable for particle
acceleration. However, when the plasma wave increases, relativistic detuning
effects prevent further growth. To over come this, chirped PBWA via adiabatic
passage through resonance has been proposed. In this mechanism, before the
onset of saturation of plasma oscillation amplitude, the frequency of the excited
wave can be locked with the beat frequency of the drivers. As a result, the
amplitude of the plasma wave grow automatically and moreover the frequency
of the plasma wave adjust itself to the decreasing beat frequency. Interestingly,
given the intensity of laser, it is easy to determine the maximum chirp rate
tolerable to obtain large amplitude plasma waves [68]. Further, the scheme is
much more robust to unavoidable uncertainties and changes in plasma and laser
parameters.

In many processing machines such as cutting, drilling, sifting, etc. the workload
depends on the treated materials. Because the behaviour of materials is complex
and poorly predictable, the underlying processes in such machines which are
essentially nonlinear are mathematically ill-defined. Autoresonance control is
exploited to realize self-tuning and self-adaptation leading to resonant mode
of functioning in the ill-defined cases. Industrial application of autoresonant
control is described for high-power screening machines and ultrasonically
assisted cutting machines [69].

By exciting the electron-positron clusters by a chirped laser pulse, it is possible
to separate the electron ad positron populations [70].

Autoresonance has been analysed in a superconducting circuit. In this circuit
system a nonlinear planar microwave cavity is coupled to a transmon qubit in
a circuit quantum electrodynamics architecture. The autoresonant threshold is
found to depend on the quantum state and may be utilized to achieve a high-
fidelity and latching readout [71].
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11.10 Concluding Remarks

An energy-based theory of autoresonance [11], a numerical method for determining
optimal drive sweep rate for autoresonance applicable for Duffing type oscillators
[72], theory of multi-dimensional autoresonance in three-wave interactions [27]
have been developed. Autoresonance has been observed experimentally in Faraday
waves [73], Diocotron mode in pure-electron plasmas [8] and an anharmonic
oscillator [74, 75].

Autoresonance in the field of optics can play a significant role in phase locking
and amplification in visible, soft X-rays and terahertz regions, optical switching
in optically controlled unidirectional devices, self-synchronization of lasers and
improving efficiency in light-matter interactions. The space-time generalization of
autoresonance in nonlinear wave systems is investigated in a driven sine-Gordon
equation by considering space-time variation of parameters [31, 32]. In this system
the autoresonant interaction of waves is found to display three stages: initial
excitation, autoresonant interaction and phase detrapping. Study of the space-time
autoresonance is of interest in a variety of fields including plasma physics, acoustics
and nonlinear optics.
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Chapter 12
Coherence and Chaotic Resonances

Real systems are subjected to certain amount of unavoidable internal or external
random perturbations, usually termed as noise. The presence of noise is not only
unavoidable in electrical and electronic devices, but it can significantly affect their
performance. As pointed out in the beginning of Chap. 2, a variety of phenomena
can be induced by the presence of noise. An oscillating system in which noise is
significant and is the source of its oscillatory dynamics, then it is generally called
an stochastic oscillator. A mathematical model of such a system in the absence of
noise and external periodic force does not exhibit any kind of oscillatory motion. A
stochastic oscillator can be monostable, multistable or excitable. In certain cases the
effect of noise in a stochastic oscillator is nontrivial. That is, the increase of noise
intensity need not always increase the irregularity of the response. An appropriate
weak noise can give rise to a maximum coherence similar to the stochastic resonance
but in the absence of any external periodic force.

In the stochastic resonance the system is driven by both a weak periodic force
and noise. It has been shown that resonance can occur in the absence of weak
periodic force and the associated phenomenon is termed as coherence resonance
also called autonomous resonance [1, 2]. That is, noise alone is able to induce or
enhance temporal order in the dynamics of certain nonlinear systems, particularly, in
excitable systems. Essentially, a coherence measure of stochastic oscillations attains
an extremum at an optimal noise intensity, hence the word resonance. The coherence
phenomenon was first introduced in 1993 by Gang, Ditzinger, Ning and Haken [1].
The presence of coherence resonance can be identified in terms of power spectrum
showing a peak at a finite frequency [3, 4] and time correlation function showing a
minimum at the resonance.

A nonlinear system subjected to perturbation which is chaotic in nature can
display a resonance-like behaviour called chaotic resonance. It is to be noted that
“chaotic resonance: a simulation” is the title of a paper published in Journal of
Statistical Physics by three American physicists Ippen et al. [5]. It has been pointed
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out that the role of noise in noise-induced dynamics can be played if the noise is
replaced by a chaotic disturbance [6].
The present chapter is devoted to the study of coherence and chaotic resonances.

12.1 An Illustration of Coherence Resonance

The effect of noise in excitable systems is fascinating because in the absence of a
noise term there is no response of the system, high noise leads to noisy response
with large fluctuations while a moderate weak noise produces quite regular spikes.
Many biological processes are modelled as excitable systems. In excitable systems,
for example, in neural systems the temporal coherence of firing behaviour is an
important dynamics for the time precision of processing of information. Because
the temporal coherence can be greatly improved by the presence of noise, the study
of features of coherence resonance in neural systems if of great interest. This section
demonstrates the occurrence of coherence resonance in an excitable system. In
Sect. 12.3 the features of coherence resonance in a modified Chua’s circuit model
equation with multiple equilibrium points is presented.
Consider the FitzHugh—Nagumo (FHN) model equations

. 1,
exzx—gx -y, (12.1a)
y=x+a+ Dn(t) . (12.1b)

InEq.(12.1) € <« 1is a small parameter. It allows to separate all motions as the fast
(only x changes) and slow (y = x — x*/3) ones. For |a| > 1 the system has only a
stable equilibrium point. A limit cycle attractor occurs for |a| < 1. This limit cycle
essentially consists of two parts of a slow orbit connected by fast jumps. For the
values of |a| slightly higher than 1 the system is excitable wherein small deviations
from the equilibrium point produce large pulses. In Eq. (12.1) (¥) is Gaussian white
noise with zero mean and unit variance.

We fix the values of the parameters as € = 0.01, a = 1.05 and vary the intensity
D of the noise. Figure 12.1 displays the noise-induced excited dynamics for three
values of D. The oscillatory motion is irregular for small and large values of D. For
a moderate noise intensity relatively coherent oscillations occur. This is shown in
Fig. 12.1b for D = 0.06.

The coherence resonance can be characterized by the normalized autocorrelation
function given by

GOy + 1)

O=""m

y=y—). (12.2)
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Fig. 12.1 y versus t of the FHN Eq. (12.1) for a = 1.05, ¢ = 0.01 and for (a) D = 0.02,
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Fig. 12.2 C(v) versus 7 for the FitzZHugh—-Nagumo equations [2] with (a) D = 0.02, (b) D = 0.06
and (¢) D = 0.3

Then the correlation time 7. is given by
o0
T = / C*(v)dr . (12.3)
0

Figure 12.2 show the variation of autocorrelation function with t for three values of
D. For all the values of noise intensity C(t) exhibits damped oscillation. However,
the correlations are much more pronounced for D = 0.06 at which coherence
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Fig. 12.3 The dependence of

the quantities 7. and R, on the 107 Te
noise intensity D for the &
FitzHugh-Nagumo &

equations [2] e - 7
107! . . )

resonance occurs. For a time series, the larger the value of . the larger the temporal
coherence.

In Fig. 12.1a T, denotes the duration of a pulse. Pulses of different durations are
clearly seen. The relative fluctuations of the time duration between adjacent pulses,
denoted as, R, is given by

oy T, —(Tp)?)
R, = (TE) =y (12.4)

This normalized variance of T}, is called the coherence parameter and can also be
used to characterize coherence resonance. Figure 12.3 shows the variation of t, and
R, with the control parameter D. 7. becomes maximum at D = 0.06. On the other
hand, R, has a clear minimum at this value of D.

12.2 Mechanism of Coherence Resonance

A general mechanism of coherence resonance is the following [2, 4]. Consider an
excitable system with a stable equilibrium point. By an appropriate perturbation, an
excitable system can be made to cross a threshold value and return to the equilibrium
point after executing a long excursion in phase space. That is, a pulse can be
generated. The time duration of the pulse, generally, depends on the system and
independent of the perturbation. The total time between pulses (7},) (refer Fig. 12.1a)
essentially consists of two times. One is the excursion time 7, and the other is the
time required for the activation of the pulse denoted as T,. The time 7, becomes a
random variable if the firing of the pulse is due to the random fluctuations. For small
noise, following Kramers, one can write (T,) ~ e*/ D” where A is a constant and D is
the noise intensity. Further, the variance of T,, 02 ~ (T,)? while 02 ~ D*(T.). For
small D, (T,) > (T.) and approximate the time between pulses by the activation
time T, ~ T,. For small noise R, ~ 1.

For large noise T, is very small and the system fires a pulse every time it returned
from an excursion. As a result, 7;, is dominated by 7. and in this case one can
approximate Ry, as D/ /(T.). If T is large and the threshold of excursion is small
then for intermediate values of D one can have R,(D) < 1. Therefore, for small D,
Ry(D) — 1. For large D, R,(D) ~ D/+/(T.) while for intermediate values of D,
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Ry,(D) < 1. That is, as D increases from a small value the quantity R, decreases
from a value close to 1, reaches a minimum value at an optimal noise intensity and
then increases again. This is the coherence resonance phenomenon.

The system will display the highest degree of coherence at the value of noise
intensity D at which R, will become minimum. That is, the basic mechanism of
coherence resonance is similar to the process of stochastic resonance. In both cases
an external noise cooperates with a deterministic periodicity. When the periodicity is
imposed externally then the occurrence of regular fluctuations is known as stochastic
resonance. Conversely, if the regularity is internal to the dynamical system, the
process is termed as coherence resonance.

12.3 Coherence Resonance in a Modified Chua’s Circuit
Model Equations

As an another example for the occurrence of coherence resonance consider the
modified Chua’s circuit Eq. (5.31) without the periodic driving force [7]. As noted
in Chap.5 the system (5.31), in the absence of the periodic force and noise, with
F1(x) possesses N = 2n equilibrium points while with F,(x) admits N = 2n + 1
equilibrium points. We fix the values of the parameters as @ = 6, 8 = 14,A = 0.5,
& = 0.25 and analyse the response of the system by varying the noise intensity for
various fixed values of N.

Prior to a detailed characterization of coherence resonance, we first show a
signature of resonance in the power spectrum of the x-component of the system.
Figure 12.4 presents the power spectrum for three values of noise intensity for

Fig. 12.4 Normalised power 0 j T j
spectrum of x-component of

the modified Chua’s circuit
equations for three values of

noise intensity in the absence

of external periodic force.

The values of D for the

spectra a, b and ¢ are 0.01, 3
0.058 (optimum value) and ~—
0.1, respectively A
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N = 2. Even though there is no input periodic signal of definite frequency, the
power spectrum shows the dominant peak at the particular frequency wy ~ 0.045.
The presence of a dominant frequency in the trajectory of the system indicates the
rotational motion about the equilibrium points. Additional peaks do not appear for
a wide range of the noise intensity. The value of wy is found to be the same for other
values of N. In Fig. 12.4 notice that the width and the height of the peak increase
with increase in D but they increase in different rates.

Figure 12.5 presents the dependence of the normalised autocorrelation function
7. of the x-component of the state variable of the system versus noise intensity for
various fixed values of N. The z. versus D profile resembles the SNR profile shown
in Fig.5.12 for stochastic resonance. For each fixed value of N, 7. increases with
increasing D, reaches a maximum at an optimum noise intensity and then decreases.
In Fig. 12.6a the value of Dyax at which 7. becomes maximum increases with
increasing N. In Fig. 12.6b the variation of maximum of t. with N is similar to
the variation of SNRyax with N (refer Fig.5.14b). t.(Dmax) is also found to be
maximum for N = 6 (compare Fig. 12.6 with Fig. 5.14a).

0.4
o 03 A
0.2 ]Uljul[‘ln‘ln‘l‘ln'l””"‘M‘0 03 i
0 10 200 '
N

Fig. 12.5 Variation of correlation time with noise intensity for various fixed values of N of the
modified Chua’s circuit equations

(a) T T [b) T T
0.3} . 0.35 | i
e
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N N

Fig. 12.6 Variation of (a) Dyax, the value of D at which correlation time becomes maximum, and
(b) 7., computed at D = Dyax, with the number of equilibrium points N
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Fig. 12.7 Coherence resonance parameter f versus the noise intensity for three values of N for
the modified Chua’s circuit model equations

Another statistical measure of coherence resonance is the quantity S5 given by
Gang et al. [1], Rappel and Strogatz [8], and Liu and Lai [9]

Bs = 10 log,,(H/W) dB, (12.5)

where H is the height of the peak in the power spectrum of the state variable, say,
x at the dominant frequency wy shown in Fig. 12.4. W = Aw/w, where Aw is the
half-width of the power spectrum about wy. B describes coherence in switching. H
and W varies in different rates with D. The value of D at which 8 becomes maximum
is considered as the optimum noise intensity Dyvax [1, 8, 9]. Figure 12.7 shows the
dependence of B on D for three values of N. For N = 2, 4 and 6 both S and 7. are
maximum at D = 0.06, 0.08 and 0.09, respectively.

To gain more insight into the noise-induced coherence resonance dynamics,
consider the mean residence times about the coexisting states. For very small noise
intensity, the motion is mostly confined to an equilibrium point and very rare
switching between the coexisting states occurs. In stochastic resonance the noise-
induced switching is assisted by the periodic force. Consequently, resonance is
realised when there is a synchronisation between switching motion and the input
periodic signal. In the case of coherence resonance even though there is no input
periodic signal, almost periodic switching between the coexisting states is found
to occur at an optimum noise intensity. Figures 12.8a—c illustrate the nature of
evolution of the x-component of the system at coherence resonance for N = 2,
4 and 6, respectively. One can clearly see a staircase-like switching among the
coexisting states.

Figure 12.9a shows the variation of the mean residence time 7yr at resonance
(D = Dpmax) with N. Tyr decreases with increasing in N. In Fig. 12.9b the quantity
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Fig. 12.9 (a) Plot of the mean residence time Tyr at D = Dyax versus N of the modified Chua’s
circuit model equations driven by external noise in the absence of periodic input signal. (b) T/Twvr
versus N where T = 27t /wy, wy = 0.045

T/Tur where T = 27/ wy varies linearly with N. T/Tyr = aN + b where a = 0.37
and b = 1.2, while for stochastic resonance 7/Tyr = 2(N — 1) with T = 27/ w.

12.4 Theory of Coherence Resonance

Lindner and Schimansky-Greier [3] developed a theoretical treatment to obtain an
expression for the output spectrum of a two-state noise driven system. This section
provides a brief description of this theoretical analysis.
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12.4.1 A Two-State Model

Let us consider the piecewise linear FitzZHugh—Nagumo (FHN) model equation [10]

™ =F@)—u+c(), (12.6a)
i=av—u+ 20&(@) , (12.6b)

where

—1—-v,v<-1/2
F(v) =4 v, -1/2<v<1/2 (12.6¢)
l—v, v>1/2.

v is the fast voltage and u is the slow recovery variable, a and b are parameters,
£(7) is Gaussian white noise and 7 is < 1. A weak periodic signal (1) = € cos 2t
can be introduced by choosing ¢(f) = f(r). The presence of £(r) and f(¢) lead to
stochastic resonance while € = 0 results in coherence resonance.

With the change of variable # = u — c(t), Eq. (12.6) are rewritten as

w=FQ)—u, (12.7a)
i=av—i+b—c(t)— () + V20E() . (12.7b)

Equations (12.7) become the linear equations

i =—x+V2DE() , (12.82)
y=—y+V2DE®) . (12.8b)

where

X=1i- bza_ ef(t) . f() =Aw)e ™ 4+ A*(w)e'" , (12.9a)

1+a
. b+a
y=—-ii+ ——+€f(1), (12.9b)
1+a
2 1/(1 i
w = . D= Y ; A=—/(+—a).+lw (12.9¢)
1+a I14+a 2(1 —iw)
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The equilibrium points of (12.6) in the absence of noise are the intersection points
of u = F(v) + c and u = av + b. Denoting these points for C = 0 as x_, y_, x4,
Y+, the points for € # 0 are written as [3]

1 b-—
—€f(t) = 12.10
xg —€f (1) > 11a ( a)
1 b+a
YA ef(t) =Fz+—— +€f(0). (12.10b)
2 1+4a
Fora = 2/4 and b = 0 the equilibrium points are x- = —0.1, y- = —0.1,

x4+ = 0.9,y = 0.9. When € = 0 one can regard the motion of the system as a
Brownian motion of particle jumping between two potential wells. It can be realized
by means of absorption at x_ or y_ (called sink points) and by resetting to y+ or x4
(source points). Essentially, the system undergoes a circular flow x4 — x_, jumping
to y+ — y— and back to x4 and thereby generates a two-state motion o (¢). For the
variable x, let us denote 0 = —1 is the state left from source to sink if x_ > 0.
Similarly, denote the right branch state as 0 = +1.
For the Eq. (12.8) the Fokker-Planck equations are

aP (x,1) = 3 (x+D 0 )Px(x, 1, (12.11a)
ot 0x 0x
ad ad
% Py(y,1) = (y+D )P 0.1) . (12.11b)

The appropriate conditions for solving Eq. (12.6) are given at the points x_, y_, x4,
v+. They are

P(x, 0l —ef() =0, P,y.0l,_ +ef()=0, (12.12a)
[Pe(x.0], —f() =0. [P(.0] +ef(=0.  (12.12b)

In the above, the square brackets are used to represent the jump of a function, that

isg(x): [gle = glx+0) —g(x—0).
The populations p,(f) and p,(¢) of the two states are given by

o0
pa(t) = / Pi(x,1)dx , (12.13a)
x——¢f(t)
o0
py() = / Py(y, 1) dy (12.13b)
y—+ef()

with the normalization condition p, + p, = 1.
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When € = 0, the Eq. (12.11) are ordinary differential equations. Normalization
of their solutions leads to the stationary current [3]

1 x4/~2D ) y+/~2D )
Jo= — / e“erfc(z) dz + / e“erfe(z)dz | . (12.14)
x—/+/2D y—//2D

The power spectrum N(w) of the dynamics o (¢) is given by the Fourier transforms
of the waiting time distributions of 0 = —1 and 0 = +1. Denote these Fourier
transforms as W,(w) and W,(w). N(w) is given by Linder and Schimanwky-
Geier [3]

N = [ oo+ oje g
- %Re ([1 ]V_Véé”)(]cﬂl)v;}ﬁfjfw”) , (12.15)
where
W) = $X+EZ; - e(xi_”‘;‘])(/_‘wai—li;uz’—xl_/ /2Jg )NE) . (12.162)
W) = Zﬁg - e(yi”;‘])(/_‘wai—li;uz’—yl_/ /2Jg )NE) - (12.165)

In Eq. (12.16) ¥ and U are the parabolic cylinder functions [11]. W, and W, are
obtained by Laplace transformation of (12.11).

The circular function U(z, a), where a and z are real and complex variables, is
given by

e /4 X1 _i2
U(z,a) = —1/ (T2 Ty (12.17)
I (a+3) Jo
with
JT

A series expansion of U is given by

U(z,a) = U0, a)ui(z,a) + U(0, a)uz(z, a) , (12.19)
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where
1 2 1 5\ z*
_ .—22/4 i L 2z
u(z,a) =e |:1+(a+2)2!+(a+2)(a+2)4! :|,
(12.20a)
— 3 23 3 7 ZS
m@m=“%P+G+ﬂ§+G+ﬁ@+ﬂﬂ }
(12.20b)
Substitutions of (12.16a) and (12.16b) in (12.15) give
8J . — Yy =y
N(w) = —;Re[(w Vi Wy %Q} . (12.21)
® Vo Vv — Yy Yy

For moderate values of the noise intensity D, the spectrum N(w) of the bistable
case of the system (12.6) with x4 > |x_| and y4+ > |y—| displays a resonance-like
spectrum as a function of w implying coherence resonance. For more details one
may refer to the Ref. [3].

12.5 Chaotic Resonance

For simplicity consider the bistable system [12]
Xpt1 = Stanh(x,) + e sin(2nn/Ty) + o, (12.22)

where S, T and « are parameters and &, is random or chaotic. Figure 12.10 shows x
versus f(x) = Stanhx for S = 2. In this figure the intersections of the diagonal line
(dashed line) with f(x) (continuous line) mark the equilibrium points. When o« = 0,
S =2,e = 0.5 and Ty = 32 the external periodic force is unable to induce jumping
motion between the two equilibrium points.

For resonance analysis, construct groups of chaotic and random perturbations
having similar statistical properties so that their effects can be compared. Use the
control parameter as the intensity of perturbation given by D = 202 where o is the
standard deviation of the perturbation and

<ﬂ=M[@—@Wm®®, (12.23)

where [ is the interval to which £ is restricted, p(§) is either the probability density
for the random perturbations and (£) is its mean value.
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Fig. 12.10 Plot of x versus 3
f(x) = Stanh(x) (continuous
curve) with § = 2. The
dashed line represents

fx) =x

12.5.1 Generating Similar Noise and Chaos

Consider random numbers uniformly distributed in the interval [—0.5,0.5] and
random numbers with Gaussian distribution. It is possible to generate these two
types of random numbers using different methods. For example, the iterations of
the tent map [13]

§n+l =1- 2|-x'§n| (1224)

become chaotic with &, € [—0.5,0.5] and p(§) = 1. For the Bernoulli shift map
given by

26, +0.5, & €[=0.5,0]
= 12.25
St 26, -05, & €[0,0.5] (1229)

also p(§) = 1. That is, &, of these two maps are uniformly distributed in the interval
[—0.5,0.5]. Employing the Park and Miller method [14] one can generate uniform
random numbers in the interval [—0.5, 0.5]. The above methods give rise uniformly
distributed random numbers in the interval [—0.5, 0.5]. Call these three perturbations
as tent perturbations.

The iterated solution of the logistic map

Ep1 = 0.5 — 4E? (12.26)
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lies in the interval [—0.5, 0.5] and is chaotic, however, p(§) # 1. The solution of the
modified logistic map

0.5—4&2, &, €[-0.5,0]
1 = 1227
St 482 -05, & €[0.0.5] (1227

is also chaotic with p(§) # 1. That is, £ is not uniformly distributed in the interval
[—0.5,0.5]. For the logistic map and the modified logistic map the density of
measure is

1

PO = s 05 B

(12.28)

Interestingly, the trajectories of the tent map are related one-to-one with those of the
logistic map through the relation [13]

1
Cx) = 3 sinmx. (12.29)

Thus if one starts with a large number of 1; generated by the Park and Miller method
or the tent map and obtain &, = C(1,,), then the probability distribution of & is given
by (12.28). The probability distribution of £ obtained from the logistic map (12.26),
modified logistic map (12.27) and through (12.29), all have the same p(§) given by
(12.28). We call these perturbations as logistic chaos, modified logistic chaos and
logistic noise, respectively, or simply logistic perturbations group [6].

A third set of perturbations is the Gaussian perturbation. The Box-Muller formula
[14, 15] for generating random numbers obeying Gaussian distribution is

§=0y—-2In§ cos(2n&y), (12.30)

where & and &, are two random numbers uniformly distributed in the interval
[0, 1] (for example, generated through Park and Miller method [14]). As pointed
out above, the iterations of tent map become chaotic and distributed uniformly in
the interval [—0.5, 0.5]. The iterations of the tent map (12.24) can be mapped into
the interval [0, 1]. Instead of & and &, in Eq.(12.30) as the numbers generated
by the Park and Miller method one can choose them as the iterated values from
the tent map. Call the random numbers generated in this way as chaotic Gaussian
perturbations. Thus, there are two Gaussian perturbations. Figure 12.11 displays
the probability distributions of the above mentioned three groups of perturbations.
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Fig. 12.11 (a) Probability density p(§) of the solutions of the tent map (continuous curve),
Bernoulli shift map (solid circles) and the random numbers generated by the Park and Miller
method (open circles). (b) p(§) of the chaotic solution of the modified logistic map (continuous
curve), chaotic solution of the modified logistic map (solid circles) and the logistic noise (open
circles). (¢) p(€) of the Gaussian noise (continuous curve) and the chaotic Gaussian perturbation
(solid circles)

12.5.2 Effect of Chaotic Perturbations

Now, we analyse how these perturbations act in the system (12.22).

In the bistable system (12.22), the applied perturbations induce switching motion
between stable states. The mean residence time of a trajectory about an equilibrium
state varies with the parameter D. Consider the probability distribution of residence
times. Denote #; as the times at which jumps take place. The normalized distribution
N(T) of T(j) = t; —tj_1 is called residence time distribution function (RTDF). This
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distribution displays peaks centered at Ty = (k — %) To. Then define the areas under
the various peaks as

Tx+To/4

Py = Z N(T). (12.31)

Ty—To/4

P; depends on D and treat it as a numerical quantifier of the coordination between
switching and forcing. P, can exhibit resonance.

Figure 12.12 presents the variation of P; as a function of D for various
perturbations. In Fig. 12.12a where the applied perturbations are tent perturbations,
for each of the three perturbations P; increases, reaches a maximum and then
decreases. That is, resonance occurs for both random and chaotic perturbations
approximately at the same values of D, however, the shapes of the curves for
each perturbation are quite different. The observed resonance is termed as chaotic
resonance [6]. The value of P; at resonance for the Bernoulli map case is relatively
higher than that of the uniformly distributed random numbers.

As shown in Figs. 12.12b and ¢ resonance occurs for the logistic and Gaussian
perturbations. Further, the resonance curves of logistic chaos is similar to that of
logistic noise. In the cases of chaotic Gaussian perturbations and Gaussian white
noise also the resonance curves are similar. Thus, one can conclude that the response
of the system (12.22) to the random and chaotic perturbations are almost identical.
The above examples points out that chaotic perturbations can give rise resonant
responses very similar to those realized with noise.

It is noteworthy to mention that for the resonance induced by a chaotic
perturbation new control possibilities exist [6]. Such possibilities are based on
the adaptability of chaotic systems, the trajectories of which can lead to periodic
dynamics by using small perturbations [16]. Thus, in the nonlinear dynamical
systems exhibiting chaotic resonance one can take advantage of the ability to

(a) g (b) (c)

Fig. 12.12 Variation of P; with the perturbation intensity D for different perturbations [6]: (a)
Chaotic solutions of the tent map (dashed line) and the Bernoulli shift map (dash dotted line) and
random numbers uniformly distributed in the interval [—0.5, 0.5] (solid line); (b) Logistic chaos
(dashed line), chaos from the modified logistic map (dash dotted line) and logistic noise (solid
line). (¢) Chaotic Gaussian perturbation (solid line) and Gaussian white noise (dashed line)
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stabilize the source of the perturbation that gives rise the resonance in different
periodic orbits.

12.6 Conclusion

Coherence resonance has been realized in different kinds of nonlinear systems. It
is found in the dynamics of two phreatophyte species interacting with the water
table [17] and in excitable prey-predator plankton system with infected prey [18],
optical system [19], chemical systems [20, 21], atmospheric global circulation
model [22, 23], carbon nano tube ion channel [24], Lorenz equations [25], logistic
map [25], coupled systems [26-32], biomedical systems [33, 34], self-sustained
bistable oscillator [35] and quantum dot semiconductor laser [36].

Maximization of differential entropy by coherence [37], optimal network config-
uration for maximal coherence [38], theoretical formula for computing normalized
variance [39] have been proposed. Coherence resonance in the presence of time-
delay [40-42], multiplicative noise [43], non-Gaussian noise [44], coloured noise
[45] and near Hopf bifurcation [46] have been reported. Spatial coherence in a
doubly piecewise linear potential [47], discrete neuronal media [33], in excitable
biochemical media [34], small-world network [48-51] and feedforward network
[52] were realized. Coherence resonance was experimentally realized in electronic
circuits [4, 42, 46, 53] and in a vertical-cavity surface-emitting laser system [41].

Because much biological signalling is achieved through rhythmic dynamics of
the systems [54, 55], the enhancing of coherence of biological systems is crucial
in bioinformatics. For example, certain optimal characters of biological signalling
systems, such as the number of molecules [56], the number of ion channels in
clusters [55] and the volume of cells [57] are determined theoretically under the
condition of optimal coherence. These theoretical results are often found to be in
agreement with experimental observations. Therefore, a better understanding of
biological characters of systems can be made by analysing how the enhancement
of the coherence takes place.
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Chapter 13
Slow Passage Through Resonance
and Resonance Tongues

In Chap. 11 the autoresonance phenomenon due to a slow variation of frequency
of the driving force or the slow variation of a parameter of nonlinear systems
is described. Two other interesting effects that can be realizable in the case of
slowly varying a parameter are the slow passage through resonance and resonance
tongues. For example, consider a linear or a nonlinear system driven by a periodic
external force with a fixed frequency wr. Assume that the amplitude of oscillation
is maximum at @y = g max With a value Ap,.x. Suppose o is allowed to vary slowly
with time and write w¢(f) = w + €t, € < 1. In a typical case when w is fixed at a
value smaller than wr n, then the amplitude of oscillation varies with time, reaches
a maximum value at a certain time ¢ such that w¢(f) = @ + €' < Wgmax and then
decreases. The new resonance frequency wg(?) is lower than the frequency wsmax-
This is termed as slow passage through resonance and is a transient phenomenon.
Such a passing through has been found to occur in systems exhibiting parametric
resonance also.

The phenomenon of passing through resonance had been investigated almost a
century ago by Duffing [1] and then by Stoker [2] and others [3, 4]. The study of
effect of slow passage through resonance is important in the systems where one or
more control parameters vary on a time scale that is slower than that of the dynamics.
For example, in certain chemical reactions the concentrations of reactants vary
slowly on the time scale of reactors. Generally, the response of a system with slowly
varying a control parameter will be different from the dynamics of static system.
The features of slow passage dynamics have been investigated in Mathieu equation
with cubic and damping terms [5, 6], nonlinearly damped systems [7], chemical
reaction system [8], a laser system with noise [9], Mathieu equation with two
forcing [10, 11] and linear harmonic oscillator [12]. The problem of slowly passing
through resonance has been analysed by slowly varying the length of a tank. The
number of solitons is found to change with the slow change of the tank length [13].
In a catenary-vertical cable hoisting system [14] due to the slow passage through
resonance natural frequencies and mode shapes change slowly due to a winding
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cycle. Consequences of slow passage of a system through a Hopf bifurcation [15],
multiple resonance tongues [11], multiple bifurcation points [16], near a limit point
[17] and through a resonance in nonlinear Klein—Gordon equation perturbed by a
small external force [18] have been reported.

In Chap. 10 parametrically driven linear and nonlinear systems are shown to
possess resonance tongues in a parameter space. In such systems when the natural
frequency is varied passage through one or more resonance tongues with grow in
amplitude has been found to occur [10, 11]. In the present chapter focus is on slow
passage through resonance and resonance tongues in certain dynamical systems.

13.1 Passage Through Resonance in Duffing Oscillator

Consider the Duffing oscillator equation
5&+d)'c+w§x+,3x3 =fcoswst, wp(t) =w + et. (13.1)

Ford = 0.1, wy = 1, 8 = 2 and f = 0.2 when wy is treated as a time-independent
parameter (¢ = 0) then the amplitude of the response oscillation of the system
becomes a maximum at @ = 1.73 with the amplitude A = 1.14. This is shown in
Fig. 1.3. In this figure Q = A/f = 5.75 atf = 0.2. Then A is 1.14. It is possible
to realize a maximum amplitude before w reaches the resonance frequency value
1.73 by treating wy in Eq.(13.1) as a time-dependent parameter. Denote w; as the
frequency of the driving force at which the response amplitude is maximum when
€ = 0. w,(¢) is the frequency w(¢') where ¢ is the time at which the amplitude of
oscillation becomes a maximum. w¢(1') depends on d and wy.

Figure 13.1 shows the variation of x() as a function of wy(f) for a few fixed values
of B and with w = 0.5 and € = 1072, For each fixed values of the parameters,
initially x(#) exhibits a small amplitude oscillation. As w¢(f) increases (as well as
time) from the value @ = 0.5 the amplitude grows in a nonlinear manner and
becomes maximum representing a large resonant response at a frequency far before
the resonance frequency of the system corresponding to € = 0. After resonance
the amplitude decreases and in Fig. 13.1 we do not observe a large amplitude near
the resonance frequency we(e = 0). In Fig. 13.1a,b corresponding to 8 = 0 and
0.01 after resonance the amplitude of oscillation decreases smoothly. For these two
values of § the frequency-response curve (plot of w versus A or Q) displays a smooth
variation. In Fig. 13.1c—e the frequency-response curve shows hysteresis similar to
the one shown in Fig. 1.3. In order to distinguish the resonance frequency of the
system € = 0 and that with € # 0 in [12] the resonance frequency for the case of
€ # 0 is termed as jump frequency and is denoted as w;.

Next, analyse the effect of the damping coefficient d and the parameter e.
Figure 13.2a—f illustrate the influence of d and €, respectively, on the evolution of
x for B = 2. Increase in the value of d not only preponed the resonance but also
reduced the amplitude of trajectory at resonance. For sufficiently large values of d
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Fig. 13.1 x(r) versus wy(?) for five fixed values of B of the system (13.1). The values of the other
parameters are d = 0.1, a)g =1,f =02, 0 = 0.5, w(f) = o + €t and € = 107>, The vertical
dashed line indicates the resonance frequency of the system for e = 0
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Fig. 13.2 (a)—(c) x(t) versus wy(t) for three values of d with ¢ = 107> and B = 2 for the
system (13.1). (d)—(f) x(z) versus wy(¢) for three values of € withd = 0.1 and g =2

there is no resonance as shown in Fig. 13.2c. The effect of increase in the value of
€ is clearly seen in Fig. 13.2d—f. Not only the amplitude of the trajectory decreases
but also the number of oscillation in an interval of wy(f) decreases with increases in
the value of €.

The values of w; and the amplitude A at the jump frequency (resonance
frequency) are computed through numerical simulation and the results are presented
in Fig. 13.3. For sufficiently small values of € both w; and A are almost constant for
each fixed value of the damping coefficient d. As pointed out in [12] the almost
constancy of A is because of the constancy of wy in the neighbourhood of the
frequency wj for a long time for x(f) to grow to a full resonant response amplitude.
In Fig. 13.4 the variation of w;j and A with the parameter d in log;, —log,, scale is
shown for ¢ = 0.0001 and 8 = 2. Power-law variation of wj and A on d is found:
w; = 0.47551d7038166 and A = 0.322564 705132,
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Fig. 13.3 Variation of (a) the jump frequency w; and (b) the amplitude A at the jump frequency
with the parameter € for the system (13.1). For the curves 1-5 the values of d are 1, 0.1, 0.4, 0.02
and 0.01, respectively. The values of the other parameters are wy = 1, § = 2and f = 0.2
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Fig. 13.4 Plot of (a) the jump frequency as a function of the parameter d and (b) the amplitude A
at the jump frequency in log,, —log;, scale for ¢ = 0.0001 and B = 2. The solid circles are the
numerical data and continuous curve is the best straight-line fit

For the undamped and linear system

X+ x =sin(w(0)t) , wi(t) = wo + €t (13.2)
an approximate solution obtained is [12]
o 0, fort < (13.3)
x(t) ~ .
_% cos [t— 1 (1_%)2 + %] , for 1> 1

where £ is the time at which w¢(f) = ;. The maximal amplitude A is found to be
proportional to /e .
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13.2 Mathieu Equation with Parametric Perturbation

In Eq. (10.2) the coefficient of 6 term is assumed to be varying sinusoidally with a
single frequency. What will happen if wg varies monotonically but slowly with time ?
Suppose consider the system

%+ @gx + excoswt = 0 (13.4)

and assume that a)g changes according to

a)g = ez,ut . (13.5)

Such a slow variation of a parameter can happen during slow start-up or slow shut-
down of physical and engineering systems. In (13.5) 0 is the starting value of w? (at
t = 0) and €y is the speed with which w? changes.

13.2.1 Single Parametric Resonance

For € « 1 the first-order approximation of the transition curves bounding the 2:1
resonance tongue of Eq. (13.4) is given by Ng et al. [10]

2

=221 06@). (13.6)
4 2
2 2
. o, ot e o e . . -
The resonance window is wy € [T By + §:| and is depicted in Fig. 13.5.

The ‘+’ and ‘-’ signs in Eq. (13.6) give rise the right and left transition curves in
Fig. 13.5.

0.2F " ' ]
Unstable
L 0.1} Stable Stable R
(()).l 012 Oi3 014
wi

Fig. 13.5 The 2:1 resonance tongue of the system (13.4) in the first-order approximation. Here
=1
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Replacing a)g by €2t in Eq. (13.6) gives

2
) ® €
t~ — £+ —. 13.7
e T3 (13.7)
That is,
2
1
e~ o (13.8)
4e2p ~ 2en

The times 7— and t4 correspond to on the left and the right transition curves,
respectively. Choose the initial conditions for the numerical simulation as

x(ty) =cosy, x(tg) =siny, 0 <y <2m. (13.9)

Figure 13.6 shows the numerical solution x(z) for two values of y for the
parametric choice € = 0.1, u = 0.1 and w = 1. For this parametric values
t— = 200 while r = 300. The vertical dashed lines in Fig. 13.6 represent 7.
In Fig. 13.6a corresponding the y = 0 (x(0) = 1,%(0) = 0) one can clearly observe
amplification of response of the system during the time interval 7 < ¢ < ¢4, that
is, when passing through the resonance tongue. However, x(f) becomes a maximum

@ e
v=1 ; :
8 o0
-60 1 " 1 " i " 1 N 1 N 1
0 100 200 300 400 500 600

0 100 200 300 400 500 600
t

Fig. 13.6 Plot of x(¢) versus 7 of the system (13.4) with e = 0.1, & = 0.1, ® = 1 and for two
initial conditions. The two vertical dashed lines denote ¢+ given by the Eq. (13.8)
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Fig. 13.7 Dependence of xy.c on initial conditions characterized by the parameter y [refer
Eq. (13.9)]

at a time value beyond 74, that is, after the trajectory left the resonance tongue.
Figure 13.6b depicts the result for y = 2.9558. In this case instead of amplification
one observes de-amplification. The maximum amplitude in the resonance tongue
interval is smaller than the maximum amplitude of the solution before entering
the resonance tongue. The effect of initial conditions on the maximum response is
nontrivial. The maximum value of x denoted as x,,x 1S calculated for a set of initial
conditions given by Eq. (13.9) by varying y. The result is depicted in Fig. 13.7. xpax
is sensitive to the initial conditions.

13.2.2 Theoretical Treatment

It is possible to find an approximate analytical solution of (13.4) near 2:1 resonance
tongue (a)g = 1/4, w = 1) for € < 1 by applying the multiple scales method [10].

Writing x(f) = x(&,7n) with the slow time n = er and fast time § = ¢ the
Eq. (13.4) takes the form

1
Xee + 2€xg, + €2xy + (Z +€,lu7+€cos§)x: 0. (13.10)
Introducing x(&,717) = xo(§,n) + exi1(§,n) + --- and then collecting the terms
containing €’ and €' give
1
Xoge + o= 0, (13.11a)

1
X1gg + le = —2)605,] — UNXo — Xo COS%‘ . (1311b)
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The general solution of Eq. (13.11a) is given by

x0(§.m) = A(n) cos(§/2) + B(n) sin(§/2). (13.12)

Substitution of Eq. (13.12) in Eq. (13.11b) leads to the equation

+1 = A, —unB+ 'ns B, 4+ unA + 5
X —X1 = — —_ sin — — — ) cos =
IE%— 4 ! 7 n 2 2 7 n 2 2

A 3 B3

0 sin . (13.13)
2 2 2 2

In Eq. (13.13) the first two terms in the right-side are the secular terms. Setting these
two secular terms equal to zero results in

1
Ay = (un—E)B, (13.14a)
1
B, = — (ur) + E)A' (13.14b)

Differentiating Eq. (13.14a) with respect to 1 once and then eliminating B and B,
using the Eq. (13.14) give

1
Apy——2— A, + (uznz - Z)A =0. (13.15)
nn =3

With the change of variable 7 = un Eq. (13.15) becomes

n? 1
pWA — —— A + (cz — Z)A =0. (13.16)
2

Similarly, the equation for B is obtained as

1 1
1By — —— B + (r2 - —) B=0. (13.17)
T+ 2 4

In order to compare the analytical solution with the numerical solution the initial
conditions of both the solutions have to be identical. In order to identify A(0) and
B(0) consider the first-order solution given by (13.12) as

x(t) ~ A(et) cos(t/2) + B(et) sin(t/2) . (13.18)
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From Eq. (13.18) x(¢) is written as
x(t) ~ [GA’(et) + %B(et):| cos(t/2)
+ I:—%A(et) + eB’(et):| sin(7/2) . (13.19)
Then using Eq. (13.14) for A’ and B’ leads to
x(f) ~ B ( t—l)+l (t/2)
X |:e pet =5 2:| cos
1 1] .
—A [e (;m + 5) + 5} sin(z/2) . (13.20)

At t = tp and for chosen A(179 = €ty) and B(no = €ty) the corresponding x(#y) and
X(ty) can be determined from Egs. (13.18) and (13.20).

13.2.3 Two Parametric Resonance

Now, consider the linear system driven by two parametric forces. The equation of
motion of the system is

X+ (wé + exjcoswit + €an cosa)zt)xz 0, (13.21)

where @] is given by Eq.(13.5). Fixe = 0.1, u = 0.1, 0 = L, 0, = 2,0y = 1
and o, = 1. The transition curves bounding the 2:1 resonance tongue of the above
system is given by Eq.(13.6) with ® = w; and w,. Consequently, there are two
resonance windows:

2 2 2 2
) w;  €a wp € ) w;  €ay Wy €y
o it e B e Rl [y BRI 13.22
g [4 > 2 + 2:| o [4 > 1 + 2:| ( )

These windows are shown in Fig. 13.8.

The times (71—, ¢4 ) for the first and the second windows computed from Eq. (13.8)
are (200, 300) and (950, 1050), respectively. Figure 13.9 presents x(t) for two initial
conditions. For y = 3 amplification of amplitude of oscillation takes place in the
two window regions corresponding to the time intervals (200, 300) and (950, 1050).
For a slightly different initial condition specified by y = 3.10644 in Fig. 13.9b de-
amplification of amplitude of x is seen. The maximum amplitude of x is not only
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Fig. 13.8 Two resonance tongues of Eq. (13.21) forw; = 1,w, = 2,; = landap, = 1. °S” and
‘U’ denote stable region and unstable region, respectively, of the solution. The first and the second
solid circles represent the centers of the first and the second resonance tongues, respectively
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Fig. 13.9 Variation of x(¢) with ¢ of the system (13.21) withe = 0.1, u = 0.1, 0w, = 1, w; = 2,
o; = 1 and @, = 1 and for two initial conditions

sensitive to the initial conditions but also sensitive to the amplitudes «; and o, of
the parametric forces [11]. This is because the amplification factor depends on the
width of the resonance tongue which can be varied by the values of the parameters
€, o and o.
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In [11] a simplified model system for Eq. (13.21) is proposed to describe what is
happening in the resonance tongues and in the remaining regime. Near each of the
two resonance tongues, namely, when w? ~ w?/4 and w3 /4, the respective forcing

terms €o; cos w;t, i = 1,2 are significant and the term w02 = ez,ut can be neglected.

Outside the resonance tongues (denoted by ‘S’ in Fig. 13.8) the term w3 = €*ut is
significant and the forcing terms have a weak effect.

Noting that the boundaries of the resonance tongues are given by the Eq. (13.22)
and the corresponding time intervals of the first and the second tongues for € = 0.1,
w =010 =1,a = 1are (200,300) and (950, 1050), the simplified model can
be written as

¥+ €eux =0, 0<r<200 (13.23a)

wz
¥+ (Tl + ea coswlt) x=0, 200<t<300 (13.23b)
¥4+ um =0, 300 <1< 950 (13.23¢)

w2
¥+ (TZ + €y cosa)zz‘) x=0, 950 <1< 1050 (13.23d)
¥+ €um =0, t>1050 (13.23e)

where @?/4 and w3/4 are the centers of the first and the second resonance
tongues, respectively. In Fig. 13.10 the solution generated by numerically solving
the simplified system (13.23) for the value of y used in Fig. 13.9a is presented.
The qualitative features of the solutions of Eqs.(13.23) and (13.21) are similar.
An approximate analytical solution valid for each of the time interval given in
Eq. (13.23) has been obtained in [11].

a0l =3
S 3
-400 B H H H
0 200 400 600 800 1000 1200 1400

t

Fig. 13.10 Variation of x(r) with ¢ of the system (13.23) withe = 0.1, u = 0.1,0; = 1, w, = 2,
oy =landwy = 1 and for y =3
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Fig. 13.11 Slow passage of x(¢) with ¢ of the system (13.24) withe = 0.1, u = 0.1, w; = 1,
wy=2,w3=3,01=1,0p =1andaz = landfory =0

13.2.4 Three Resonance Tongues

Finally, in this section takeup the case of slow passage through three resonance
tongues in the system

X+ + (wg + € coswit + €0y COSwyt + €03 COS a)3t)x =0, (13.24)
Consider the parametric choice ¢ = 0.1, 4 = 0.1, 01 = oo = a3 = 1, 0] = 1,
wy = 2 and w3 = 3. Figure 13.11 shows the evolution of x for y = 0. Amplification

of x(¢) takes place in the three resonance tongues regime. That is, an additional
resonance tongue also leads to an additional growth of x(z).

13.3 Nonlinear Systems with Parametric Perturbation

The slow passage dynamics reported in the previous section in a linear dynamical
system can be observed in nonlinear systems also. The present section points out it
in the perturbed pendulum system

6 + (wé + €ar; cos w1 + € cos wyt) O 4 0.01sin6 = 0 (13.25)

and the parametrically driven Duffing oscillator
X+ (a)g + €aq coswit + €a; cos a)zt) x+0.01x*=0 (13.26)
with @3 = €*ut. Analytical determinations of resonance tongues and the values of
t_ and 74 at which a trajectory enters and leaves, respectively, of a resonance tongue

are difficult. Therefore, very briefly, examples of the occurrence of growth of a state
variable similar to the system (13.21) are presented in the following.
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Figure 13.12a,b show the numerically computed maximum amplitude of oscil-
lation of the system (13.25) for the cases of parametrically driven by one force and
two forces, respectively. O« is periodic with period 7 in Fig. 13.12a and also in
Fig. 13.12b. The maximum value of 6« for the case of o, # 0 is about ten times
higher than that of &, = 0. The variation of 6,,,x with y is smooth. In Fig. 13.13a,b
0(z) versus ¢ for @y = 0 and o = 1, respectively, are shown for y = 0.2. In
both the figures rapid growth of amplitude of oscillation indicating passage through
resonance tongues is seen.

The variations of xy,x in the Duffing oscillator system (13.26) with y for o, = 0
and o, = 1 are presented in Fig. 13.14. x;,x varies irregularly and moreover displays
a nonsmooth variation with y. Here also the maximum value of xy,.x for ap = 1 is
higher than that of o, = 0, however, the increase in xy,x is not very high compared
to the system (13.25). Figure 13.15 shows the evolution of x(z) for «, = 0 and
a, = 1fory =0.2.

400 (11‘217 042:‘0 7 Oll‘zl, Oz2‘=1

Fig. 13.12 6., as a function of initial conditions characterized by the parameter y [refer
Eq. (13.9)] for the system (13.25) with (a) @, = O and (b) a; = 1
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Fig. 13.13 6(z) versus ¢ of the system (13.25) withy =0.2,e = 0.1, u = 0.1, 01 = 1, 0, = 2,
oy =1and (@) a; =0and (b)a, = 1
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Fig. 13.14 x,,,x as a function of y [refer Eq. (13.9)] for the system (13.26) with (a) ¢, = 0 and
(b)ay =1
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Fig. 13.15 x(z) versus ¢ of the system (13.26) withy = 0.2, e = 0.1, u = 0.1, 01 = 1, w;, = 2,
oy =1and (@) a; =0and (b)a, = 1

13.4 Concluding Remarks

A dynamical consequency of slow passage dynamical response is that unexpected
large amplitude oscillations can be induced when an appropriate parameter of a
system is varied slowly. When the frequency of the driving force is treated as linearly
varying with time then resonance is preponed. In contrast to this in the case of a slow
passage through a Hopf bifurcation, onset of oscillation is delayed, that is postponed
[15]. In the case of a parametrically driven undamped systems growth of amplitude
of oscillation is generally realized when a trajectory passess through the resonance
tongues. For a certain set of initial conditions de-amplification occurs in the interval
of first resonance tongue. The growth of amplitude of oscillation is found to be
sensitive to the initial conditions.

So far in this book the various forms of the external force considered are
time-dependent. The influence of a spatially periodic force in certain infinite-
dimensional systems has been reported. For example, its effect on pattern formation
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Geierer—Meinhardt equation [19], Turing structures in a chemical reaction-

diffusion [20], wave number locking and pattern formation in Swift—-Huhenberg
equation [21] and resonance in a bistable reaction-diffusion equation [22] were
analysed. Further, responses of in infinite-dimensional systems with different types
of forces such as spatially uniform time-periodic force [23-26], spatially periodic
but time-independent [27-29] and travelling wave type [30-32] were investigated.
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Chapter 14
Antiresonances

In a linear or nonlinear oscillator with a single degree of freedom subjected to an
additive periodic driving force with a single frequency a typical frequency-response
curve displays a single resonance peak as shown in the introductory chapter. In a
linear and undamped system the response amplitude becomes a maximum when the
frequency of the driving force matches with the natural frequency of the system.
In other oscillators a single resonance peak occurs at a frequency different from
their natural frequencies. In a N-coupled linear oscillators with first oscillator alone
driven by an additive periodic force, for certain types of interaction (coupling) the
frequency-response curve of each oscillator exhibits at most N peaks (maxima)
depending upon the values of the parameters of the oscillators [1]. The peaks are
the resonance (and the corresponding frequencies are the resonant frequencies). The
valleys in the frequency-response curve are the antiresonance frequencies. There
are N — 1 antiresonance frequencies. In the absence of damping, for the driving
frequency equal to the antiresonance frequencies the response amplitude vanishes.
The multiple resonance and antiresonance phenomena occur in nonlinear systems
also. Using resonance a dynamical system can be effected to give rise to the most
effective signal output. On the other hand, an antiresonance is useful to make the
system to deliver the lower signal output. These can be realized in systems subjected
to different kinds of external perturbations. Antiresonances can occur in all types
of coupled oscillator systems, including mechanical, acoustic, electromagnetic and
quantum systems.

Now, one may ask: Can one observe the antiresonance in other resonance
phenomena? That is, is it possible to induce parametric antiresonance, stochastic
antiresonance, coherence antiresonance and vibrational antiresonance? Interest-
ingly, they are found to occur in certain systems. However, so far very little
knowledge on the source of antiresonance and its mechanism is known.

Why is the study of antiresonance important? Details of antiresonance is useful
in the design of chemotherapeutic protocols [2], dynamic model updating [3—6]
and desynchronizing undesired oscillations [7]. Driving a microelectronic motor

© Springer International Publishing Switzerland 2016 367
S. Rajasekar, M.A.E. Sanjuan, Nonlinear Resonances,
Springer Series in Synergetics, DOI 10.1007/978-3-319-24886-8_14



368 14 Antiresonances

at antifrequencies has several practical advantages [8]. Antiresonance is employed
to minimize unwanted vibrations of certain parts of a system in mechanical
engineering and aerospace industries. In the vibration control of fixture controlling
antiresonance frequencies are more important than resonant frequencies since the
worst case can occur at antiresonance [9, 10]. Antiresonance is used in wave traps.
These are used in series with antennas of radio receivers in order to disallow the
flow of alternating current at the frequency of an interfering station. In electrical
engineering the case of the impedance of an electrical circuit to become very high
approaching infinity is referred as an antiresonance. In a vibratory structure system
an addition of mass is found to shift the resonance frequencies without affecting
the antiresonance frequencies [11]. It has been pointed out that shifts of resonance
frequencies beyond antiresonance has been realized in quantum systems [12, 13].
Associated with the antiresonance is a transmission dip at the atomic frequency in
a coupled atoms with intermediate coupling. In electronic transport systems such
as coupled quantum dot systems an antiresonance corresponds to a zero point of
electron transmission. In such systems an antiresonance leads to multiple negative
differential conductance regions [14]. In a driven quantum nonlinear oscillator
multiphoton transition is accompanied by an antiresonance [15] which can also be
observable in Josephson junctions (JJS) and JJ-based systems.

The present chapter first analyse the occurrence of antiresonance in both
nonlinear and linear system of N-oscillators with nearest neighbor interactions.
Depending upon the parameters of the system at most N resonance and N — 1
antiresonance can be observed. The role of damping and the coupling strength
on resonance and antiresonance is brought out. Next, parametric antiresonance in
a parametrically driven van der Pol oscillator is presented. Then the occurrence
of stochastic and coherence antiresonances are illustrated with reference to certain
systems.

14.1 Multiple Resonance and Antiresonance in Coupled
Systems

In Sect. 7.2 the resonance dynamics in unidirectionally coupled Duffing oscillators
with first oscillator alone driven by a periodic external force is analysed. In Fig. 7.4
when the frequency of the external force is varied only one resonance is found.
In this section consider the n-coupled Duffing oscillators with nearest neighbour
coupling. This coupling gives rise to more than one resonance and antiresonance.
The equation of motion of the n-coupled Duffing oscillators of our interest is

%1+ diy + wixy 4 Bx + 8(x) —x2) = feoswt, (14.1a)
Xi + dxl + a)gxi + IBX? + 8()@' _xi—l) + 8()@' _xi+1) = O, (141b)
X, + dx, + a)gxn + ,Bxfl 4+ 8(x, —x,—1) = 0. (14.1¢)
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In this system first and last oscillators are not connected each other and § is the
strength of the coupling. Let us start with n = 2, that is two-coupled oscillators.

14.1.1 Theoretical Treatment for Two-Coupled Oscillators

Applying a perturbation approach a frequency-response equation can be obtained
for the system (14.1). Seek a periodic solution of the system (14.1) with n = 2 as

xi(t) = a;(t) coswt + bi(t) sinwt, i=1,2 (14.2)

with a; and b; to be determined and are slowly varying functions of time. Substitute

Xi(t) = a;coswt + l}i sin wt — a;w sin wt + b;w cos wt, (14.3a)

Xi(t) = —2a;0 sinwt + 213,{0 cos wt — a;w* cos wt — b;w? sin wt, (14.3b)
3

X~ 1 (ai2 + blz) (aicoswt + b;sinwt) , (14.3¢)

where in Eq. (14.3b) a; .:md b; are neglected due to their smallness, in Eq. (14.1) and
then neglect da; and db; because they are assumed to be small. Next, setting the
coefficients of sin wt and cos wt separately to zero gives

. bl 2 2 3 > 2 dal 5[92
ay = %[ 0 w +5+Zﬂ (al—i-bl) 7 %, (1443)
. ay 2 2 3 > 2 dbl 8612 f
by = —— — s+ - bi)|——+—+—, (14.4b
l Zw[wo o it ghlait 1)} 2 T 2w T ag 144
. b2 3 da2 5[91
. an 3 de 8“1
bz:_% |:w§—w2+8+z,3(a§+b§)i|—7+%. (14.4d)
The above equations under the transformation
Cl,'(l) = A,’(l) cosS 9,’([), b,’(l‘) = Ai(l) sin 9,'(1‘) (14.5)
take the form (with Ai2 = ai2 + bf)
. dA 0A
A= -1 4+ 225600 (0, — 0,) + S ne, | (14.6a)
2 2w 2w

. Ay 3
A6 = 5w [a)g —w*+8+ Z'BA{|
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SA
+—2 cos (6 — 6,) + L cos b , (14.6b)
2w 2w
. dA SA
Ay = -2 —lsin (6, — 6,) , (14.6¢)
2 2w
Ay

Arby

A
~30 [wg -’ + 6§+ %ﬂA%} + 52—601 cos (0 —6) . (14.6d)

For a periodic solution, in the long time limit, A;(f) — A’ and 6;(r) — 6. (A}, 6*

are the equilibrium points of (14.6). Setting A; = 0, §; = 0, dropping ‘*’ in A? and
0 and then eliminating 6;’s finally give rise to the set of equations

AL [ + P0?] + 28707 + 8] A5 — 2unA5 = f2 (14.7a)
A5 + dP0®] - %A =0, (14.7b)
where
2 2 2 3 2 .
U, =wy — +5+Z,3Ai, i=12. (14.7¢)

It is easy to obtain the expressions for 6, and 6,.

14.1.2 Resonance and Antiresonance in a Linear System

For the linear, undamped and two-coupled oscillators [z = 2,8 = 0 and d = 0 in
Eq. (14.1)] the amplitude A; and A, take the simple forms [1]

A -0 +0)
(0 - o) (0} — 0 +28)

A 5
-+ (0} — 0?) (W} — 02+ 28)

A (14.8a)

Ay =

(14.8b)

For the linear and undamped system, from Eq. (14.8), both A; and A, are found to
be maximum at w = wqy and ,/a)g + 26 . The amplitude A; becomes a minimum

(antiresonance) when the term (wg —w?+§8) in (14.8a) is a minimum. This happens

atw = /w? + §. Thus, the frequency at which antiresonance occurs in oscillator-1

1S W) o = ,/wé + 8. At W) ar, A1 = 0. This means the motion of the oscillator-1

at this frequency is ceased though the system is driven by a periodic force. From

Eq. (14.8Db), it is reasonable to expect A, to be minimum at a frequency w at which

Ay is minimum. Substitution of ®? = w{, = wj + § in Eq.(14.8b) results in



14.1 Multiple Resonance and Antiresonance in Coupled Systems 371

10 ]
&\
<
- 5} .
<

0

0

Fig. 14.1 Q) and Q, versus the frequency w of the driving force for the two-coupled undamped
linear oscillators where d = 0, 8 = 0,f = 0.1, a)g = 1 and § = 1. The continuous curves are
numerical result and symbols are theoretical prediction. The symbol cross on the w-axis denotes
the value of w at which antiresonance occurs. The vertical dashed lines denote the two resonances

Az = f/8 # A and is nonzero. At the frequency w, , the first oscillator is
immobile after a transient evolution but the second oscillator is oscillating with
period 277/ ) 4 With a minimum nonzero amplitude.

Figure 14.1 presents the frequency (w)-response (Q1, = Aj2/f) curves of the
oscillators 1 and 2 for a)g =1,d =0,8=0,6 = 1and f = 0.1. For both

the oscillators resonance occurs at w = wy = 1 and w = a)g +25 = /3.

Antiresonance takes place at ® = a)g + 8 = /2. At the antiresonance Q; = 0
while O, = A/f =1/ = 1.
For the damped (d # 0) linear system

2 1/2
Uy
Al=l—————— , 14.9
! (ui_ + 84— 25214_) ( 2)

SA,
Ay = . our = (02— +8)? £ d*w? . (14.9b)
U+ 0

It is difficult to obtain explicit expressions for the two resonance frequencies and
the corresponding amplitudes due to complexity of the expressions of A; and A,.
However, the antiresonance frequency can be determined by seeking the value of @
at which the quantity 4+ becomes a minimum. This gives

O1ar = | O} 8—d—2 14.10
lar = \| @y + 5 (14.10)

Figure 14.2 depicts Q; and O, variation for d = 0.1, a)g =1,8=0,f =0.1and
8 = 1. The antiresonance frequency is 1.41244.
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Fig. 14.2 Same as Fig. 14.1 but for the damped system with d = 0.1

14.1.3 Two-Coupled Duffing Oscillators

Now, consider the two-coupled Duffing oscillators. Decoupling of the amplitudes
in Eq.(14.7) is very difficult. However, applying the Newton-Raphson method
developed for coupled equations various possible values of A; and A, can be
determined and then the frequency-response curve can be drawn. The Newton-
Raphson iterative rule for a successive approximation of a root of the two-coupled
equations of the form

fxy) =0, gy =0 (14.11)
is
Xnbl = Xp + Bxp s Ynt1 = Yu+ Dya, (14.12a)
where
Axn = (ghy — 18/ D . Ayn = (f8x—gf)/ A, (14.12b)
A = figy— &y - (14.12¢)

In the above f, = df/dx and so on. Fix the values of the parameters as d = 0.1,
o = 1,8 = 1and § = 1. Figure 14.3 presents both theoretical Q; = A;/f
and numerically computed Q;, i = 1,2 as a function of the driving frequency
. Theoretical prediction very closely matches with the numerical results. Q,
and @, are maximum at = o, = (1.08,1.75) and (1.08, 1.74), respectively.
Antiresonance in Q; and Q; occurs at @), = 1.43 and w; o, = 1.42. However,
Q1. = 0.1181 while Q5 oy = 0.98041. What are the significant effects of the linear
coupling constant § on resonance dynamics? Figure 14.4 displays the dependence
of Q1 and Q5 versus w on the parameter §. Q; has single resonance for 0 < § < 0.1
and two resonance peaks for for § > 0.13.
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Fig. 14.3 Response amplitudes Q; (of oscillator-1) and Q, (of oscillator-2) versus the frequency @
of the driving force of the two-coupled Duffing oscillators, Eq. (14.1) with n = 2. The continuous
and dotted curves are theoretically predicted Q; and Q,, respectively. The solid circles are the
numerical data. Here d = 0.1, a)g =1,=148=1landf =0.1
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Fig. 14.4 Response amplitudes (a) Q; and (b) O, as a function of the parameters ¢ and w for the
system (14.1) withn =2 andd = 0.1, w3 = 1, 8 = l and f = 0.1

(@

Denote w; ) as the value of w at which jth resonance occurs in the ith oscillator.

Q(’) is the Value of the response amplitude at a)() For n = 2 there is only
one antiresonance. Therefore, denote w; 5, and w; , are the values of @ at which
antiresonance occurs in the oscillators 1 and 2, respectively, and the corresponding
values of Q as Q4 and Q; ,r, respectively. These quantities are computed for a
range of values of §. Figure 14.5a displays the variation of o, ) (continuous curve),

1) (dotted curve), a)(z) (solid circles) and a)z) (open circles) with §. The first
resonance frequencies of both the oscillators are almost the same and independent

of §, however, a)(l) ézr) for each fixed value of § except for § < 1. In Fig. 14.5b
Q(I'.)r, i = 1,2 approach a same constant value where as Q(Zi, )r, i = 1, 2 decreases with
increase in the value of §.

The dependence of antiresonance frequencies and the corresponding amplitudes
of the oscillators are plotted in Fig. 14.6. In this figure the numerical results are
represented by symbols and the appropriate curve fits are marked by continuous

curves. @y, and wy, depend linearly on § as wi, = 1.0759 + 0.3255 and
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Fig. 14.5 Dependence of (a) resonance frequencies and (b) the response amplitudes at the
resonance frequencies as a function of the coupling constant § of the two-coupled Duffing
oscillators. In both the subplots the continuous and dotted lines are associated with the first and
second resonances, respectively, of the first oscillator. The solid and open circles correspond to the
first and second resonances, respectively, of the second oscillator. Here d = 0.1, a)g =1,8=1
and f = 0.1
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Fig. 14.6 Variation of (a) antiresonance frequencies i, and w,, of the first and second
oscillators, respectively, and (b) response amplitude at the antiresonance with the coupling strength
§ of the two-coupled Duffing oscillators, Eq. (14.1) with n = 2. The symbols are numerical data
and continuous curves are the best fit

w24 = 1.079 4+ 0.3254. In the linear (8 = 0) as noted earlier w; o = ,/a)g +6 =
1 + 0.58. Q1 and Qs decreases rapidly following the power-law relations
0.141066~16% (for § > 0.1) and 0.93987 98! (for § > 0.13). That is, increasing
the value of § increases the antiresonance frequency while reduces the response
amplitude at the antiresonance. In Fig. 14.6a a)fl‘zr ~ wész but Q1ar < Q2.4 fora
wide range of values of §. Increasing the value of damping coefficient decreases the
response amplitudes and suppresses the second resonance in both the oscillators.
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Fig. 14.7 Frequency-response curves (a) Q; versus w and (b) O, versus w of the two-coupled
Duffing oscillators (Eq. (14.1) with n = 2). The continuous curve and the solid circles are the
theoretically predicted and numerically computed values of QO and Q,, respectively. The solid
circle on the @ axis mark the values of w at which antiresonance occurs. In both subplots the
downward and upward arrows indicate the jump in the response amplitude when the frequency
is varied in the forward and backward directions, respectively. The values of the parameters are
d=0.1,03=1,8=20,§=1andf =0.1

One of the features of the resonance in nonlinear oscillators is the appearance of
hysteresis in the frequency response curve. This is also realized in the system (14.1)
near two resonances for certain range of values of . An example is presented
in Fig.14.7 for 8 = 20 and § = 1. In both the oscillators two stable periodic
orbits with different amplitudes coexist for w € [1.28,1.58] and [1.9, 2.04]. In these
intervals the theoretical response curve has three branches. The upper and the lower
branches are realized when the frequency is sweeped in the forward and backward
directions, respectively. These are stable branches and observed in the numerical
simulations also. For each w in the intervals [1.28, 1.58] and [1.9, 2.04] two periodic
orbits with different amplitudes coexist. They are observed for different set of initial
conditions. The middle branch is not realized in the numerical simulation for a large
set of initial conditions and is an unstable branch. When w is increased from a small
value, first resonance in both the oscillators occurs at @ = 1.58 but with Q; = 3.14
and O, = 3.11. The second resonance in the oscillators 1 and 2 takes place at
o = 2.04 and 1.95, respectively, with O} = 2.76 and O, = 2.52.

14.1.4 Analog Simulation of Two-Coupled Duffing Oscillators

The occurrence of antiresonance can be realized in real experimental systems. The
results presented in in the previous section for the two-coupled Duffing oscillators
are observed in the analog simulation of Eq. (14.1) with n = 2.

Figure 14.8 depicts the electronic circuit for solving the two-coupled Duffing
equations. In this circuit OA1-OAG6 are operational amplifiers and M1-M4 are
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F’sin(wt)
=

Fig. 14.8 Analog circuit design of the two-coupled Duffing oscillators. For details see the text

multipliers. The dynamic equations for the state variables v; and v, of the circuit
are given by

RC 1 1 1 F'

RC? — — S — vy = —sinwt, (14.13
vy + R vy + & vy + 100K, vy Re vy R sin w ( a)
RC 1 1 1
RC*ly + — 0y + — 3 —— v =0, 14.13b
vy + R 1)2+R2 vy + 100R; v, Re vy ( )

where an overdot refers to differentiation with respect to time ¢. In order to bring
the above equations into dimensionless form introduce the following change of
variables and parameters:

t=RC!, o =w/RC, F =f. (14.14)
The result is

i + dvy + (0f + §)vy + v} — vy = fsinwt, (14.15a)
iy 4 dvy + (0 + 8)vy + Bv3 — v, =0, (14.15b)
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Fig. 14.9 Experimentally measured response amplitudes A; and A, of the oscillators 1 and 2 of
the two-coupled Duffing oscillators as a function of the driving frequency @

where prime in ¢’ and ' are dropped for convenience and

R R R R
d=—, w}+8=—, =—, §=—. 14.15
Ry @+ Ry p R3 R¢ ( ©)

Fix R = 10k and C = 100 nF. The choice R; = 100k2, R, = 5k, R3 = 10k
and Rc = 10k setd = 0.1, w} = 1, = 1 and § = 1. Fixing f = 0.1 and
varying o in the circuit the amplitude A;(w) and A,(w) are measured. The result
is presented in Fig. 14.9. The values of A;(w) and Ax(w) predicted theoretically,
computed numerically and measured in the analog simulation are almost the same.

14.1.5 Response of n-Coupled Oscillators

For the n(> 2)-coupled oscillators following the theoretical procedure employed for
the n = 2 case a set of n-coupled nonlinear equations for the amplitudes A; can be
obtained. Solving them numerically is very difficult. Therefore, analyse the case of
n < 2 by numerically integrating the Eq. (14.1) and computing the amplitudes A;
and the response amplitudes Q;’s.

Choose the values of the parameters as d = 0.05, a)g =1,8=1andé§ = 1.
Figure 14.10a presents Q) versus @ forn = 2,3,---,60. For first few values of n
the frequency-response curve displays clearly » distinct resonance peaks and n — 1
antiresonances (minimum values of response amplitude). The response amplitude
at successive resonance in each oscillator, generally, decreases. For, say, n < 10,
the last resonance peak is visible. For sufficiently large n the resonance suppression
and reduction in the response amplitude take place. In Fig. 14.10b w, and w,, of the
first oscillator are plotted as a function of n. For n = 2 and n = 10 there are 2 and
10 resonances, respectively. These are clearly seen in this figure. A notable result is
that as n increases from 2 the w, (as well as w,,) of first resonance (antiresonance)
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Fig. 14.10 (a) Frequency-response curve of the first oscillator as a function of n (number of
oscillator) in the system (14.1) for some selective values of n in the interval [2, 60]. The values
of the parameters are d = 0.05, a)g = 1,8 =20,f = 0.1 and § = 1. (b) Variation of the
resonance frequencies () (solid circles) and antiresonance frequencies w,, (open circles) of the
first oscillator as a function of the number of oscillators n

decreases and approaches a limiting value. This is clearly seen in Fig. 14.10b. For the
parametric values chosen the limiting value of w; is 1.04 while the corresponding
0, = 3.383. The w, of last resonance increases with n and attains a saturation
(2.23). The Q value at last resonance decreases with n (not shown). Denote @’
and " are the limiting values of resonance frequencies of first and last resonance,
respectively. Then as n increases the newer and newer w; and w,, should fall within
the frequency interval [@’, w”] with decreasing response amplitude at successive
resonances. The amplitude profile displays amplitude modulation. In Fig. 14.10a
such modulations are visible for n € [20, 40]. The modulations become weak for
sufficiently large n as is the case of n = 60 in Fig. 14.10b where the frequency-
response curve shows a single resonance peak. Similar behaviour occurs for the
second and other oscillators in the system (14.1).

The dominant multiple resonances and antiresonances occur in a system of small
number of oscillators coupled with coupling of the form §(x; — x;—1) + 8 (x; — x;41)-
For the coupling of the form §(x; — xi—;) + 8(X; — X;+1) multiple resonances and
antiresonance are not found. They are observed in the case of coupling of the form
8(xi—1 + xi+1). When all the oscillators are driven by periodic forces then only
a single resonance is observed for the above forms of coupling. The resonance
behaviours noticed in the system (14.1) are not realized in unidirectionally coupled
Duffing oscillators [16].

14.2 Parametric Antiresonance

When a linear or a nonlinear system is subjected to a periodic parametric perturba-
tion in the absence of an additive periodic force, in certain ranges of parametric
values in a parametric space an equilibrium point is stable. In some regions of



14.2 Parametric Antiresonance 379

parameters space an instability leading to growing of solutions occur. The system
displays resonance tongues as illustrated in Chap.10. It is possible to realize
parametric antiresonance and suppression of parametric resonance by an appropriate
parametric perturbation in a single system or through coupling of two or more
systems. When destruction of an instability and stabilization of an equilibrium point
occur at one or more discrete values of a control parameter then it is termed as
parametric resonance. In certain systems instead of growing solutions a periodic
solution can occur. An example of this type of behaviour is shown in Chap. 10. In
such systems when a control parameter is varied a dip in the amplitude of response
can take place and is called a parametric antiresonance. When destabilization of
an instability (and stabilization of an equilibrium point) or destruction of large
amplitude response is realized for a wide range of values of a control parameter
then the phenomenon is referred as suppression of parametric resonance. In this
section both parametric antiresonance and suppression of parametric resonance are
illustrated.

14.2.1 Parametrically Driven van der Pol Oscillator

Antiresonance is found in a parametrically driven van der Pol oscillator [17]. The
equation of motion this system is

¥+ell +fcoswr] (¥ —1)i+wix=0, (14.16)
where wy is the natural frequency, € is a small parameter and the coefficient of
nonlinear damping is allowed to vary periodically.

To start with, construct a periodic solution of (14.16) in the form

x(t) = a(t) cos wpt + b(t) sin wot . (14.17)

Assume that a(r) and b(r) are slowly varying functions of time so that a, b, ea and
eb can be neglected with respect to @ and b. The terms ¥, ex and ex?i are given by

€x = ewy (—asinwpt + bcoswyt) , (14.18a)

ex’x

—i €wpa (a2 + bz) sin wot + % €wob (a2 + bz) cos wot
—% ewpa (a* — 3b%) sin 3wyt

1
— 7 €wob (b* — 3a®) cos 3wt | (14.18b)

¥ = — (2woa + bw) sinwit + (2bwg — awy) cos wot . (14.18¢)
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Substitution of Eq.(14.18) in (14.16), setting @ = 2w and equating the terms
containing sin wyt and cos wyt) separately to zero give the set of equations

. €a f a  b?
. eb N\ P&
b_3[0+§)—z—xa+yﬂ. (14.19b)

The stationary values of (a, b) are the equilibrium points of (14.19) obtainable by
setting @ = b = 0. The stationary values of (a, b), with at least one of a and b being
> 0, and their stability determining eigenvalues are given below:

L (a1, b)) = (0. VE+2F); klz——éf(f+1)——€(f+2)

2. (as.by) = (VE=IF.0); Mz—%ef(f D, 3 e/ -2).

3(@¢g_( ‘h—-> Am:%GPJi S—qﬂ.

For simplicity choose f > 0. For a stable equilibrium point real part of all the
eigenvalues must be < 0. When f < 1 the equilibrium point (a, b») is the only
stable and real equilibrium point. At f = 1 the point (a3, b3) becomes real and
it coincides with (ay, by). (a3, b3) is the only stable and real equilibrium point for
f > 1. To summarize, for ® = 2wy and for f < 1 the amplitude of oscillation

of the system (14.16) is A = (/a + b3 = /2(2—f) while when f > 1 it is

a3 + b2 /2 and independent of f.
When w = 4wy the equations of motion for a and b are [17]

a= e [(f=2a — @+ 30" +8]. (14.202)
b= % [(f =20 = 2+ 3)a® +8]. (14.200)

The real and positive equilibrium values of (a, b) and their stability determining
eigenvalues are the following:

L (@.by) = (0.V8/C =D ): Az = —26.2¢f/(f ~2).
2. (a2.b) = (VB/@=1).0):  Aia = —2e.2¢f/(f ~2).
3. (@, by) = (VACHN . VA@FD): Ao =—€ (1L +0f.

(as, b3) is always unstable. Both (aj, b1) and (ay, by) are real and stable for 0 <
f < 2. For these two states A = /8/(2 —f) . For f > 2 there is no real and stable
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equilibrium point of (14.20). As f increases from 0, the amplitude A increases slowly
and near the values 2 it diverges rapidly.
For the case of w # 2w¢ and 4wy (including @ = wy and 3wy)

4= —§ [@® + ab® — 4a], (14.21a)
b= [v'+ab—ap]. (14.21b)

It is easy to notice that the real and stable equilibrium values of (a, b) are (v/2, +/2).
That is, A = 2 and is independent of f.

For fixed values of €, f(< 2) and wy when w is varied then the response amplitude
becomes 2 except at @ = 2wy and 4wy. At @ = 4wy as pointed out above A =
V8/(2—f) > 2 while at w = 2wy itis /2(2 —f) < 2. Because A(w = 4wp) >
A(w # 4ayp) there is a resonance at A(w = 4wyp). In contrast to this, A(w = 2wy) <
A(w # 2wp) and there is an antiresonance at @ = 2wy. The above theoretical
predictions are confirmed in a numerical simulation.

In Fig. 14.11a numerically computed A(w) is plotted as a function of w for ¢ =
0.01, wy = 1 and f = 0.5. Here A(w) = (Q2(®) + Q%(w))/2. A ~ 2 for all values

(a) 25F f — 05 ‘ i (b) 25F f 1\ ‘ 7

3 2 3 2
< <
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Fig. 14.11 Numerically computed amplitude A(w) as a function of the frequency w for the
system (14.16) for four values of . In the subplot (a) the solid circles are the theoretically predicted
A. The values of the parameters are ¢ = 0.01 and w3 = 1
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Fig. 14.12 (a) Numerically computed (continuous curve) and theoretically predicted (dashed
curve) A, (the value of amplitude of oscillation with frequency w at antiresonance) versus the

parameter f at @ = 2 for the system (14.16). Here ¢ = 0.01 and w? = 1. (b) Phase portrait of the
system (14.16) for four values of f with e = 0.01, a)g = 1land w = 2w,

of w € [0.5, 5] except for w = 2 and 4. At w = 4wy = 4, numerically computed
A = 2.30933 while the theoretically predicted A = 2.3094. At the antiresonance
(w = 2wp) the numerically computed. A = A, = 1.73208 and the theoretical
A, = 1.73205. If w is irrational then the orbit can be quasiperiodic.

In Fig. 14.11b—d, numerically computed frequency-response amplitude curve in
the interval w € [1, 3] is plotted for three fixed values of f. A, varies with f. In
Fig. 14.12a the variation of both theoretically and numerically computed A, as a
function of f is presented. For f < 1, Ay = /2(2 —f) and it decreases from 2
and becomes +/2 at f = 1. For f > 1, theoretical Ay is /2. Very near f = 1 the
numerically calculated A, deviates slightly with the theoretical A,;. For other values
of f > 1 both the theoretical and numerical A, are the same. Figure 14.12b shows
the phase portrait of the system for four values of f. The orbit remains the same for
f > 1implying that A, is independent of f for f > 1.

14.3 Suppression of Parametric Resonance

Let us show the possibility of suppression of instability (growing solution) and
oscillatory motion in parametrically driven systems. These two are also referred
as parametric antiresonance [18].

Consider s system of n-coupled oscillators with the coupling strength treated as
a periodically varying:

n
¥+ ol +e Z (dij)'cj + fijxj cos wt + gijxjcosnt) =0, i=12,---,n
j=1
(14.22)
When g; = 0 the resonance at @ = 2wy, is the parametric resonance of the first
kind. In this case the trivial equilibrium point is unstable for [19]
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Fig. 14.13 x,(¢) versus ¢ of the system (14.22) withn = 2,dy = d = 0.1, 0}, = 1, 03, = 4,
® = 2w, 1] = |wy, — wp;| and for four sets of values of f;; = f and g; = g. In the subplots

(a) and (d) x;(¢) exhibits damped oscillation. In the subplots (b) and (c) the state variable x; (¢)
diverges with time

(ﬁ—‘)z—dz >0 (14.23)
2wo1 =" '
Suppression of parametric instability can be realized by appropriately choosing the
values of 7 and g;;. For simplicity, consider the case of n = 2, d; = d, f;; = f,
gi = gand n = |wp — woi|. Fixd = 0.1, 0}, = 1, w3, = 4 and @ = 2wy;. When
g = 0 the origin is stable for f < 0.2 and unstable for f > 0.2. In Fig. 14.13a for
g = 0.0 and f = 0.1, x1(¢) exhibits damped oscillation. The solution grows with
time for f = 0.6 (Fig. 14.13b). Fix the value of f as 0.6 and vary g. In Fig. 14.13c
for g = 0.5 the instability persists. Decay of x; (¢) is seen in Fig. 14.13d for g = 0.7.
The trivial equilibrium point is stable for g > g. = 0.628. Figure 14.14 depicts the
variation of g. with f. For g values above g. suppression of parametric instability
occurs.

In certain parametrically driven systems parametric resonance leading to oscil-
latory motion instead of a growing solution can occur. Suppression of such
an oscillatory solution by an additional parametric perturbation with a different
frequency of perturbation is possible. To illustrate this consider the system
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Fig. 14.14 Dependence of g, the value of g above which the trivial equilibrium point is stable, on
f for the system (14.22) withn = 2
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Fig. 14.15 (a) A(wp;) of the component x; versus the control parameter f for the system (14.24)
with ¢ = 0. (b) A(wp;) and A(w) versus g for f = 3 of the state variable x;. The other values of
the parameters are w2, = 1,d = 1, w3, = 4, 0 = 2wg; and ) = |wp; — w1 |

X1 +dx; + a)glxl + fcoswtsinx; + gcos 2¢tsinx; = 0, (14.24a)
Xo + dxy + a)gzxz + fcoswtsinx, + gcosntsinx; = 0. (14.24b)

Figure 14.15a shows the dependence of response amplitude of the state variable x|
of the above system on f for g = 0, w}, = 1, w3, = 4,0 = 2wy and d = 1.
For f < 2.05 the origin is the stable equilibrium point while it is unstable for f >
2.05 and a periodic oscillatory motion is developed. The period of the oscillatory
motion is T = 2m/wy;, that is the frequency component present in the solution
is wo1. Now, fix f = 3, n = |wpzs — wo1| and switch on the coupling term where
the coupling strength is time-dependent. In Fig. 14.15b the amplitude of oscillatory
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motion (A(wo1)) decreases with increases in g and for 1.41 < g < 3.5 the unstable
equilibrium point x{ = 0 is stabilized. Then the additional parametric perturbation
destabilizes the equilibrium point for g > 3.5 and induces an oscillatory solution
with period T = 2m/w (and not 277/ wo;).

Parametric antiresonance can be used for suppressing or reducing self-excited
oscillation [20-22]. In micromechanical systems vibration damping is low because
they usually operate in vacuum. When it is desired to amplify the damping properties
of such systems one can make use of parametric antiresonance [23]. Experimental
study of parametric antiresonance in an axially forced beam has been studied [24].
In self-excited and auto-parametric unstable systems the antiresonance induced by
a parametric excitation leads to stabilization of the systems [18, 25].

14.4 Stochastic Antiresonance

Stochastic antiresonance has been found to occur in a theoretical model equation
proposed for the transmission of a periodic signal mixed with a noise through a static
nonlinearity [26], squid axons model equation (Hodgkin-Huxley model equation)
[27], the time evolution of interacting qubits of quantum systems [28] and certain
piece-wise linear systems [29].

In conventional stochastic resonance as shown in Chaps.2 and 7 the SNR and
the response amplitude Q become maximum at a value of noise intensity. In certain
nonlinear systems SNR and Q acquire a minimum value rather than the maximum
when the noise intensity D is varied from a small value. This is referred as stochastic
antiresonance. What types of systems can show stochastic antiresonance? In a
linear system the force acting on it is directly proportional to the displacement.
If the force on a system varies much slower than the linear one then the system
is termed as soft [29] otherwise hard. Certain monostable systems are hard if the
applied noise perturbation is weak and turn into soft for sufficiently large noise. It
has been pointed out that [29] in such systems stochastic antiresonance can occur.
That is, the characteristic measure SNR (or Q) should decrease at first with increase
in the noise intensity and then increase.

Consider the overdamped Langevin equation

dv
x4+ . = fcoswt + n(t), (14.25a)

where

aqlx|, x| <a

Vix) = (14.25b)

a(jx| —a) + wya, |x| > a

is a piece-wise linear potential with only one local minimum and 7(¢) is a Gaussian
white noise with intensity D. The potential is shown in Fig. 14.16a. It is assumed that
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Fig. 14.16 (a) The shape of the potential V(x) given by Eq. (14.25b) with oy = 25, @, = 5, and
a = 0.2. (b) Numerically computed Q versus D of the system (14.25) for two values of a

a1 > ay. In Agudov and Krichigin (2008, Stochastic resonance in an overdamped
monostable system, unpublished) an analytical expression for SNR is obtained. As
the form of the expression of SNR is complicated one and for the illustrative purpose
use the quantity Q to characterize the response of the system to a weak periodic
input signal and noise. Fix the parameters of the system (14.25) as f = 0.3, w =
0.1, &y = 25 and ap = 5. Calculate Q as a function of the noise intensity for
a = 0.2 and 0.5. Figure 14.16b presents the result. For both a = 0.2 and 0.5 first O
decreases sharply with D, reaches a minimum value at D = D, and then increases.
For D > D, the response amplitude Q has a resonance peak at a value of D = D,
or increases very slowly depending upon the values of the parameters of the system.
Fora = 0.2, D,, = 0.011 and D, = 0.0465 while for a = 0.5, D, = 0.021 and
D, = 0.144. In Fig. 14.16b first stochastic antiresonance occurs and then stochastic
resonance occurs. For small and large D the quantity Q is a decreasing function of
D. Nonmonotonic variation of Q occurs for intermediate values of D. Because the
system is monostable the effects of antiresonance and resonance are not seen in the
time series explicitly.

Stochastic antiresonance has been observed in overdamped systems with the
potentials [29]

Oa

Vix) = i <a (14.26)
a(jx| —a) +h, |x| >a,
0, Pl<a

Vx) =3h, a <|x| <a (14.27)
00, |x| > ay,

x4
V(x) = (14.28)
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Double stochastic resonance (consequently, a local minimum between resonances)
has been realized in double-well potential systems for large frequency of the driving
force [30]. For example, in the overdamped system with V(x) = —x?/2 + x*/4 two
resonance peaks are observed when noise intensity is varied for the frequency v = 2
and 3. The second resonance peak is associated with the conventional interwell
motion. The first peak is due to the intrawell mechanism in single-well. That is, first
resonance occurring for low noise intensity, for which barrier crossing is occasional,
is concerned with the motion almost confined to one well alone. Between two
resonance peaks a local minimum occurs.

14.5 Coherence Antiresonance

Consider the dynamical system

i=(1-=y)x+ (P =y —b)y—ext—1)+m(), (14.29)
y=(1-X=y)y— (P =y —b)x—e"(t—1) + m(), (14.29b)

where 7, and 7, are the two independent Gaussian white noise with zero mean
and noise intensity D. The effect of the parameters n and t has been reported
in [31]. To identify the occurrence of resonance compute the FFT of the state
variable x(¢). From the power spectrum identify the peak frequency. For a better
result compute the FFT for N different realization of 7;(f) and 7,(f) and obtain an
average power spectrum. From the power spectrum identify the dominant peak and
the corresponding frequency. Define the quantity [32]

B = HZL (14.30)
Aw
where H is the height of the peak in the power spectrum, w, is the frequency of
the peak and Aw is the half-width of the power spectrum about the frequency wy.
For the case of the output of a system free from noise containing the frequency wy,
H will be finite, Aw — 0 and B will become large. For a noisy output containing
the frequency wp, Aw will be nonzero and the value of B will be reduced. 8 thus
represent the degree of coherence.
Figure 14.17a [31] depicts the variation of 8 with the time-delay t for n = 3,
b = 12,¢ = 1 and for D = 0.05 and 0.005. For both the cases B becomes
a minimum at a value of t. The value of t at which 8 becomes a minimum
depends on the noise intensity D. The minimum value of 8 at a value of T = 7,
indicates the maximization of incoherence of the response of the system. That is,
the system shows coherence antiresonance at a value of 7. At an another value of
7 the quantity 8 attains a maximum value implying the occurrence of coherence
resonance. Coherence antiresonance is realized for a range of fixed values of b.
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Fig. 14.17 B versus t for the system (14.29) [31] with n = 3, € = 1, and for (a) two fixed values
of D with b = 1.2 and for (b) two fixed values of » with D = 0.008. (With kind permission from
Springer Science+Business Media, Ref. [31].)

In Fig. 14.17b B versus t is shown for D = 0.008 and » = 0.95 and 1.1.
Here again antiresonance occurs when t is varied. In Fig. 14.17b antiresonance
occurs at two values of 7. This figure depicts the effect of the parameter b on
coherence resonance and coherence antiresonance. The coherence resonance is
more remarkable for large values of b. In contrary to this, the value of 8 is reduced
by decreasing the value of b. That is, antiresonance is more remarkable for smaller
values of the control parameter b.

Coherence antiresonance due to time-delayed feedbacks has been found in a
model of circadian rhythmicity in Drosophila [33] and in the FitzHugh-Nagumo
neuron model subjected to both multiplicative and additive noise [34]. Time-
delay can give rise antiresonance with single additive periodic force, vibrational
antiresonance and stochastic antiresonance. For example, in Fig. 6.4 for fixed values
of w and y (strength of the time-delayed feedback term) the amplitude of the
response exhibits periodic variation with the time-delayed parameter «. The minima
of A represent antiresonance. Similarly, in Fig. 6.7 for a range of fixed values of g
the response amplitude attains a minimum value of certain values of « denoting
vibrational antiresonance.

14.6 Concluding Remarks

This chapter explored the occurrence of antiresonance in systems subjected to (1)
an additive periodic force, (2) a parametric perturbation, (3) free from noise and
(4) in the presence of noise. The possibilities of antiresonance of different kinds in
time-delayed systems and excitable systems have to be explored.
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In this book the basic aspects and the salient features of certain nonlinear
resonances including the antiresonance counterparts of them are presented with
specific emphasize on vibrational resonance. So far, in the nonlinear dynamics
literature a great interest on resonance has been focused on single systems. In recent
years considerable attention is set on coupled systems. Very little is known on
resonance on coupled systems. The role of different kinds of interaction between
the oscillators on different types of resonance has to be investigated. Further, the
progress made so far on the resonance dynamics in infinite degrees of freedom
systems is little though there are numerous physically and biologically interesting
such systems.

A topic associated with the resonance behaviour is the energy transfer between
the oscillators. Complete energy transfer is often realized when the oscillators are
resonant. Approaches have to be developed to achieve resonance and maximum
energy transfer for a wide range of parametric choices. This is very important
because energy transfer governs many natural processes.
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Appendix A
Classification of Equilibrium Points
of Two-Dimensional Systems

An equilibrium point (fixed point) is a steady state, that is a rest state, of a system.
When a system is found at an equilibrium point at some time 7y then it will remain
in it for > #y. Consider a system described by the equation of motion

X =FX), (A.1)

where X = (x1, x2, ---, x,)T and (Fy, F»,---, F,)T. Since the state variables
of a dynamical system do not change in time at an equilibrium state X*, one can
determine all the equilibrium points from

X*=0=F(X"). (A.2)

The roots of the Eq. (A.2) are the equilibrium points. A system can have one or more
or even no equilibrium point. When the neighbouring trajectories of an equilibrium
point X* approach it asymptotically in the limit + — oo then it is said to be stable.
X* is unstable when the neighbouring trajectories move away from it as t — oo.

In order to identify the stable/unstable nature of X* substitute

X=X"+8X, |I8X||«1 (A.3)
where §X = (&1, &.---, £,)7 in (A.1) and obtain the linearized equation
. OF
0X = — 83X =Ad8X, (A4)
0X |y—x=*

where A is called the Jacobian matrix with the elements

oF;
Aj=— . (A.5)
a.Xj X=X*
© Springer International Publishing Switzerland 2016 391
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The solution of (A.4) can be written as
5X(1) = 8X(0) e . (A.6)
If A is diagonalized then
Aej=Xie;, i=1,2,---,n (A7)

where A;’s and ¢;’s are the eigenvalues and eigenvectors, respectively. If the
eigenvectors are linearly independent then

5X(0) =Y _Cié; . (A.8)
i=1

Substitution of (A.7) and (A.8) in (A.6) and the use of

o l2A2
e —I+IA+7+"' (A.9)
lead to the equation
5X(1) = Ciet'e; . (A.10)

i=1

For the stability of the equilibrium point the requirement is §X(f) — 0 as t — oo.
From Eq. (A.10) it is easy to note that §X(f) — 0 as t — oo only if the real parts of
all the A;’s are less than zero for all i.

For a one-dimensional system x = F(x) when an equilibrium points is stable
(unstable) then the trajectories started in the neighbourhood of it approach (move
away from) it along a straight-line path. Other types of paths are not possible (why?).

For two-dimensional systems of the form x = F(x,y). y = g(x,y) the
classification of equilibrium points [1] is summarized below:
1. Stable Star/Node

When the eigenvalues are real and A; = A, < 0 then the trajectories starting in
the neighbourhood of an equilibrium point in phase space approach it along straight-
line paths in the limit # — oo and the equilibrium point is said to be stable star. For
A1 # A, and both < 0 the equilibrium point is a node and the trajectories in the
neighbourhood of it are attracted exponentially.

2. Unstable Star/Node

In the case of A; = A, > 0 with both being real the trajectories move away
from the equilibrium point along straight-line paths. The equilibrium point is then
an unstable star. The equilibrium point is an unstable node if Ay # A, > 0 for
which the trajectories move away from the equilibrium point exponentially.
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3. Stable/Unstable Focus

For complex conjugate eigenvalues with negative (positive) real parts the trajec-
tories starting in the neighbourhood of an equilibrium point approach (move away)
it along spiral paths. Such an equilibrium point is said to be stable (unstable) focus.

4. Elliptic/Center

If the eigenvalues are pure imaginary then the trajectories in the neighbourhood
of an equilibrium point neither approach it nor deviate from it but form closed orbits
about it. The equilibrium point is then called a center or an elliptic point.

5. Saddle

When one of the eigenvalues is real and positive while the other is real and
negative then, generally, the trajectories move away from the equilibrium point
along hyperbolic curves. However, only for certain initial conditions the trajectories
approach the equilibrium point. This type of equilibrium point is called a saddle and
is unstable.

6. Degenerate Cases

00
or Aq 2 W1 (00

every point in phase space is an equilibrium point.

) the equilibrium point is degenerate. That is,

2. WhenA; = A, =0andA = (g (1)) then all points on the x-axis are equilibrium

points and the trajectories are parallel to the x-axis.

3. If Ay = 1 and A, = 0 then all the points on the y-axis are unstable equilibrium
points. The trajectories approach the equilibrium points along paths parallel to
the x-axis.

For more details on the classification of equilibrium points two- and three-
dimensional systems one may refer to the [1].
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Appendix B
Roots of a Cubic Equation

This appendix presents all the roots of the cubic equation (a polynomial of degree
3) of the form

V4+ay+by+c=0. (B.1)

In the year 1545 the Italian mathematician Girolamo Cardano (1501-1576) wrote
his Ars Magna (Great Art) where the method known today as Cardano method was
used to solve the roots of the cubic equation. Here, we present the trigonometric
(and hyperbolic) method due to Francois Viete.

First eliminate y? in Eq. (B.1). The substitution

a

=x—= B.2
y=Xx—3 (B.2)

in Eq. (B.1) gives the equation
X¥—gx—r=0, (B.3a)

where
Loy 2 3+1 b (B.3b)
=—a"—-b, r=——a —ab—c. .
7=3 27 73

It is convenient to specify the roots of Eq.(B.3) separately for the following five
cases [1].

(i) 277 <4¢°,q # 0
(i) 27 > 4¢3, ¢ #0
(i) ¢g=0,r#0
iv) g=0,r=0
(v) g #0,r=0

© Springer International Publishing Switzerland 2016 395
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Case (i): 272 < 4¢%, g # 0
There are three real roots and are given by

x1 = 2v/q/3 cos(¢/3) , (B.4a)
X = —2+/q/3 cos((m — $)/3) (B.4b)
x5 = —2v/q/3 cos((m + ¢)/3) , (B.4c)
where
¢ =cos ' [(3/9)*%r/2] . (B.4d)

Case (ii): 272 > 4¢°, g # 0
Equation (B.3) has one real root and two complex roots. The expressions for the
roots depend on the combinations of the signs of g and r. There are four subcases.

(a)g, r>0
The real root is given by

x1 = 2+/q/3 cosh(¢/3), ¢ =cosh™' [(3/9)**r/2] . (B.5)

To obtain the complex conjugate roots divide Eq. (B.3) by (x — x1) and arrive at the
quadratic equation

x2+x1x+(x%—q)=0. (B.6)

Then the two complex roots are
_1 2 2
X3 = 5 | E g —4 (x—9q) | . (B.7)

(b)g<0,r>0
The real root is given by

x1 =2(—q/3)"* sinh(¢/3). ¢ =sinh™' [(=3/9)**r/2] . (B.8)

Then the two complex roots are obtained from Eq. (B.7).

(c)g<0,r<0
The change of variable x — —x in Eq. (B.3) yields the equation x* — gx — (—r) =
0. This is simply the case (ii)b. After obtaining the roots change their signs.



Reference 397

(d)g>0,r<0
The substitution x — —x in Eq. (B.3) gives an equation with ¢ > 0, r > 0 and is
the case (ii)a.

Case (iii): ¢ = 0,r # 0
Equation (B.3) possesses one real root and a pair of complex root. The real root
is given by

x1 = sgn(r)(|r))'? . (B.9)

where sgn(r) is sign of r. The complex roots are given by Eq. (B.7) with ¢ = 0.

Case (iv): ¢ =0,r =0
In this case Eq.(B.3) becomes x> = 0 and obviously its root is x = 0 with
multiplicity 3.

Case (v):q #0,r=0
When r = 0 and ¢ # 0 Eq. (B.3) becomes x(x> — g) = 0. For ¢ > 0 the equation
has three real roots and are x; = 0, xp3 = +,/g. For ¢ < 0, its roots are x; = 0

and X23 = +i v q -
Finally, for all the cases the roots of Eq. (B.1) are obtained from the Eq. (B.2).

Example

Let us determine the roots of y* —y> — 4y + 4 = 0.

First eliminate y*> in the given equation and write it in the standard form,
Eq. (B.3). For the given equation a = —1, b = —4 and ¢ = 4. Therefore, the
change of variable y = x 4+ 1/3 converts the given equation into

X—gx—r=0, g=13/3, r=-70/27. (B.10)
Since 27r%(= 181.48 --+) < 4¢(= 325.48 ---) Eq. (B.10) has three real roots. From
Eq. (B.4d) ¢ is calculated as 2.414 radians. Then the roots computed from Eq. (B.4)
are

x1 = 1.66666---, x, =-2.33333---, x3 =0.66666--- . (B.11)

Finally, the roots of the given equation are y; = 2,y, = —2 and y; = 1.
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Appendix C
Analog Circuit Simulation of Ordinary
Differential Equations

The analogue circuit simulation is a landing place to investigate the dynamics of
dynamical systems described by linear and nonlinear ordinary differential equations.
The operational amplifier (op-amp) based circuits such as inverter, scale changer,
summer, integrator, summing integrator form the basic building blocks of analog
circuit simulations [1, 2]. For implementing certain piecewise linear functions and
certain nonlinear functions such as trigonometric functions some special circuits can
be designed.

The governing evolution equation of a system can either be directly implemented
as an analog circuit or it can be rescaled before constructing the circuit. The purpose
of rescaling of an ordinary differential equation (ode) is to set the values of the
variables in the evolution equations in a convenient operational range of the op-
amp. That is, the input and the output signals in the circuit should be higher than the
internal noise level of the circuit and should be lower than the saturation voltage of
the op-amp, otherwise clipping will affect the actual dynamics of the variable.

This appendix briefly outlines the construction of analog circuits of odes.

C.1 Building Blocks of an Analog Circuit

The op-amps in combination with resistors and capacitors can perform several
fundamental mathematical operations such as scale changing, addition, subtraction,
averaging, multiplication and division. Op-amps based inverting amplifier, inverting
summing amplifier, subtractor, integrator and inverting summing integrator are
utilized in the analog circuit designs. A single op-amp 8-pin mini dual in-line
package (DIP) is shown in Fig.C.1. The pin configuration details are given in
Table C.1. nA741, TLO71, TLO81, LM741, and LM711 are some of the popular
single op-amp ICs. TL0O82 is a commonly used two op-amp IC.
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Fig. C.1 (a) Pin diagram of a single op-amp 8-pin mini DIP. (b) A schematic of an inverting
amplifier

Table C.1 Pin configuration Pin No.
information of a single
op-amp 8-pin mini DIP

Configuration
Offset-null pin—1
Inverting input
Non-inverting input
Power supply—negative
Offset-null pin—2
Output

Power supply—positive

0N NN || W N =

No internal connection

C.1.1 Inverting Amplifier

Denote v; and v, as the input and output voltages of an op-amp. An inverting
amplifier changes the sign of the input signal. The output of an inverting amplifier
shown in Fig. C.1b is

Ry
Vo = — R_1 Vi, (C.1)
where R; and Ry are the input and feedback resistances, respectively. For a constant
v;, the choice Ry = R; gives v, = —vj, For a time varying input signal, for example,

a sinusoidal function, the output signal will be 180° out of phase. The output signal
can be amplified or attenuated by the factor R¢/R; with respect to the input signal.
C.1.2 An Inverting Summing Amplifier

Multiple signals can be added using op-amp. Each signal can be connected to
the input of the op-amp through a resistor. Such a circuit is called a summing
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Fig. C.2 Schematic of (a) an inverting summing amplifier and (b) a subtractor

amplifier. An inverting summing amplifier with three inputs v;, v, and v3 is shown
in Fig. C.2a. The output voltage v, of the inverting summer is given by

(B B (C2)
CET\RMT TR TR '

The output is the inverted and sum of the input signals. For Rl = R2 = R3 = Ry
the output v, is

Vo = —(v1 +v2+v3) . (C3)

C.1.3 A Subtractor

A circuit diagram for obtaining the difference signal v; — v, is depicted in Fig. C.2b
and is called a voltage subtractor. In this circuit the output voltage v, is given by

AL S L (C4)
Vo = —— —_— — . .
T TR T RI+R, )"

IfR1 = R2 =Ry = R, = R then
Vo = V] — V3 . (C.5)

Note that if v is set to O then the circuit in Fig. C.2b becomes an inverting amplifier.

C.1.4 An Integrator

If the resistive feedback in an inverting amplifier is replaced with a capacitor then
the resultant circuit is called an integrator. In an analog circuit design of an ode,
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Fig. C.3 Schematic of (a) an inverting integrator circuit and (b) a summing inverting integrator
circuit

integrators are preferred over differentiators because an integrator is more stable and
relatively less sensitive to noise. The schematic of an integrator is given in Fig. C.3a.
The output voltage of this circuit is integration of its input voltage with respect to
time:

1
Vo = —R v; dt (C.6)
The minus sign in the Eq. C.6 is due to the inverting amplifier configuration of the
op-amp. For multiple input voltages, for example , three input voltages the integrator
circuit is given in Fig. C.3b and the output voltage is

1 V1 1% U3
R N G LA c7
v C/(R1+R2+R3) €7

C.1.5 Multiplier

Dedicated standalone IC chips are available for performing multiplication operation.
Figure C.4a shows the pin diagram of a multiplier chip. Its simplified internal
structure is given in Fig. C.4b. It generally consists of two differential amplifiers
in the input stage and a buffer isolation in the output stage.

In Fig. C.4 X1 and X2 are X-multiplicand of noninverting and inverting inputs,
respectively, Y1 and Y2 are Y-multiplicand of noninverting and inverting inputs,
respectively, of the differential amplifiers and Z is the summing input. The product
output W of a typical multiplier is,

_ X1-x)i-vy

w
10

(C.8)

The dividing factor 10 is used to avoid the overflow of product output. AD633,
ADS532 and AD534 are some of the standard multiplier chips.
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Fig. C.4 (a) 8-pin mini DIP of a multiplier chip. (b) Simplified internal structure of a multiplier
chip

C.2 Analog Circuit for Duffing Oscillator Equation

In order to construct an analog circuit for the Duffing oscillator Eq. (1.1), first write
it in the form

=y, (C.9a)
y = —dy — w3x — px* + fsinwt, (C.9b)

where without loss of generality the force cos wt is replaced by sin wt since such a
change will not affect the qualitative behaviour of the system and it is convention to
denote the external sinusoidal force in an electronic circuit as sin wz. As mentioned
earlier in this appendix use of integration is preferred over differentiator. Therefore,
integrate Eq. (C.9) and obtain

x = / ydr | (C.10a)
y = / (—dy — wix — BxX* + fsinwr) dt . (C.10b)

For the analog circuit use the variables V and U instead of x and y, » = ' and
rewrite the above equation as

V=/Udt, (C.11a)
U=/(—dU—w&V—ﬂv?’+fsinw’t)dt. (C.11b)

The analog circuit for the Eq. (C.11) is depicted in Fig. C.5.
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Now, from the outputs of the OA1 and OA2 one can construct the equation of
the circuit and verify that it indeed the Duffing oscillator equation and represent the
parameters of the equation in terms of the circuit elements. The outputs of OA1 and
OA2 denoted as U and V, respectively, are given by

1 u v %6
U=——/ —_———— +£ sinw’t | dt, (C.12a)
R1 R2 100R3 R

c
1

V=——
c

/ % dr . (C.12b)

Differentiation of Eq. (C.12) with respect to ¢ gives

dU 1(U V V3 f .,
= = - —— + = sinw't) , (C.13a)

dr c\Rl R2 100R3 'R

av 1

= U. C.13b
dt RC ( )

Differentiation of Eq. (C.13b) with respect ¢ and using Eq. (C.13a) yield

d>v  RCdaV 1 1 f
RCP— 4+ —— + —V+—— V=L sinw'r. C.14
a2 "Ria rR TTooms’ TR (19
The above equation describing the dynamics of the circuit shown in Fig. C.5 is in the
form of Duffing oscillator equation. In order to bring it into a dimensionless form
introduce the change of variables 1 = RCY', ' = RCw, V = x and then drop the ’
in 7. The result is the Duffing oscillator equation

¥4 di + wix + B’ = fsinwt (C.15)
where d = R/RI, a)g = R/R2 and B = R/R3. In the circuit fix C = 100 nf and

R = 10kQ2. For R1 = 100kS2, R2 = 10k2, and R3 = 5kS2 the corresponding
values of the parameters in Eq. (C.15) are d = 0.1, woz =land g =2.

Fig. C.5 An analog circuit C |

for the Duffing oscillator
Eq. (1.1) ' .
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